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ABSTRACT 
 There is overwhelming scientific consensus that anthropogenically driven global 

warming and the burgeoning global population are having, and will increasingly have, 

detrimental impacts on natural ecosystems and human health. One such pressing issue is the 

ability to provide food security for a growing human population with a largely insufficient global 

crop yield to land capability ratio, together with the increasing prevalence of unfavourable plant 

growth conditions associated with global warming. It has been evident in recent decades that 

the unsustainable practise of clearing ecosystems rich in biodiversity for the cultivation of 

additional food crops must be replaced with an alternate approach, such as a molecular 

modification approach that targets crop yield improvement: with crop yield one of the traits of 

a plant that is extremely susceptible to climate change. MicroRNAs, a class of small (21 to 24 

nucleotide (nt)) regulatory RNA, are well documented to act as ‘master regulators’ of plant 

development as well as demonstrated to play an additional role in plant adaption to abiotic 

stress. Therefore, the molecular modification of such abiotic responsive miRNAs provides an 

attractive alternate avenue for the generation of plant lines that display tolerance to abiotic 

stress. As a first step to achieving this goal, this study utilised a high throughput small RNA 

sequencing (sRNA-seq) approach to profile the miRNA landscape of wild-type Arabidopsis 

thaliana (Arabidopsis) plants exposed to heat, drought and salt stress. sRNA-seq identified 

large miRNA cohorts responsive to each applied stress, with 121, 123 and 118 miRNAs 

determined to have a greater than 2.0-fold change in abundance post heat, drought and salt 

stress treatment of Arabidopsis plants, respectively. From this large number of potential 

targets for future molecular modification, the miRNAs, miR396 and miR399, and their 

respective regulatory modules, were selected for further characterisation. A transgenesis 

approach was used to generate miRNA knockdown and overexpression plant lines for the 

miR396 and miR399 sRNA. This approach revealed that the molecular manipulation of 

miR396 and miR399 sRNA abundance impacted on numerous aspects of the growth and 

development of Arabidopsis plants; either under standard growth conditions, or when exposed 

to a 7 day stress regime of either phosphate deficiency or salt stress. The information 

presented in this research thesis provides a foundation for the selection of crucial abiotic stress 

responsive miRNAs whose molecular manipulation provides the modified plant lines with a 

degree of tolerance to the imposed stress. This research thesis additionally provides further 

extensive molecular evidence of the essential regulatory role that DRB1, DRB2 and DRB4 

play in miRNA production, both in non-stressed Arabidopsis plants, and in Arabidopsis plants 

post their exposure to heat, mannitol and salt stress, or when Arabidopsis is cultivated in the 

absence of phosphate. 
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UNIT OF MEASUREMENT 
Concentration 
M  molar 
mM  millimolar (10-3 M) 

pmol  picomolar (10-12 M) 
v/v  volume for volume 

w/v  weight for volume 
 

Length 
cm  centimetre (10-2

 metre) 

mm  millimetre (10-3 metre) 
µm  micrometre (10-6 metre) 

nm  nanometre (10-9 metre) 

 

Light 
µmol m-2 s-1 micromole of photons per 

  square metre per second  
 

Mass 
g  gram  

ng  nanogram (10-9 g) 
 

Other  
g   acceleration due to gravity 

Kb  kilobases 
pH  potens hydrogen (log10[H+]) 

 

Temperature 
°C  degrees Celsius 

RT  room temperature (≈20°C) 

 

 
 

 
Time 
d  day 

h  hour 

min  minute 

s  seconds 

 

Volume 
mL  millilitre (10-3 litre) 

µL  microliter (10-6 litre)
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ABBREVIATIONS
A adenosine 

AGO ARGONAUTE 

AGRF Australian Genome 

Research Facility 

Arabidopsis Arabidopsis thaliana 

CaMV  cauliflower mosaic virus 
CO2  carbon dioxide  

Col-0  Columbia-0 ecotype 
DCL  DICER-LIKE 

MQ-H2O Milli-Q water 

DRB  DOUBLE STRANDED RNA 

BINDING  

dsRBM double-stranded RNA 

binding motifs  

dsRNA Double-stranded RNA 

FAO Food and Agriculture 

Organization 

GAEZ Global Agro-Ecological 

Zones 

GIF GROWTH INTERACTING 

FACTOR 
GRF GROWTH REGULATING 

FACTOR 

IIASA International Institute for

Applied Systems Analysis 
IPCC Intergovernmental Panel on 

Climate Change 

KD knockdown 

KO knockout 

LAC LACCASE 

LB Luria-Bertani 
LN2 liquid nitrogen  

miRNA microRNA 

MS Murashige and Skoog 
mRNA messenger RNA 

NaCl sodium chloride (salt)  
natsiRNA natural antisense short

interfering RNA 

NADP+ nicotinamide adenine 

dinucleotide phosphate 

OE overexpression 

P5CS1  Δ1-PYRROLINE-5- 

CARBOXYLATE  

SYNTHETASE1 
P5CS Δ1-PYRROLINE-5- 

CARBOXYLATE  

SYNTHETASE 

P phosphate 

P- phosphate deficiency

Pi inorganic phosphorous 

PHO2 PHOSPHATE2 

pre-miRNA precursor miRNA 
pri-miRNA primary miRNA 

RISC RNA INDUCED  

SILENCING COMPLEX 

RuBisCO Ribulose-1, 5-bisphosphate 

carboxylase/oxygenase 

ROS reactive oxygen species 

RNA ribonucleic acid 

SAM shoot apical meristem  

SD standard deviation  
sRNA small RNA 

sRNA-seq sRNA sequencing  

tasiRNA trans-acting small  

interfering RNA 

UV-B ultraviolet B 

YEP Yeast Extract Peptone 
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1.1 The Plant MicroRNA Pathway: The Production  and 
Action Stages 

The contents of this section of the thesis can be found in the following publication: 

Pegler, J. L., Grof, C. P., and Eamens, A. L. (2019). The Plant microRNA Pathway: The 

Production and Action Stages. Plant MicroRNAs (pp. 15-39). Humana Press, New York, NY. 

https://link.springer.com/protocol/10.1007/978-1-4939-9042-9_2 

A copy of this publication can be found in Appendix 1 (A.1.1) of this thesis, pages 149-173. 

1.2  The Arabidopsis DOUBLE-STRANDED RNA BINDING 
(DRB) Protein Family 

DOUBLE-STRANDED RNA BINDING (DRB) proteins have been reported for many 

eukaryote species and demonstrated to mediate central roles in a range of RNA-directed 

pathways (Curtin et al., 2008; Kim et al., 2009). However, most DRB proteins characterised to 

date have been demonstrated to be involved in either small RNA (sRNA) production or sRNA 

target gene expression regulation (Curtin et al., 2008; Hiraguri et al., 2005; Masliah et al., 

2013). In Arabidopsis thaliana (Arabidopsis), five DRB proteins (DRB1 to DRB5) have been 

identified and demonstrated to mediate varying roles in the parallel RNA silencing pathways 

of this model plant species (Curtin et al., 2008; Eamens et al., 2012b Hiraguri et al., 2005). All 

five Arabidopsis DRB proteins harbour two amino-terminal located double-stranded (ds) RNA-

binding motifs (dsRBMs) that mediate interaction with either; i) a specifically structured dsRNA 

substrate, or; ii) their preferred protein partner(s), namely mediating DRB/DICER-LIKE (DCL) 

functional associations (Curtin et al., 2008; Eamens et al., 2011). 

As previously described, DCL1 is the primary DCL protein responsible for processing 

miRNA precursor transcripts in Arabidopsis (see Section 1.1). However, in order for DCL1 to 

function as an efficient endonuclease in this process (accurate dsRNA cleavage), DCL1 must 

form a functional partnership with DRB1 (Curtin et al., 2008). DRB1 ensures that both nucleus 

localised DCL1-catalysed precursor transcript processing steps required for miRNA 

maturation are executed at highly specific positions on the precursor transcript (Eamens et al., 

2009; Eamens et al., 2011). Eamens and colleagues (2009) further demonstrated an 

additional role for DRB1 in the Arabidopsis miRNA pathway; correct orientation of the 

miRNA/miRNA* duplex into the ARGONAUTE1 (AGO1) endonuclease to ensure removal of 

the miRNA* passenger strand, and RNA Induced Silencing Complex (RISC) incorporation of 

https://link.springer.com/protocol/10.1007/978-1-4939-9042-9_2
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the miRNA guide strand to direct efficient miRNA target gene expression repression (Eamens 

et al., 2009).  

The DRB1/DCL1 functional partnership is closely mirrored by the DRB4/DCL4 

interaction. The DRB4/DCL4 functional partnership is essential for efficient and accurate 

production of ‘young’ or ‘newly-evolved’ miRNAs, trans-acting small interfering RNAs 

(tasiRNAs), and natural antisense siRNAs (natsiRNA) in Arabidopsis (Gasciolli et al., 2005; 

Nakazawa et al., 2007; Xie et al., 2005). Recent research has demonstrated that DRB2 is also 

required for the production of specific miRNA and tasiRNA species in developmentally 

important tissues of Arabidopsis (Eamens et al., 2012a; Eamens et al., 2012b; Pélissier et al., 

2011; Reis et al., 2015). Collectively, these findings suggest that DRB2 is functionally distinct 

to DRB1 and DRB4, in that DRB2 can; i) recognise and bind to structurally distinct molecules 

of dsRNA (both perfectly (siRNA precursors) and imperfectly (miRNA precursors) dsRNA), 

and; ii) form functional partnerships with either DCL1 or DCL4 (Eamens et al., 2012a; Eamens 

et al., 2012b; Pélissier et al., 2011; Reis et al., 2015). Reis et al., (2015) further demonstrated 

that in Arabidopsis tissues where DRB1 and DRB2 expression overlaps, DRB2 represses 

DRB1 gene expression. This is presumed to allow for promotion of the less favoured 

DRB2/DCL1 interaction in these tissues, compared to the canonical and preferential 

DRB1/DCL1 interaction, to broaden the role of DRB2 in the miRNA pathway. This research 

also revealed that DRB1 and DRB2 determine the silencing fate of an individual Arabidopsis 

miRNA, that is; i) a miRNA that requires the DRB1/DCL1 partnership for its production 

regulates the expression of its targeted genes via the canonical messenger RNA (mRNA) 

cleavage-based mechanism of RNA silencing, whereas; ii) a miRNA that is generated by the 

DRB2/DCL1 partnership regulates the expression of its targeted genes via a translational 

inhibition mode of RNA silencing (Reis et al., 2015). Pélissier et al., (2011) further showed that 

DRB2 is also antagonistic to the DRB4/DCL4 functional partnership in tasiRNA production 

from TAS3 precursor transcripts and Eamens et al., (2009) demonstrated that DRB2 is 

synergistic to this partnership for the production of newly-evolved miRNAs, miRNAs that are 

processed from precursors that fold to form near perfectly structured dsRNA stem-loops.  

Unlike DRB1, DRB2 and DRB4, DRB3 and DRB5 are localised to the cytoplasm 

(Eamens et al., 2012a). Localisation to this alternate cellular compartment strongly suggests 

that neither DRB3 nor DRB5 play a role in sRNA production, a process that predominantly 

occurs in the plant cell nucleus (Curtin et al., 2008; Eamens et al., 2012a). Eamens and 

colleagues (2012b) largely confirmed this by demonstrating that DRB3 and DRB5 play little to 

no role in dsRNA processing, but found evidence that strongly suggests that both of these 

DRB family members are involved in the formation of an alternative RISC complex in the 
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cytoplasm. More specifically, using a transgene-based approach, Eamens et al. (2012b) 

demonstrated that DRB3 and DRB5 are required to mediate a translational inhibition mode of 

RNA silencing to repress the expression of target genes of DRB2-dependent miRNAs 

(Eamens et al., 2012b). 

1.3 The Impact of Heat, Drought and Salt Stress on 
American and Australian Agriculture

1.3.1  Heat Stress 

 In the current age of climate change, driven by ever-increasing greenhouse gas 

emissions, the world is faced with the reality of ambient temperatures that continue to rise 

(Christidis et al., 2011; Donat et al., 2013; Min et al., 2011; Perkins et al., 2012; Rahmstorf 

and Coumou, 2011). The danger of increasing ambient temperatures to both the global health 

system and agricultural production is becoming increasing clear. Most notably, in 2018, at the 

request of the United Nations Climate Change Conference (2015), the Intergovernmental 

Panel on Climate Change (IPCC) released their ‘Special Report on Global Warming of 1.5°C’, 

created by authors from 40 countries. The report, which sourced over 6,000 scientific 

publications, highlighted the inevitable, detrimental global environmental effects of a 1.5°C 

and a 2.0°C increase in temperature, urging for immediate action from policy and 

“unprecedented changes in all aspects of society” (IPCC, 2018).

Focusing on the impact of elevated temperatures on agriculture, with a specific focus on 

crop yield, many research groups have implemented prediction based modelling to determine 

the severity of yield loss on major global food crops resulting from climate change induced 

events of heat stress over the next century (Donat et al., 2013; Fischer and Knutti, 2015; 

Semenov and Shewry, 2011; Teixeria et al., 2013; Zhao et al., 2017). Prediction based 

modelling utilised by Semenov and Shewry (2011), investigated the effect of heat stress on 

European wheat cultivars, and suggested that the heat stress that accompanies climate 

change poses an even greater threat to crop yield than the associated drought stress, a finding 

that strongly identifies the need to develop heat tolerant cultivars for each of the world’s major 

cropping species (Semenov and Shewry, 2011). Moreover, Teixeria and colleagues (2013), 

used the Food and Agriculture Organization/International Institute for Applied Systems 

Analysis (FAO/IIASA) Global Agro-Ecological Zones (GAEZ) Model to investigate the global 

risk of increasing heat stress on key crops; maize (Zea mays), rice (Oryza sativa), soybean 

(Glycine max) and wheat (Triticum aestivum). This study generated findings that indicate that 
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in future growing seasons, large cropping areas in Asia, North America and North India, have 

a high risk of yield damage due to the effects of heat stress (Teixeria et al., 2013). 

1.3.2 Drought and Salt stress

The contents of this section of the thesis can be found in the following publication: 

Pegler, J.L., Grof, C.P.L., and Eamens, A.L. (2018). Profiling of the Differential Abundance 

of Drought and Salt Stress-Responsive MicroRNAs Across Grass Crop and Genetic Model 

Plant Species. Agronomy, 8(7), 118. 

https://www.mdpi.com/2073-4395/8/7/118 

A copy of this publication can be found in Appendix 1 (A.1.2) of this thesis, pages 174-192. 

Please refer to the section titled ‘2. The Impact of Drought and Salt Stress on American and 

Australian Agriculture’, pages 176-178. 

1.4  The Role of Plant microRNAs in Mitigating the Impact 
of Heat, Drought and Salt Stress on Global Agriculture. 

The introduction to this section and contents pertaining to drought and salt stress can 

be found in the following publication:  

Pegler, J.L., Grof, C.P.L., and Eamens, A.L. (2018). Profiling of the Differential Abundance 

of Drought and Salt Stress-Responsive MicroRNAs Across Grass Crop and Genetic Model 

Plant Species. Agronomy, 8(7), 118. 

https://www.mdpi.com/2073-4395/8/7/118 

A copy of this publication can be found in Appendix 1 (A.1.2) of this thesis, pages 174-192. 

Please refer to the section titled ‘3. The Role of Plant microRNAs in Response to Drought and 

Salt Stress, pages 178-179. 

Similar to drought and salt stress, the elevated ambient temperatures that accompany 

anthropogenic driven climate change are propelling plant biologists to investigate molecular 

avenues that could potentially lead to the development of modified crops that have the 

improved heat tolerance to that of their non-molecularly modified counterparts, particularly 

https://www.mdpi.com/2073-4395/8/7/118
https://www.mdpi.com/2073-4395/8/7/118
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with respect to crop yield (Hasanuzzaman et al., 2013; Wahid et al., 2007). Again, the miRNA 

class of sRNA has been identified as an ideal candidate for a molecular modification based 

approach with studies across the grain crop species, barley (Hordeum vulgare), wheat and 

rice, identifying and/or characterising miRNAs, or the target genes of these miRNAs, 

responsive to heat stress (Kruszka et al., 2014; Mittal et al., 2012; Xin et al., 2010). Further, 

the analyses of Xin and colleagues (2010) that employed a high-throughput sequencing 

approach to profile the sRNA landscape of wheat identified a cohort of 12 miRNAs responsive 

to elevated temperature. Similarly, Mittal et al., (2012) demonstrated that when rice was 

exposed to heat stress, 12 miRNAs were differentially expressed (> 2.0-fold), compared to 

their abundance in rice plants cultivated under standard growth conditions. 

1.5 Aims 
The aim of this research was to molecularly dissect the miRNA/miRNA target gene 

regulatory modules that potentially underpin the ability of Arabidopsis to tolerate exposure to 

the abiotic stresses, of heat, drought (induced by mannitol due to the in vitro nature of this 

study) and salinity. This body of research contains four overarching aims: 

Aim 1: To phenotypically characterise the consequence of a 7 day (d) heat, mannitol 

(to simulate drought) or salt stress treatment of wild-type Arabidopsis seedlings 

(ecotype Columbia-0; Col-0) and the DRB knockout mutant plant lines, drb1, 

drb2 and drb4 (Chapter II).   

Given the key roles that the nuclear localised DRB proteins, DRB1, DRB2 and DRB4, 

play in the production stage of the Arabidopsis miRNA pathway (Eamens et al., 2011; Eamens 

et al., 2012a; Hiraguri et al.,2005; Pouch- Pélissier et al., 2008), the first experimental aim of 

this project was to characterise the phenotypic response of 15 d old Col-0, drb1, drb2 and 

drb4 seedlings post a 7 d period of heat, mannitol or salt stress. In conjunction with the visual 

inspection for the expression of phenotypic and/or physiological stress markers, quantitative 

assessments were collected, including; (1) fresh weight; (2) rosette area; (3) primary root 

length; (4) anthocyanin content, and; (5) chlorophyll a and b content. In addition to the outlined 

phenotypic assessments, quantitative RT-PCR (RT-qPCR) was employed to determine the 

transcript abundance of the known Arabidopsis stress responsive gene, Δ1-PYRROLINE-5-

CARBOXYLATE SYNTHETASE1 (P5CS1; Ashraf and Foolad, 2007; Szabados and Savoure, 

2010). 
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Aim 2 To molecularly profile the consequence of a 7 d heat, mannitol and salt stress 

treatment period on 15 d old Col-0, drb1, drb2 and drb4 seedlings (Chapter II). 

To identify a miRNA-mediated molecular response to the imposed 7 d heat, mannitol 

or salt stress treatment period, RNA-sequencing (RNA-seq) of the sRNA fraction (sRNA-seq) 

of Col-0, drb1, drb2 and drb4 plants was employed. Subsequent to sRNA-seq, RT-qPCR was 

utilised to experimentally validate the abundance trends of a subset of miRNAs identified by 

sRNA-seq. Stemming from this molecular profiling exercise, three miRNAs, including miR396, 

miR399 and miR408, were subsequently selected for further analysis. The selection of these 

miRNAs was based on; (1) sRNA-seq identification and RT-qPCR confirmation that each 

miRNA was responsive to heat, mannitol and salt stress, and; (2) the functional role of the 

target gene(s) of each miRNA according to the literature. In addition to miRNA quantification, 

an RT-qPCR based approach was further used to determine whether the regulatory module 

of each selected miRNA was also responsive to the imposed stress: this was achieved via 

target gene expression quantification. 

Aim 3 Stemming from the results generated by Aim 2, Arabidopsis transformant lines 

harbouring a miR396 knockdown or an overexpression construct were 

generated. These plant lines were subsequently profiled at both the phenotypic 

and molecular level to determine whether the introduced modifications altered 

the sensitivity of each plant line to salt stress or phosphate deficiency (Chapter 

III). 

Based on the results of ‘Aim 2’, miRNA knockdown (MIM396) and overexpression 

(MIR396) plant expression vectors were developed for miR396. This miRNA was selected for 

further experimental characterisation based on; (1) being demonstrated responsive to heat, 

mannitol and salt stress (Figure 2.10 and Figure 2.12); (2) the documented role of the miR396 

regulatory module in either Arabidopsis development, and/or the response of Arabidopsis to 

abiotic stress (Omidbakhshfard et al., 2015), and; (3) the miR396 being a highly conserved 

sRNA across the plant kingdom (Axtell and Meyers, 2018). Given the well-known P responsive 

miRNA, miR399, being demonstrated highly responsive to each of the abiotic stress conditions 

elicited in this study (Figure 2.10), investigating the response of miR396, a miRNA shown to 

also be highly responsive to heat, mannitol and salt stress (Figure 2.10), to P deficient 

conditions was also investigated. Therefore, the newly generated miR396 plant lines, MIM396 

and MIR396, were exposed to the abiotic stress growth regimes of salt stress (150 mM NaCl) 

and P deficiency for a 7 d period. Post the stress treatments, the 15 d old plants were then 
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phenotypically and molecularly analysed in parallel to Col-0 seedlings to determine if either 

plant line displayed an elevated or reduced tolerance to the imposed stress. Additionally, 

identifying the role of DRB1, DRB2 and DRB4 in the appropriate regulation of the 

miR396/GRF7 regulatory module under a phosphate deficient (P-) stress growth regime was 

central to the phenotypic and molecular analyses. 

Aim 4 Stemming from the results generated in Aim 2, Arabidopsis transformant lines 

harbouring a miR399 knockdown or overexpression plant expression vector 

were generated. These plant lines were subsequently profiled at both the 

phenotypic and molecular level to determine whether the introduced 

modifications altered the sensitivity of either plant line to salt stress or 

phosphate deficiency (Chapter IV). 

Identical to the approach used for miR396 and again based of the results of Aim 2, 

miR399 knockdown (MIM399) and overexpression (MIR399) plant expression vectors were 

developed. The miR399 sRNA was selected for further experimental characterisation on the 

same basis as miR396, specifically; (1) miR399 being demonstrated responsive to heat, 

mannitol and salt stress (Figure 2.10 and Figure 2.12); (2) the documented role of the miR399 

expression module in either Arabidopsis development, and/or the adaptive response of 

Arabidopsis to abiotic stress (Bari et al., 2006; Fujii et al., 2005; Hsieh et al., 2009; Lin et al., 

2008), and; (3) miR399 being a highly conserved sRNA across the plant kingdom (Axtell and 

Meyers, 2018). As miR399 is a well know P responsive miRNA, the newly generated MIM399 

and MIR399 plant lines were exposed to the abiotic stress growth regimes of salt stress and 

P deficiency for a 7 d period. Post the imposed stress treatment, 15 d old plants were 

phenotypically and molecularly analysed in parallel to Col-0 seedlings to determine if either 

plant line displayed an elevated or reduced tolerance to either stress. In addition, identifying 

the role of DRB1, DRB2 and DRB4 in the appropriate regulation of the miR399 expression 

module under a salt stress or P deficient growth regime was central to the conducted analyses. 

Collectively the results of the four experimental aims of this project provided further 

insight into the molecular regulation that occurs in Arabidopsis during periods of exposure to 

abiotic stresses, including heat, mannitol and salt stress, and phosphate deficiency. The 

sRNA-seq dataset (Aim 2) and the complementary molecular modification approach (Aim 3 
and 4) lay a promising foundation for future research to identify molecular solutions to develop 

plant lines that can tolerate stress yet demonstrate growth in a challenging environment.  
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Chapter II 
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2.1 Chapter Overview / Rationale 
Over a decade ago, Curtin and colleagues (2008) reported on the initial 

characterisation of all five members of the Arabidopsis DRB protein (1-5) family via an 

insertional knockout mutant approach. Specifically, the authors noted the distinct 

developmental and molecular phenotypes displayed by the drb1, drb2 and drb4 loss-of-

function mutants: plant lines that we now know are defective in the activity of the three nucleus 

localised DRB family members demonstrated to be required for miRNA production. As central 

machinery proteins required for accurate and efficient DCL-catalysed processing of dsRNA 

precursor molecules to produce a mature miRNA sRNA, DRB1, DRB2 and DRB4 are crucial 

to the global sRNA profile of Arabidopsis (Eamens et al., 2011; Eamens et al., 2012a; 

Fukudome et al., 2011; Hiraguri et al., 2005; Pélissier et al., 2011; Pouch-Pélissier et al., 

2008). Each miRNA sRNA is liberated from a precursor transcript of distinct secondary 

structure, either an; (1) imperfectly dsRNA hairpin, or a (2) hairpin of near-perfect dsRNA 

structure with respective to the stems of the overall stem loop dsRNA structure. The structure 

of each miRNA precursor determines the protein machinery recruited for its subsequent 

processing, namely the recruitment of a specific DRB/DCL protein partnership. This initial 

selective recruitment is thought to subsequently determine the mechanism of target gene 

expression repression directed by each miRNA sRNA upon its maturation, namely either; (1) 

target transcript cleavage, or; (2) translational repression (Eamens et al., 2012b; Reis et al., 

2015).

Given the demonstrated antagonism between DRB2, and DRB1 and DRB4, during 

their respective DCL1 and DCL4 involvement in the production stage of the Arabidopsis 

miRNA pathway (Eamens et al., 2012a; Pélissier et al., 2011), assessing the phenotypic 

response of Col-0 seedlings and of the single knockout mutant lines, drb1, drb2 and drb4, to 

the abiotic stresses of heat, mannitol and salt stress, presents a novel avenue of investigation. 

To date, many studies in Arabidopsis have demonstrated the abiotic stress responsiveness of 

large miRNAs cohorts (Khraiwesh et al., 2012; Liu et al., 2008; Sunkar et al., 2012; Sunkar 

and Zhu, 2004), miRNAs which have the ability to regulate a variety of phenotypic and 

physiological responses that result in elevated tolerance to abiotic stress conditions. Given 

the specific degree of defect to miRNA production that each drb mutant plant harbours, it is 

highly likely that each Arabidopsis plant line will have a unique molecular response, and 

therefore a unique phenotypic/physiological response, to each of the applied stresses. The 

continued optimisation of high-throughput sequencing technology and its ever-increasing 

application, and therefore affordability, provides contemporary molecular biologists with an 

effective avenue to rapidly profile the sRNA landscape of a specific tissue or organ, at a 

specific stage of development, and post cultivation of a plant under a specific growth regime. 
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Therefore, high throughput sequencing provides a powerful molecular tool that a plant biologist 

can use to identify, and compare, the sRNA landscapes that underpin; (1) a standard plant 

phenotype or developmental response when a plant is cultivated under standard non-stressed 

(control) conditions, or; (2) the ‘stress induced’ phenotype displayed by the same plant line 

post its exposure to an abiotic stress treatment. Therefore, the use of a high throughput 

sequencing approach to profile the sRNA landscapes of wild-type (Col-0) Arabidopsis plants, 

and those of the mutant lines, drb1, drb2 and drb4, presents itself as an effective technique to 

further establish the role each DRB plays in contributing to the overall miRNA profile of 

Arabidopsis under standard growth conditions and post exposure to the stress regimes of 

heat, mannitol or salt stress. More specifically, it was expected that documenting miRNA 

abundance changes in Col-0, drb1, drb2 and drb4 plants post their exposure to heat, mannitol 

and salt treatment would shed some additional light onto the miRNA-mediated molecular 

mechanisms that underpin the distinct phenotypic and physiological response that each of 

these four plant lines display to each assessed stress. 
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2.2 Introduction 
The frequency and intensity of a range of abiotic stresses has increased in recent 

decades either as a direct or indirect result of anthropogenically driven climate change. Due 

to the sessile nature of a plant, the ability to physically relocate due to the prevalence and/or 

severity of an abiotic stress is an unachievable mechanism for a plant to employ for stress 

avoidance. Instead, a plant must utilise a molecular approach to alter its phenotype and/or 

physiology in order to adapt to the exposed stress. One such molecular mechanism a plant 

will employ is miRNA-directed regulation of target gene expression, genes which underpin the 

regulation of a phenotypic or physiological characteristic required for a plant to mount an 

adaptive response to the abiotic stress (Khraiwesh et al., 2012). At a phenotypic and 

physiological level, and in an attempt to tolerate and/or adapt to abiotic stress a plant can 

modify; (1) the rate at which it transitions between developmental phases; (2) leaf structure 

and/or architecture; (3) the degree of ROS scavenging; (4) nutrient uptake and homeostasis, 

and; (5) root architecture. In Arabidopsis, miRNAs have been shown to regulate the 

expression of key target genes within each one of these pathways (see Figure 2.1). 

Figure 2.1  Arabidopsis developmental and physiological processes under miRNA regulation. 
Six key Arabidopsis developmental and physiological process are indicated, namely, (1) phenological 
phases, (2) leaf development, (3) ROS scavenging, (4) nutrient homeostasis, (5) lateral root 
development, and (6) primary root development. Based on previous literature, miRNAs that have been 
shown to be involved in the regulation of each of the processes are listed. The photo of the Arabidopsis 
seedling was previously taken by Dr Eric Belfield.  

Phenological Phases: 
miR156, miR159, miR172, miR319 
(Achard et al., 2004; Palatnik et al., 2003; 
Schwab et al., 2005)

Leaf Development: 
miR159, miR160, miR164, miR165, miR166, 
mir396
(Lauf et al., 2004; Mallory et al., 2004a; 
Mallory et al., 2004b; Mallory et al., 2005; 
Millar and Gubler., 2005; Wang et al., 2010)

ROS Scavenging:  
miR398  
(Sunkar et al., 2006)

Nutrient Homeostasis: 
miR393, miR397, miR399, miR408, 
miR857 
(Abdel-Ghany and Pilon, 2008; Chiou et al., 
2006; Vidal et al., 2010)

Lateral Root Development: 
miR160, miR164  
(Chung et al., 2013; Guo et al., 2005; Wang 
et al., 2005)

Primary Root Development: 
miR163, miR167
(Chung et al., 2016; Kinoshita et al., 2012)
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Due to the regulatory role held by miRNAs, these molecules of sRNA form ideal targets 

for molecular modification as part of the development of plants with an enhanced ability to 

tolerate abiotic stress. Moreover, previous studies in Arabidopsis, have utilised such an 

approach, with transgenesis studies altering miRNAs abundance to increase the tolerance or 

sensitivity of the plant to conditions of heat (Guan et al., 2013; Lin et al., 2018), mannitol (Kim 

et al., 2010a; Kim et al., 2010b) and salt (Denver and Ullah, 2019; Kim et al., 2010a; Kim et 

al., 2010b; Song et al., 2013) stress. However, given that large miRNA cohorts have previously 

been shown to be responsive to abiotic stresses in multiple plant species, it is safe to assume 

many more miRNAs are required for a plant to coordinate a phenotypic response that would 

allow for an elevated tolerance to an imposed abiotic stress (Liu et al., 2008; Shen et al., 2010; 

Xin et al., 2010). Therefore, identification of the entire cohort of miRNAs responsive to heat, 

mannitol or salt stress in Arabidopsis is of high interest. Additionally, the loss of essential 

miRNA production machinery proteins, such as DRB1, DRB2 and DRB4, will alter the ability 

of Arabidopsis to molecularly, and therefore phenotypically/physiologically respond, to each 

abiotic stress, with these mutant plant lines harbouring an altered miRNA landscapes.  



Chapter II  Phenotypic and Molecular Analysis of Abiotic Stressed Arabidopsis Plant Lines 

14 

2.3  Material and Methods 
2.3.1 Plant Growth Conditions. 
2.3.1.1 Arabidopsis thaliana Plant Lines 

The plant lines used in this study included wild-type Arabidopsis (ecotype Columbia-0; 

Col-0) and the previously described T-DNA insertion knockout mutant lines, drb1 

(SALK_064863), drb2 (GABI_348A09) and drb4 (SALK_000736) (Curtin et al., 2008), with 

each of these three drb mutant lines maintained in the Col-0 background. Homozygosity for 

the T-DNA insertion in the DRB1, DRB2 and DRB4 loci was confirmed via PCR-based 

genotyping (see Appendix A.6.1, page 254) using the primers listed in Appendix A.4.1 (page 

246). For each plant line, seeds were surface sterilised in 1.5 mL microfuge tubes via a 90 

minute (min) room temperature (RT) treatment with chloride gas. Post sterilisation, tubes were 

immediately capped and transferred to a sterilised Biosafety cabinet. In the Biosafety cabinet, 

and under aseptic conditions, the sterilised Arabidopsis seeds were transferred to petri dishes 

that contained standard Murashige and Skoog (MS) plant growth media (Gamborg et al., 

1976). Post sowing, plates were sealed with sterile surgical tape, and then stratified in the dark 

at 4°C for 48 hours (h) (stratification breaks seed dormancy to ensure even germination). 

Following stratification, the plates were transferred to a temperature controlled growth cabinet 

(A1000 Growth Chamber, Conviron®, Australia). For seed germination, and subsequent 

cultivation to the desired stage of plant development (in this study, 8 day (d) old Arabidopsis 

seedlings were determined to be at the desired developmental stage for abiotic stress 

treatments), a standard growth regime of 16 h of light and 8 h of dark, and a 22°C/18°C 

day/night temperature was applied.  

2.3.1.2 Heat, Mannitol and Salt Stress Treatment of 
Arabidopsis Plant Lines

Following an 8 d cultivation period under the standard growth regime outlined above, 

Col-0, drb1, drb2 and drb4 seedlings, were transferred to either a ‘non-stressed’ or ‘stressed’ 

growth environment. Prior to sterilising the plant growth media via autoclaving, for the salt 

stress and mannitol stress regimes, 2.12 grams (g) of sodium chloride (NaCl) and 9.11 g of 

mannitol was added to 250 millilitres (mL) of liquid MS media to obtain final concentrations of 

150 mM NaCl and 200 mM mannitol, respectively. Under aseptic conditions in a sterilised 

Biosafety cabinet, 8 d old seedlings were either transferred to fresh standard MS growth media 

(to be used for the non-stressed controls and the heat-stressed samples, respectively), or onto 

MS growth media supplemented with either 150 mM NaCl (salt stress samples) or 200 mM 

mannitol (drought stress samples). Post seedling transfer, each growth media plate was again 

sealed with sterile surgical tape and the sealed plates immediately returned to the temperature 
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controlled growth cabinets for an additional 7 d period of cultivation under standard growth 

conditions. For the heat stress treatment, 8 d old Col-0, drb1, drb2 and drb4 seedlings were 

again transferred to new standard MS media (to replicate the seedling transferral process of 

the salt and mannitol stress treatments) and post transfer, seedling plates were transferred to 

a separate temperature controlled growth cabinet with an alternate growth regime of 32°C for 

the 16 h light period and 28°C for the 8 h period of darkness. 

2.3.2 Phenotypic Analysis of the Col-0, drb1, drb2 and drb4 
Arabidopsis Lines 

2.3.2.1 Plant Fresh Weight Assessment 

Plant weight was initially assessed for 15 d old seedlings following the 7 d cultivation 

period under a standard growth regime and on either standard MS media (non-stressed 

controls), or on the MS media supplemented with either 150 mM NaCl, or with 200 mM 

mannitol. The fresh weight of the 15 d old heat-stressed Arabidopsis lines was assessed in 

parallel. Specifically, 4 replicates of 6, 15 d old seedlings were transferred to each pre-labelled 

and pre-weighed 1.5 mL microfuge tube, per plant line and growth regime. Post seedling 

transfer, each tube was capped, and the final weights determined on a standard set of 

laboratory scales.  

2.3.2.2 Rosette Area Determination 

Prior to transferral of 15 d old seedlings to 1.5 mL microfuge tubes for plant fresh weight 

determination, each plate for each plant line, and growth regime, was photographed from 

directly above and at a set distance of 30 cm. The resulting images were analysed using the 

image processing program, ImageJ©, to determine rosette area. 

2.3.2.3 Assessment of Primary Root Length 

Eight day old Col-0, drb1, drb2 and drb4 seedlings that had been germinated and 

cultivated on standard MS growth media (Section 2.3.1.1) were transferred to 6 standard MS 

plates (3 plates were used as the non-stressed controls and the other 3 plates used for the 

heat stress analyses), or to 3 MS growth media plates supplemented with either 150 mM NaCl 

or 200 mM mannitol plates (seedlings transfer was conducted under aseptic conditions in a 

surface sterilised Biosafety cabinet). The 8 seedlings that were transferred to each plate for 

each plant line, and growth regime, were placed at 1.0 cm intervals across a horizontal line 

that had been manually drawn at a set point on the bottom side of each media plate. Plates 

were then sealed with sterilised surgical tape and transferred to the temperature controlled 
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growth cabinet, orientated vertically, and cultivated for an additional 7 d period under a 

standard growth regime (for the controls and the salt stress and mannitol stress treatments). 

The heat stress treatment plates were also orientated for 7 d of vertical growth under the 

elevated temperature regime outlined in Section 2.3.1.2. At the conclusion of the 7 d treatment 

period, a photograph was taken of each vertically orientated plate, per plant line and growth 

regime. Root architecture was assessed using the image processing program, ImageJ©.  

2.3.2.4 Anthocyanin Content Determination 

Post determination of the weight of each 1.5 mL microfuge tube, four Arabidopsis 

plants from each plant line (performed in triplicate; 3 x 4 = 12 plants per plant line), and growth 

regime, were transferred to a corresponding tube. Tubes were capped, re-weighed and 

immediately frozen in liquid nitrogen (LN2). Under LN2, each sample was ground into a fine 

powder using a LN2-chilled micro pestle in its microfuge tube. Five hundred microlitres (μL) of 

99:1 methanol/HCl (v/v) was added to each tube immediately following the grinding process. 

Post processing of each sample, the tube was capped, and immediately stored in the dark at 

RT to allow each sample to completely thaw. Once all samples had been processed, each 

tube was thoroughly vortexed and then 330 μL of Milli-Q water (MQ-H2O) was added. Tubes 

were capped, thoroughly vortexed, and then 500 μL of chloroform added. Tubes were capped 

and shaken vigorously by hand for 15 seconds (s) before being centrifuged at RT for 5 minutes 

(min) at 4,000·g . Post centrifugation, 500 μL of the upper aqueous phase was immediately 

transferred to a new, labelled 1.5 mL microfuge tube. Tubes were transferred in the dark to a 

spectrophotometer (BioMate™ 3S Spectrophotometer, Thermo Scientific, Australia) and the 

absorbance of each sample was determined at wavelength 535 nm (A535), using 99:1 

methanol/HCl as the blanking solution. Absorbance per milligram (A535/mg) of fresh weight 

was then calculated.  

2.3.2.5 Determination of Chlorophyll a and b Content 

As described for the determination of anthocyanin content (Section 2.3.2.4), 4 plants 

of each Arabidopsis line and growth regime were transferred in triplicate to pre-weighed and 

labelled 1.5 mL microfuge tubes. Post seedling transfer, tubes were capped, reweighed and 

immediately frozen in LN2. The plant material was ground into a fine powder using a LN2-

chilled micro pestle, and once the plant material was completely homogenised, 500 μL of 80% 

(v/v) acetone was immediately added to the tube. Tubes were then capped and incubated at 

RT in the dark until the sample had completely thawed and/or, all samples had been 

processed. The samples were then centrifuged at RT for 5 min at 4,000·g, before 500 μL of 

the resulting supernatant from each sample was transferred to a new, labelled 1.5 mL 



Chapter II  Phenotypic and Molecular Analysis of Abiotic Stressed Arabidopsis Plant Lines 

17 

microfuge tube. Sample tubes were transferred in the dark to the spectrophotometer and the 

absorbance of each sample assessed at wavelengths, 647 and 664nm, to obtain chlorophyll 

a and b absorbance, respectively. Absorbance per mg of plant fresh weight (A647/mg and 

A664/mg) was then determined for the chlorophyll a and b content of each plant line and growth 

regime. Total chlorophyll a and b content was subsequently determined using the 

Lichtenthaler equations (Lichtenthaler and Wellburn, 1983). 

2.3.3 Assessment of MicroRNA and Gene Transcript 
Abundance in Abiotically Stressed Arabidopsis thaliana 

For all material and methods utilised for the preparation and analysis of Arabidopsis 

Col-0, drb1, drb2 and drb4 samples for small RNA sequencing and RT-qPCR-based 

expression analyses, please refer to the following publication: 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 
https://www.mdpi.com/2223-7747/8/3/58 

A copy of this publication can be found in Appendix 1 (A.1.3) of this thesis, pages 193-210. 

The relevant experimental methodologies are detailed in sections; ‘Total RNA extraction and 

high throughput sequencing of the small RNA fraction’, page 206, ‘Bioinformatic assessment 

of the microRNA landscape of Arabidopsis whole seedlings’, page 206, and ‘Quantitative 

reverse transcriptase polymerase chain reaction analyses’, page 207.  

https://www.mdpi.com/2223-7747/8/3/58


Chapter II  Phenotypic and Molecular Analysis of Abiotic Stressed Arabidopsis Plant Lines 

18 

2.4 Results 
2.4.1 The Phenotypic Response of Wild-Type Arabidopsis 

Plants and the drb Knockout Mutant Lines to Heat, 
Mannitol and Salt Stress 

All phenotypic and molecular results in this section pertaining to Arabidopsis (ecotype 

Columbia-0 (Col-0)) seedlings can found in the publication:

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 

https://www.mdpi.com/2223-7747/8/3/58 

A copy of this publication can be found in Appendix 1 (A.1.3) of this thesis, pages 193-210. 

Post germination and cultivation on standard MS growth media, 8 d old Arabidopsis 

seedlings (Col-0, drb1, drb2, and drb4 plant lines) were exposed to a 7 d treatment period of 

either heat, mannitol or salt stress. The distinct phenotypic response of each plant line to each 

growth regime, namely, non-stress (control), heat, mannitol or salt stress is presented in 

Figure 2.2. Compared to the non-stress control seedlings of each plant line, stressed Col-0, 

drb1, drb2, and drb4 plants each displayed a unique ‘stress induced’ phenotype when exposed 

to a 7 d heat, mannitol or salt stress treatment. Phenotypic markers of stress presented in 

Figure 2.2, include leaf curling and differences in leaf pigmentation (either chlorosis or 

anthocyanin accumulation). To quantify the phenotypic response of each plant line to each 

stress treatment, assessments of; (1) fresh weight (Figure 2.3); (2) rosette area (Figure 2.4); 

(3) primary root length (Figure 2.5); (4) anthocyanin accumulation (Figure 2.6), and; (5)

chlorophyll a and b content (Figure 2.7A-B) were conducted. It is important to note here that

for each phenotypic assessment presented in this Chapter, the response of each plant line to

each imposed stress is presented as a percentage of the corresponding measurement

determined for the non-stress control counterparts of each plant line (i.e., comparison to non-

stress 15 d old Col-0, drb1, drb2 and drb4 seedlings). In addition, and to further confirm that

the phenotypic changes displayed by each Arabidopsis line is an accurate reflection that each

abiotic stress growth regime elicited a molecular response, the expression level of the well

characterised, stress response gene, P5CS1 (Strizhov et al., 1997; Urano et al., 2009;

Yoshiba et al., 1999), was assessed via a standard RT-qPCR (Figure 2.8).

https://www.mdpi.com/2223-7747/8/3/58
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Figure 2.2  Phenotypic and physiological consequence of a heat, mannitol or salt stress treatment on 
15 d old wild-type Arabidopsis (Col-0) and DRB-knockout mutant lines drb1, drb2 and drb4. Phenotypes 
displayed by 15 d old Arabidopsis whole seedlings post a 7 d treatment with heat, mannitol or salt stress, 
compared to non-stressed seedlings of the same age (left panel). Scale bar = 1.0 centimeter (cm). 



Chapter II  Phenotypic and Molecular Analysis of Abiotic Stressed Arabidopsis Plant Lines 

20 

2.4.1.1 Fresh Weight 

One of the most visually striking phenotypic responses displayed by each Arabidopsis 

line under assessment post exposure to the 7 d treatment period of heat, mannitol or salt 

stress, was modification to the overall shoot architecture (Figure 2.2). To quantify this 

response, the fresh weight of each plant line was determined. Post exposure to heat stress, 

the fresh weight of all plant lines was significantly increased by 75.3% (±12.9%), 208.2% 

(±35.7%), 309.1% (±72.1%) and 288.8% (±99.1%), for Col-0, drb1, drb2 and drb4 plants, 

respectively (Figure 2.3). The observed promotion of fresh weight of 15 d old heat stressed 

Col-0, drb1, drb2 and drb4 plants was in direct contrast to the response of each plant line to 

the 7 d mannitol stress treatment. Specifically, the fresh weight of Col-0, drb1, drb2 and drb4 

plants was significantly decreased by 68.4% (±0.6%), 64.5% (±0.6%), 54.9% (±0.9%) and 

57.6% (±1.3%), respectively, in response to the imposed mannitol stress (Figure 2.3). 

Interestingly, unlike the heat and mannitol stress treatments which respectively induced 

uniform promotion and reduction to the fresh weight of each plant line assessed, the four plant 

lines under assessment responded differently to the salt stress treatment. Specifically, the 7 

d salt stress treatment caused the fresh weight of Col-0 and drb1 plants to decrease by 23.7% 

(±2.2%) and 25.1% (±1.5%), respectively. However, the fresh weight of drb2 and drb4 plants 

was determined to be increased by 30.93% (±5.8%) and 27.24% (±7.5%), respectively (Figure 
2.3). It is important to note here that the response displayed by each plant was determined to 

be statistically significant, regardless of whether the fresh weight of the plant line was 

promoted or reduced by the 7 d salt stress treatment period (Figure 2.3). 
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Figure 2.3  Whole seedling fresh weight of heat, mannitol and salt stressed Arabidopsis Col-0 
and DRB-knockout mutant lines, drb1, drb2 and drb4, compared to their non-stressed 
counterparts of the same age. Error bars represent the ±SD of 4 biological replicates and each 
biological replicate consisted of a pool of six individual plants. The presence of an asterisk above a 
column represents a statistically significantly difference between the stress treated sample and the non-
stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 0.001). 
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2.4.1.2 Rosette Area

Alteration of rosette development has been shown to be one of the key phenotypic 

responses of Arabidopsis to a changed growth environment (Claeys et al., 2014). Considering 

the documented promotion of fresh weight of Col-0, drb1, drb2 and drb4 plants post their 

exposure to the 7 d heat stress treatment period (Figure 2.3), it was unsurprising to also 

observe an increase in the rosette area of the four assessed plant lines. Compared to the non-

stress control of each plant line under assessment, the 7 d heat stress treatment increased 

the rosette area of 15 d old Col-0, drb1, drb2 and drb4 plants by 127.1% (±5.4%), 91.8% 

(±26.5%), 22.2% (±6.3%) and 109.9% (±17.0%), respectively (Figure 2.4). The 7 d mannitol 

treatment on the other hand, reduced the rosette area of 15 d old Col-0, drb1, drb2 and drb4 

seedlings by 61.7% (±0.5%), 59.4% (±0.7%), 74.7% (±0.6%) and 59.6% (±1.0%), respectively 

(Figure 2.4). The 7 d salt stress treatment was determined to have a similar impact on Col-0, 

drb1, drb2 and drb4 development as documented for the mannitol stress. That is, compared 

to the respective control plants, the rosette area of Col-0, drb1, drb2 and drb4 plants was 

reduced by 20.5% (±2.9%), 39.9% (±1.8%), 51.2% (±0.7%) and 27.3% (±2.2%), respectively 

(Figure 2.4). A reduced rosette area for salt-stressed drb2 and drb4 plants was unexpected 

considering that this stress increased fresh weight of these two plant lines by ~31 and 27%, 

respectively (Figure 2.3). 
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Figure 2.4  Rosette area of heat, mannitol and salt stressed Arabidopsis Col-0 and DRB-
knockout mutant lines, drb1, drb2 and drb4, compared to their non-stressed counterparts of the 
same age. Error bars represent the ±SD of 4 biological replicates and each biological replicate 
consisted of a pool of six individual plants. The presence of an asterisk above a column represents a 
statistically significantly difference between the stress treated sample and the non-stressed control 
sample (P-value: * < 0.05; ** < 0.005; *** < 0.001).



 Chapter II  Phenotypic and Molecular Analysis of Abiotic Stressed Arabidopsis Plant Lines 

24 
 

2.4.1.3  Primary Root Length 

 A universal phenotypic response of plants to a changed environment, including (but 

not limited to) variations in water availability (reduced or depleted water supplies), solute 

toxicity, or the reduced abundance of essential nutrients, is modification to root architecture 

and function (Acora et al., 2011; Gao et al., 2007; Pasternak et al., 2005). In Arabidopsis for 

example, the elongation rate of the primary root is perturbed in response to elevated salt. 

Moreover, as the concentration of salt in the growth environment increases, so does the 

degree of the severity of the phenotypic response (Sun et al., 2008; West et al., 2004). In 

addition, when a plant organ, such as the root system experiences localised stress, the entire 

organism responds in an attempt to ensure a degree of ‘tolerance’ or ‘adaption’ to the imposed 

stress. Such a response can only be achieved via complex and interrelated molecular 

signalling pathways which ensure effective communication between root and shoot tissues 

(Choi et al., 2014).  
Compared to their non-stressed counterparts, primary root length was only reduced by 

10.6% (±3.2%) and 7.2% (±5.5%) by the imposed heat stress treatment in Col-0 and drb1 

plants, respectively (Figure 2.5). In drb2 and drb4 plants however, cultivation for a 7 d period 

under elevated day and night temperatures, reduced primary root length by 30.9% (±1.0%) 

and 38.3% (±5.3%), respectively. The mannitol stress treatment failed to influence the primary 

root length of Col-0 plants (Figure 2.5). Furthermore, this stress regime was also determined 

to only have a mild effect on drb4 primary root development with the primary root length of 

mannitol stressed drb4 plants reduced by 7.3% (±3.1%). Cultivation for a 7 d period on growth 

media supplemented with mannitol did however significantly impact primary root development 

in the drb1 and drb2 mutant backgrounds with the primary root length of mannitol-stressed 

drb1 and drb2 plants reduced by 29.0% (±5.2%) and 17.3% (±3.1%), respectively (Figure 
2.5). Figure 2.5 also clearly shows that for all four plant lines assessed in this study, the 

imposed salt stress had the greatest impact on primary root development. Specifically, 

compared to the respective control plants, the primary root length of 15 d old salt-stressed 

Col-0, drb1, drb2 and drb4 plants was reduced considerably by 60.0% (±0.4%), 44.3% 

(±2.4%), 50.4% (±1.4%) and 39.8% (±1.8%), respectively. 
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Figure 2.5  Primary root length of heat, mannitol and salt stressed Arabidopsis Col-0 and DRB-
knockout mutant lines, drb1, drb2 and drb4, compared to their non-stressed counterparts of the 
same age. Error bars represent the ±SD of 4 biological replicates and each biological replicate 
consisted of a pool of six individual plants. The presence of an asterisk above a column represents a 
statistically significantly difference between the stress treated sample and the non-stressed control 
sample (P-value: * < 0.05; ** < 0.005; *** < 0.001). 
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2.4.1.4  Anthocyanin Accumulation 

 Figure 2.2 clearly shows that both the imposed heat and salt stress treatments altered 

the rosette pigmentation of the Col-0, drb2 and drb4 plants, and it has been well documented 

that a common plant defence mechanism to attempt to provide a degree of tolerance to abiotic 

stresses such as those imposed here, is accumulation of the flavonoid pigment, anthocyanin 

(Akula and Ravishankar, 2011; Chalker‐Scott, 1999; Kovinich et al., 2015). In numerous plant 

species, anthocyanins accumulate in response to stress due to the ability of anthocyanin to 

scavenge reactive oxygen species (ROS), toxic biomolecules that would otherwise cause 

cellular damage if not negated (Chalker-Scott, 1999; Howitz and Sinclair, 2008; Kovinich et 

al., 2015; Manetas, 2006; Marko et al., 2004; Sperdouli and Moustakas, 2012; Wang et al., 

1997). 

 Quantification of anthocyanin accumulation for heat stressed plants revealed that Col-

0, drb2 and drb4 seedlings, had significantly increased anthocyanin accumulation of 177.6% 

(±52.6%), 213.4% (±14.1%) and 134.4% (±22.0%), respectively (Figure 2.6). The salt stress 

treatment induced a similar response in these three plant lines with anthocyanin content 

increased by 59.3% (±7.4%), 123.3% (±16.1%) and 93.7% (±25.4%) in Col-0, drb2 and drb4 

plants, respectively (Figure 2.6). However, in the drb1 mutant background, the heat and salt 

stress treatments failed to result in a statistically significant alteration to anthocyanin 

abundance compared to its levels in drb1 control plants (heat = 53.4% (±26.2%), and; salt = 

9.2% (±9.9%)). In response to a 7 d cultivation period on mannitol supplemented growth 

media, the alteration to the abundance of anthocyanin was determined to not be statistically 

significant for all four assessed Arabidopsis plant lines. For example, anthocyanin 

accumulation remained unchanged between the non-stress controls and mannitol-stressed 

Col-0 and drb2 plants, and was only mildly elevated by 23.6% (±16.9%) and 8.6% (±14.7%) 

in the drb1 and drb4 mutant backgrounds, respectively.  
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Figure 2.6  Anthocyanin accumulation of heat, mannitol and salt stressed Arabidopsis Col-0 and 
DRB-knockout mutant lines, drb1, drb2 and drb4, compared to their non-stressed counterparts 
of the same age. Error bars represent the ±SD of 4 biological replicates and each biological replicate 
consisted of a pool of six individual plants. The presence of an asterisk above a column represents a 
statistically significantly difference between the stress treated sample and the non-stressed control 
sample (P-value: * < 0.05; ** < 0.005; *** < 0.001). 
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2.4.1.5 Chlorophyll a and b Content 

As photosynthesis is the key pathway to fix carbon and to provide energy for plant 

growth and development, spectrophotometry was used to quantify the abundance of the two 

central photosynthetic pigments, chlorophyll a and b. Specifically, the primary photosynthetic 

pigment, chlorophyll a is responsible for converting photons to chemical energy via the light-

dependent reactions of photosynthesis (Björn et al., 2009). While chlorophyll b is not essential 

for photosynthesis to occur, it acts as an auxiliary pigment, increasing the absorption spectrum 

to allow for photosynthesis to continue under a broader range of light regimes (Björn et al., 

2009). Due to the essential role that these two energy absorbing pigments play in the 

photosynthetic pathway, the reduced abundance of either pigment is a strong indicator of the 

sensitivity of a plant to the imposed abiotic stress (Pasternak et al., 2005; Yamaguchi et al., 

2006; Zawoznik et al., 2007). In 15 d old heat stressed Col-0, drb1, drb2 and drb4 seedlings, 

spectrophotometric analysis revealed that chlorophyll a abundance was significantly elevated 

by 56.2% (±0.4%), 99.8% (±20.2%), 45.8% (±6.3%) and 58.4% (±18.1%), respectively (Figure 
2.7A). Conversely, when the same four plant lines were exposed to the 7 d mannitol stress 

treatment, chlorophyll a content was reduced by 23.8% (±1.7%), 34.9% (±7.2%), 57.7% 

(±1.4%) and 32.0% (±5.6%) in Col-0, drb1, drb2 and drb4 plants, respectively (Figure 2.7A). 

The 7 d salt stress treatment was also determined to cause significant reductions to the 

chlorophyll a content of Col-0 (18.3 ± 1.9%), drb1 (13.3 ± 3.6%), drb2 (25.1 ± 7.1%) and drb4 

seedlings (29.2 ± 3.6%) (Figure 2.7A). 

The observed trends for the chlorophyll a abundance of each assessed plant line, and 

abiotic stress treatment, were mirrored by the chlorophyll b content data (Figure 2.7B). More 

specifically, exposure to heat stress increased the chlorophyll b content of Col-0, drb1, drb2 

and drb4 seedlings by 68.9% (±3.9%), 64.3% (±25.5%) 114.7% (±23.2%) and 82.2% 

(±23.1%), respectively. In response to the imposed mannitol stress, the chlorophyll b content 

of Col-0, drb1, drb2 and drb4 seedlings was significantly reduced by 23.4% (±1.6%), 24.5% 

(±12.9%), 58.1% (±1.4%), and 31.1% (±6.5%), respectively. Similarly, the chlorophyll b 

content of Col-0, drb1, drb2 and drb4 seedlings was again determined to be significantly 

reduced by 36.7% (±8.9%), 34.4% (±1.8%), 20.2% (±7.4%), and 27.7% (±7.8%) respectively, 

in response to the 7 d salt stress treatment. 
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Figure 2.7  Chlorophyll a (A) and b (B) content of heat, mannitol and salt stressed Arabidopsis 
Col-0 and DRB-knockout mutant lines, drb1, drb2 and drb4, compared to their non-stressed 
counterparts of the same age. Error bars represent the ±SD of 4 biological replicates and each 
biological replicate consisted of a pool of six individual plants. The presence of an asterisk above a 
column represents a statistically significantly difference between the stress treated sample and the non-
stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 0.001). 
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2.4.2 The Molecular Response of Wild-Type Arabidopsis Plants 
and the drb Knockout Mutant Lines to Heat, Mannitol and 
Salt Stress 

2.4.2 .1 Quantification of the Expression of Δ1PYRROLINE 
5-CARBOXYLATE SYNTHETASE1 (P5CS1)

The well characterised Arabidopsis stress responsive gene, P5CS1 (AT2G39800), 

encodes for the protein, Δ1-PYRROLINE-5-CARBOXYLATE SYNTHETASE (P5CS); the rate 

limiting-enzyme of the proline biosynthesis pathway (Székely et al., 2008; Yoshiba et al., 

1999). Proline is a crucial amino acid, accumulating in plants in response to a range of abiotic 

stress stimuli due to its central role in scavenging free radicals and replenishing Nicotinamide 

Adenine Dinucleotide Phosphate (NADP+) levels (Ashraf and Foolad, 2007; Szabados and 

Savoure, 2010). It is therefore unsurprising that the expression of the P5CS1 locus is induced 

in Arabidopsis in response to its exposure to the abiotic stresses, dehydration stress, drought 

stress and salt stress (Strizhov et al., 1997; Urano et al., 2009; Yoshiba et al., 1999). 

In order to determine if Col-0, drb1, drb2 and drb4 plants were responding at the 

molecular level to the three imposed stresses, P5CS1 expression was quantified via RT-

qPCR. Compared to P5CS1 expression in Col-0, drb1, drb2 and drb4 control plants, RT-qPCR 

revealed P5CS1 transcript abundance to be significantly elevated by 3.0-, 4.7- , 2.3- and 3.0-

fold in heat-stressed Col-0, drb1, drb2 and drb4 plants, respectively (Figure 2.8). Similarly, 

the mannitol stress treatment was also demonstrated by RT-qPCR to induce P5CS1 

expression in Col-0, drb1, drb2 and drb4 plants by 1.7-, 8.0-, 2.5- and 2.6-fold, respectively 

(Figure 2.8). Figure 2.8 further clearly shows that the 7 d salt stress treatment also induced 

the expression of P5CS1 in all four plant lines under assessment. Specifically, P5CS1 levels 

were determined to be elevated by 45.2-, 15.5-, 6.5- and 4.2-fold respectively, in salt-stressed 

Col-0, drb1, drb2 and drb4 plants. 
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Figure 2.8  RT-qPCR analysis of P5CS1 expression in heat, mannitol and salt stressed 
Arabidopsis Col-0 and DRB-knockout mutant lines, drb1, drb2 and drb4, compared to their non-
stressed counterparts of the same age. Error bars represent the ±SD of 4 biological replicates with 
each biological replicate consisting of 6 individual plants. The presence of an asterisk above a column 
represents a statistically significantly difference between the stress treated sample and the non-
stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 0.001). 
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2.4.2.2 The Use of High Throughput Sequencing to 
Determine the Contribution of DRB1, DRB2 and DRB4 
to the MicroRNA Landscape of Arabidopsis thaliana  

It is well established that the three nuclear DRB proteins, DRB1, DRB2 and DRB4, are 

core pieces of protein machinery required for sRNA production, including miRNA production, 

across a range of Arabidopsis tissues (Eamens et al., 2011; Eamens et al., 2012a; Hiraguri et 

al., 2005; Pélissier et al., 2011; Pouch- Pélissier et al., 2008). In an attempt to further define 

the contribution of DRB1, DRB2 and DRB4 to the production stage of the Arabidopsis miRNA 

pathway, a high throughput sequencing approach was employed to profile the sRNA fraction 

of Col-0, drb1, drb2 and drb4 whole seedlings cultivated under standard growth conditions 

and post their exposure to the abiotic stress of heat, mannitol and salt stress. 

The sRNA-seq approach revealed that compared to 15 d old Col-0 control seedlings, 

the abundance of 73, 1 and 31 miRNA sRNAs was significantly (>2.0-fold) downregulated in 

15 d old drb1, drb2 and drb4 control seedlings, respectively (Figure 2.9). Additionally, and 

again compared to 15 d old Col-0 controls, 5, 14 and 11 miRNAs were determined to have 

significantly upregulated abundance in the drb1, drb2, and drb4 controls (Figure 2.9). Three 

additional miRNA cohorts were also identified via this profiling approach, namely; (1) 19 

miRNAs had significantly elevated abundance in 2 or 3 of the assessed drb mutant 

backgrounds; (2) the abundance of 10 miRNAs was reduced by more than 2.0-fold in 2 of the 

3 drb mutants assessed, and; (3) 34 miRNAs had reciprocal abundance trends (significantly 

elevated or reduced abundance in the different drb mutants) in either one or both of the other 

two drb mutants assessed (Figure 2.9). 
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2.4.2.3    The Use of High Throughput Sequencing to Profile the 
MicroRNA Landscape of Heat, Mannitol and Salt 
Stressed Col-0, drb1, drb2 and drb4 Plants 

Post characterisation of the phenotypic and physiological consequences of exposing 

15 d old Arabidopsis Col-0, drb1, drb2 and drb4 seedlings to a 7 d heat, mannitol or salt stress 

growth regime (see Sections 2.4.1- 2.4.1.5), sRNA-seq was further utilised to profile the 

miRNA landscape of each Arabidopsis line. This approach revealed that compared to the 

control of each plant line, large miRNA cohorts were either significantly (>2.0-fold) up- or 

downregulated in abundance post stress exposure (Figure 2.10). More specifically, compared 

to wild-type control seedlings, the abundance of 121, 123 and 118 miRNAs was significantly 

altered in heat, mannitol and salt stressed Col-0 seedlings, respectively. In drb1 whole 

seedlings exposed to heat, mannitol or salt stress, 100, 101 and 82 miRNAs were determined 

to have significantly altered abundance. A total of 108, 58 and 83 miRNAs were significantly 

altered in their abundance in drb2 seedlings post the exposure of this plant line to heat, 

mannitol and salt stress, respectively. In heat, mannitol and salt stressed drb4 seedlings, 

sRNA-seq revealed that 184, 95 and 108 miRNAs were significantly altered in abundance, 

respectively.
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and blue tiles indicate a Log2 fold-change up or down, respectively, in the abundance of each miRNA.  
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2.4.2.4   RT-qPCR Analysis of DCL1, DRB1, DRB2 and DRB4 
  Expression in Heat, Mannitol and Salt Stressed Col-0, 
  drb1, drb2 and drb4 Plants 

 In an attempt to generate a more detailed understanding of what was occurring at a 

molecular level in heat, mannitol and salt stressed Arabidopsis seedlings, RT-qPCR was 

employed to assess variations in the gene expression of key miRNA pathway protein 

machinery (Figure 2.11). This analysis was utilised to identify changes in DCL1, DRB1, DRB2 

and DRB4 transcript levels in heat, mannitol and salt stressed Arabidopsis seedlings relative 

to the control grown Col-0 counterparts. Specifically, all the RT-qPCR data on the expression 

DCL1, DRB1, DRB2 and DRB4 in each of the Arabidopsis seedlings in Figure 2.11 is 

presented relative to non-stressed Col-0 seedlings to further allow for the documentation of 

any redundant, competitive or hierarchical relationships of DRB1, DRB2 and DRB4 under 

standard growth conditions, in addition to further documenting the role of DCL1, and the three 

nuclear DRBs in the response of Arabidopsis plants to heat, mannitol or salt stress.  

 In comparison to control grown Col-0 seedlings, RT-qPCR analysis revealed that 

exposure to heat stress failed to significantly alter the expression of DCL1 (-1.1-fold) and 

DRB4 (1.5-fold), while the expression of DRB1 and DRB2 were significantly elevated by 1.8- 

and 2.7-fold, respectively. When Col-0 seedlings were grown on media supplemented with 

200 mM mannitol, significant reductions of 1.7-fold were observed for both DCL1 and DRB1 

expression, in contrast to the mild increases in expression observed for DRB2 (1.3-fold) and 

DRB4 (1.1-fold). Similarly, salt stress treatment of Col-0 seedlings resulted in a significant 1.5-

fold reduction in DCL1 expression. However, the expression of DRB1, DRB2 and DRB4 were 

all determined to be significantly elevated in comparison to the control grown counterparts 

(1.4-, 3.6- and 1.6-fold, respectively).  

 As previous research has demonstrated that in specific Arabidopsis tissues where 

there is overlap of DRB expression / DRB localisation, DRB2 is antagonistic to the expression 

of DRB1 and DRB4 (Eamens et al., 2012a; Pélissier et al., 2011; Reis et al., 2015), 

confirmation of the expression profiles of DCL1, DRB1, DRB2 and DRB4 in non-stressed drb1, 

drb2 and drb4 seedlings was next sort. This assessment revealed that the expression of DCL1 

in non-stressed drb1 seedlings was significantly upregulated 1.7-fold. As expected, DRB1 

expression was not detected in drb1 seedlings. In the absence of DRB1 expression in the drb1 

mutant, DRB2 expression was elevated by 2.6-fold, while the expression of DRB4 was 

reduced by 1.4-fold. Comparable to the change in DCL1 expression in control grown drb1 

seedlings, when drb1 seedlings were exposed to heat stress, DCL1 expression was 

significantly upregulated 1.6-fold, while the expression levels of DRB2 and DRB4 were 

determined to be greatly upregulated 7.4- and 5.9-fold, respectively. Comparative to the 
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observed expression changes for DRB2 and DRB4 in heat stressed Col-0 seedlings, the much 

larger increases observed for heat stressed drb1 seedlings readily highlights the dramatic 

impact the absence of a DRB has on the expression of the other DRBs. Post exposure to a 7 

d mannitol stress treatment, again drb1 seedlings presented a significant 1.7-fold upregulation 

of DCL1 expression levels. In contrast, DRB2 expression was mildly reduced 1.1-fold while, 

DRB4 expression was upregulated 2.9-fold. Identical to the response of drb1 seedling 

exposed to each of the other growth regimes of this study, when treated with 150 mM salt 

stress for 7 d, DCL1 expression was significantly upregulated 1.6-fold. Further, in the same 

drb1 seedlings exposed to a salt stress growth regime, DRB2 was significantly upregulated 

1.7-fold and DRB4 was only mildly upregulated 1.2-fold. 

When drb2 seedlings were grown under standard growth conditions it was determined 

that the expression levels of DCL1 remained unchanged from non-stressed Col-0 counterparts 

(1.1- fold) while DRB1 expression was elevated 2.1-fold. As expected, DRB2 expression was 

not detected in control grown drb2 seedlings, nor in drb2 seedlings exposed to each stress 

regime. Analysis of DRB4 expression revealed a significant reduction of 2.8-fold in control 

grown drb2 seedlings when compared to identically grown Col-0 seedlings. Alike non-stressed 

drb2 seedlings, when grown under elevated temperatures, drb2 seedlings presented no 

significant alteration to DCL1 expression levels (1.2-fold). However, RT-qPCR analysis 

revealed the expression levels of DRB1 and DRB4 were significantly increased, 1.9- and -2.5-

fold, respectively. Similarly to the response of control grown drb2 seedlings, when drb2 

seedlings were grown in the presence of 200 mM mannitol for 7 d, both DCL1 and DRB1 

expression levels remained insignificantly altered (-1.3-fold and unchanged, respectively), 

while again, DRB4 expression was found to be greatly reduced (2.4-fold). As with the drb2 

seedlings exposed to each of the other growth regimes, the expression level of DCL1 in salt 

stressed drb2 seedlings remained insignificantly changed (1.1-fold) and DRB4 expression 

levels were significantly decreased 2.1-fold. Following the elevated expression trend in drb2 

seedlings exposed to heat stress, DRB1 was elevated 1.5-fold in drb2 seedlings exposed to 

a 7 d salt stress, however this alteration was not determined to be statistically significant.  

When grown under standard growth conditions, drb4 seedlings presented no 

significant alteration to DCL1 or DRB2 expression levels (reduced 1.1-, 1.2-fold, respectively) 

in comparison to non-stressed wild-type expression levels. Interestingly, the expression level 

of DRB1 was determined to be greatly upregulated 3.2-fold. Alike, drb1 and drb2 seedlings, 

RT-qPCR further confirmed that drb4 seedlings are defective in the production of the 

respective DRB, DRB4. As such, DRB4 expression levels were not detected in any drb4 

seedlings regardless of the growth conditions they were cultivated on. When drb4 seedlings 

were exposed to a heat stress growth regime, both DCL1 and DRB1 were significantly 
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elevated (2.9- and 10.6-fold, respectively). Contrastingly, the expression of DRB2 was found 

to be mildly reduced 1.3-fold in the same heat stressed Arabidopsis seedlings. Almost 

identically to the response of drb4 seedlings cultivated under a standard control growth 

regime, drb4 seedlings exposed to a mannitol stress treatment displayed both unaffected 

DCL1 expression levels (-1.3-fold) and a significant 2.8-fold increase in DRB1 expression 

levels. It was therefore not surprising that in the same mannitol stressed drb4 seedlings, DRB2

expression was significantly reduced 2.6-fold. The exposure of drb4 seedlings to a 7 d salt 

stress growth regime resulted in very similar expression trends observed for drb4 seedlings 

cultivated under each of the growth regimes of this study. Specifically, DCL1 expression levels 

were mildly elevated 1.3-fold, while DRB1 expression was significantly elevated 6.0-fold. 

Inversely, the expression of DRB2 in the same drb4 seedlings was found to be significantly 

reduced 1.7-fold.
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 Figure 2.11  RT-qPCR assessment of DCL1, DRB1, DRB2 and DRB4 in non-stressed and stress treated Arabidopsis plant lines. The RT-qPCR determined expression of 
DCL1 (grey), DRB1 (purple), DRB2 (yellow) and DRB4 (white) in Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to each abiotic stress is 
presented relative to control grown Col-0 seedlings. Error bars represent the ±SD of 4 biological replicates with each biological replicate consisting of 6 individual plants. The 
presence of an asterisk indicates a statistically significant difference between the expression of each gene determined for control Col-0 seedling (p-value: < 0.05, *; P < 0.005,**; P 
< 0.001, ***). 
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2.4.2.5    Experimental Validation of Altered MicroRNA 
Abundance in Control and Abiotically Stressed Wild- 
Type Arabidopsis Whole Seedlings  

To experimentally validate the miRNA abundance changes documented via high 

throughput sequencing of the sRNA fraction of non-stressed and heat, mannitol and salt 

stressed wild-type Arabidopsis whole seedlings, a modified RT-qPCR approach was applied. 

This analysis can be found in the publication: 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 

https://www.mdpi.com/2223-7747/8/3/58 

A copy of this publication can be found in Appendix 1 (A.1.3) of this thesis (pages 193-210), 

with the respective RT-qPCR validation of sRNA-seq determined miRNA accumulation trends 

located on page 199.  

Subsequent to RT-qPCR validation of altered miRNA abundance in non-stressed and 

heat, mannitol and salt stressed Col-0 seedlings, three highly conserved plant miRNAs, 

namely miR396, miR399 and miR408, were selected for further molecular characterisation. 

The selection of miR396, miR399 and miR408 for further molecular characterisation was 

based on; (1) the significant alteration in the abundance of each miRNA in response to 

exposing 15 d old Col-0 seedlings to heat, mannitol and salt stress (Figure 2.10), and; (2) the 

known role(s) of the respective target genes of these three miRNAs in standard Arabidopsis 

development and/or post exposure of Arabidopsis to abiotic stress (Bari et al., 2006; Hewezi 

and Baum, 2012; Pilon, 2017; Van der Knaap et al., 2000).

https://www.mdpi.com/2223-7747/8/3/58
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2.4.2.6   Molecular Profiling of the miR396 Regulatory Module in 
Heat, Mannitol and Salt Stressed Col-0, drb1, drb2 and 
drb4 Whole Seedlings 

In several plant species, the miR396 sRNA has been demonstrated to be a key 

transcriptional regulator of several members of the GROWTH REGULATING FACTOR (GRF) 

family of plant-specific transcription factors (Hewezi and Baum, 2012; Liu et al., 2009; 

Omidbakhshfard et al., 2015). In Arabidopsis, the known miR396 target gene, GRF7

(AT5G53660) and its encoded protein, GRF7, has been proposed to play a central role in 

mounting an adaptive response to the abiotic stresses of heat, mannitol and salt stress (Kim 

et al. 2012). Therefore, GRF7 was selected as the target gene to molecularly profile in parallel 

to its targeting miRNA, miR396. A RT-qPCR approach was first employed to confirm the 

accuracy of the miR396 abundance trends determined for heat, mannitol and salt stressed 

seedlings, compared to the non-stressed counterpart of each respective Arabidopsis line, as 

determined by sRNA sequencing.  

This approach confirmed the miR396 abundance trends determined by sequencing, 

except for heat stressed drb1 seedlings (Figure 2.12A). More specifically, sRNA-seq indicated 

that compared to non-stressed Col-0, miR396 abundance was elevated by 3.0-, 2.9- and 1.9-

fold in heat, mannitol and salt stressed Col-0 seedlings, respectively (Figure 2.12A). RT-

qPCR confirmed elevated trends in abundance for heat, mannitol and salt stressed Col-0 

seedlings with the quantified level of the miR396 sRNA determined to be elevated by 2.9-, 

3.1- and 2.8-fold, respectively (Figure 2.12A). In the drb1 background, sRNA-seq indicated 

that in response to heat, mannitol and salt stress exposure, the abundance of the miR396 

sRNA was elevated by 2.6-fold, mildly reduced by 0.2-fold, and remained unchanged, 

respectively (Figure 2.12A). Interestingly, RT-qPCR quantification of miR396 abundance 

revealed a different accumulation trend, a 2.6-fold reduction, for heat stressed drb1 seedlings, 

and not an elevated level of the miR396 sRNA as determined by sequencing. In mannitol-

stressed drb1 seedlings, RT-qPCR determined that the level of the miR396 sRNA was 

significantly reduced by 4.2-fold compared to its levels in non-stressed drb1 whole seedlings: 

a more severe reduction than the mild 0.2-fold reduction to miR396 levels as indicated by 

sRNA-seq. RT-qPCR again revealed miR396 abundance to be reduced, albeit a mild 0.4-fold 

reduction, post exposure of drb1 plants to the salt stress treatment. However, this trend again 

differed to that identified via sRNA-seq which indicated that miR396 abundance remained 

unchanged in salt-stressed drb1 whole seedlings.  

In comparison to non-stressed drb2 whole seedlings, sRNA-seq revealed miR396 

abundance remained unchanged by the heat stress treatment and only mildly elevated by the 

mannitol (0.2-fold) and salt stress (0.1-fold) treatments (Figure 2.12A). The RT-qPCR 
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approach revealed largely similar trends in abundance post heat, mannitol and salt stress 

treatment of drb2 seedlings, that is; miR396 abundance was mildly reduced by 0.1-fold by 

both the heat and salt stress treatments and was elevated by 0.5-fold in response to mannitol 

stress treatment (Figure 2.12A). In heat, mannitol and salt stressed drb4 whole seedlings, 

sRNA-seq revealed miR396 abundance to be elevated by 4.8-, 2.2- and 0.8-fold, respectively. 

Elevated miR396 abundance was confirmed by RT-qPCR which documented 2.7-, 2.5- and 

2.0-fold increases in mR396 levels in heat, mannitol and salt stressed drb4 whole seedlings, 

respectively (Figure 2.12A).  

The expression of GRF7, the selected target gene of miR396, was next assessed via 

RT-qPCR (Figure 2.12B). Compared to non-stressed Col-0 whole seedlings, GRF7 

expression was significantly reduced by 2.2-, 2.7- and 2.7-fold in heat, mannitol and salt 

stressed Col-0 seedlings, respectively. Reduced GRF7 expression in heat, mannitol and salt 

stressed Col-0 whole seedlings was expected considering that the abundance of the targeting 

miRNA, miR396, was elevated by these three stress regimes in wild-type seedlings (Figure 
2.12A). In heat stressed drb1 whole seedlings, GRF7 expression was elevated by 2.2-fold. 

Elevated GRF7 expression in heat stressed drb1 plants was expected considering that 

miR396 abundance was demonstrated to be reduced by 2.6-fold by RT-qPCR (Figure 2.12A). 

GRF7 expression was also determined to be reduced by 1.8- and 2.6-fold respectively, in 

mannitol and salt stressed drb1 plants (Figure 2.12B). This expression trend formed an 

interesting result with the abundance of the GRF7 transcript scaling with the reduced 

accumulation of its targeting miRNA, miR396, in mannitol and salt stressed drb1 whole 

seedlings (Figure 2.12A). Compared to the expression in non-stressed drb2 whole seedlings, 

GRF7 transcript abundance was reduced by 2.4-, 2.0- and 2.2-fold in heat, mannitol and salt 

stressed drb2 plants. This again formed an unexpected result considering that miR396 levels 

were determined to remain largely unchanged in heat and salt stressed drb2 plants, and only 

mildly elevated (0.5-fold) in the drb2 mutant background post the mannitol stress treatment 

(Figure 2.12A). In mannitol and salt stressed drb4 whole seedlings, RT-qPCR revealed GRF7 

expression to be reduced by 1.7 and 2.5-fold, respectively. Curiously, RT-qPCR repeatedly 

failed to detect the GRF7 transcript in drb4 whole seedlings post their exposure to the heat 

stress regime (Figure 2.12B). In mannitol and salt stressed drb4 plants however, miR396 

abundance was determined to be elevated by 2.5- and 2.0-fold, respectively (Figure 2.12A). 

Therefore, reduced GRF7 expression in this mutant background post its exposure to mannitol 

and salt stress was expected.  
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Figure 2.12  Molecular analysis of the miR396/GRF7 regulatory module in 15 d old Arabidopsis 
Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to heat, mannitol or 
salt stress, relative to untreated (control) seedlings. (A) The SL-RT-qPCR determined abundance 
of miR396 in Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to 
each abiotic stress is presented as fold-change relative to control grown seedlings for each Arabidopsis 
line (coloured bars). The grey line indicates the respective fold-change in miR396 accumulation for each 
Arabidopsis line as assessed with sRNA-seq. (B) RT-qPCR analyses of miR396 target gene, GRF7, 
expression changes of Arabidopsis lines, Col-0, drb1, drb2 and drb4 in response to heat, mannitol or 
salt stress, compared to non-stress growth conditions. Error bars represent the ±SD of 4 biological 
replicates with each biological replicate consisting of 6 individual plants. The presence of an asterisk 
indicates a statistically significant difference between the control and stress treated seedlings for 
miR396 and GRF7 (p-value: < 0.05, *; P < 0.005,**; P < 0.001, ***).
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2.4.2.7   Molecular Profiling of the miR399 Regulatory Module in 
Heat, Mannitol and Salt Stressed Col-0, drb1, drb2 and 
drb4 Whole Seedlings 

The regulation of PHOSPHATE2 (PHO2; AT2G33770) by miR399 is required for 

Arabidopsis to mount an adaptive response to conditions of low inorganic phosphorous (Pi) 

(Fujii et al., 2005; Hsieh et al., 2009; Liu et al., 2014). This well documented miR399/PHO2 

regulatory module in response to Pi deficiency, in conjunction with the sRNA-seq data (Figure 
2.10), which indicated that the miR399 sRNA is also responsive to heat, mannitol and salt 

stress, presented the miR399 regulatory module as an ideal candidate for further investigation. 

Initially, an RT-qPCR based approach was employed to experimentally validate the 

miR399 abundance trends identified by sequencing. As demonstrated for the miR396 sRNA, 

RT-qPCR quantification of the abundance of miR399 supported the sequencing results 

(Figure 2.13A). Specifically, sRNA-seq revealed that compared to non-stressed Col-0 whole 

seedlings, the abundance of the miR399 sRNA was elevated by 7.0-, 3.2- and 4.4-fold in heat, 

mannitol and salt stressed Col-0 seedlings, respectively (Figure 2.13A). This trend of 

upregulated levels of the miR399 sRNA in Col-0 whole seedlings exposed to the three 

assessed stresses was confirmed by RT-qPCR which showed that miR399 abundance was 

elevated by 2.2-, 2.7- and 2.9-fold for heat, mannitol and salt stressed Col-0 plants, 

respectively (Figure 2.13A). In the drb1 mutant background, sRNA-seq indicated that 

compared to non-stressed drb1 whole seedlings, miR399 abundance was greatly elevated by 

28.0-fold post the application of the 7 d heat stress growth regime. However, RT-qPCR 

quantification in heat stressed drb1 plants revealed a very different accumulation trend for 

miR399, that is; miR399 abundance was reduced by 0.6-fold (Figure 2.13A). Similar 

abundance trends were however documented for mannitol and salt stressed drb1 plants by 

the sRNA-seq and RT-qPCR analyses. Specifically, sRNA-seq revealed miR399 abundance 

to be reduced by 2.7- and 0.3-fold in mannitol and salt stressed drb1 whole seedlings 

respectively, and similarly, RT-qPCR showed that mannitol and salt stress treatment of drb1 

whole seedlings reduced miR399 levels by 0.3- and 0.1-fold, respectively (Figure 2.13A).  

The sRNA-seq approach indicated that miR399 abundance was elevated by 

7.3-, 0.7- and 3.4-fold in drb2 whole seedlings in response to the 7 d exposure to the heat, 

mannitol and salt stress growth regimes, respectively. Elevated miR399 abundance in the 

drb2 mutant background post its exposure to the three assessed stresses was confirmed by 

RT-qPCR which showed miR399 levels to be increased by 2.1-, 0.6- and 2.0-fold in heat, 

mannitol and salt stressed drb2 plants (Figure 2.13A). Compared to non-stressed drb4 whole 

seedlings, miR399 abundance was determined to be up-regulated by 5.1-, 1.9- and 3.5-fold 

by sRNA-seq of heat, mannitol and salt stressed drb4 plants, respectively (Figure 2.13A). 
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Similarly, RT-qPCR documented 2.1-, 1.7- and 1.6-fold increases in miR399 abundance in 

heat, mannitol and salt stressed drb4 whole seedlings, respectively (Figure 2.13A); a finding 

that confirmed the sRNA-seq identified abundance trends for the miR399 sRNA.  

Well documented as the sole target gene of miR399-directed expression regulation in 

Arabidopsis, PHO2 transcript abundance was next quantified by RT-qPCR. Compared to non-

stressed Col-0 plants, PHO2 expression was significantly repressed by 5.5-, 4.5- and 2.8-fold 

in Col-0 whole seedlings post their exposure to heat, mannitol and salt stress treatment, 

respectively (Figure 2.13B). Reduced PHO2 expression in heat, mannitol and salt stressed 

Col-0 whole seedlings was expected considering that RT-qPCR revealed miR399 sRNA 

abundance to be elevated by each of the three assessed stresses (Figure 2.13A). An 

opposing expression trend for PHO2 was revealed by RT-qPCR in the drb1 mutant 

background, that is; PHO2 transcript abundance was elevated by 57.2-, 4.3- and 2.8-fold in 

heat, mannitol and salt stressed drb1 plants (Figure 2.13B). Increased PHO2 expression in 

the drb1 mutant background post its exposure to the three assessed stresses was expected 

considering that RT-qPCR had previously revealed that miR399 abundance was reduced in 

response to all three stresses (Figure 2.13A). However, the highly dramatic elevation to PHO2 

expression (57.2-fold) in response to the mild 0.6-fold reduction in miR399 abundance in heat 

stressed drb1 whole seedlings, remained a highly curious result. Potentially, this curious 

finding indicates that in the drb1 mutant background where DRB1 functional activity is absent, 

and therefore, the production stage of the miRNA is defective, any degree of miR399-directed 

expression regulation of the PHO2 transcript is completely abolished, thereby accounting for 

the dramatically altered expression of the PHO2 target transcript in response to the mild 

reduction to miR399 abundance. 

In response to heat, mannitol and salt stress treatment, PHO2 expression was only 

mildly altered by -1.3-, 1.5- and 1.5-fold respectively, in drb2 whole seedlings (Figure 2.13B). 

Reduced PHO2 expression in heat stressed drb2 plants was expected considering that RT-

qPCR revealed miR399 abundance to be elevated by 2.1-fold (Figure 2.13A). However, 

elevated PHO2 expression in response to increased miR399 levels in mannitol and salt 

stressed drb2 whole seedlings formed an unexpected miRNA/target gene regulation trend. 

PHO2 transcript abundance was determined to be significantly down-regulated by 7.1-, 6.7- 

and 3.2-fold post exposure of drb4 whole seedlings to heat, mannitol and salt stress (Figure 
2.13B). Reduced PHO2 expression in the drb4 mutant background was expected considering 

that miR399 abundance was determined to be elevated in response to each of the three 

assessed stresses (Figure 2.13A).  
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Figure 2.13  Molecular analysis of the miR399/PHO2 regulatory module in 15 d old Arabidopsis 
Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to heat, mannitol or 
salt stress, relative to untreated (control) seedlings. (A) The SL-RT-qPCR determined abundance 
of miR399 in Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to 
each abiotic stress is presented as fold-change relative to control grown seedlings for each Arabidopsis 
line (coloured bars). The grey line indicates the respective fold-change in miR399 accumulation for each 
Arabidopsis line as assessed with sRNA-seq. (B) RT-qPCR analyses of miR399 target gene, PHO2, 
expression changes of Arabidopsis lines, Col-0, drb1, drb2 and drb4 in response to heat, mannitol or 
salt stress, compared to non-stress growth conditions. Due to the large difference in expression change 
of PHO2, the relative mean expression value is provided. Error bars represent the ±SD of 4 biological 
replicates with each biological replicate consisting of 6 individual plants. The presence of an asterisk 
indicates a statistically significant difference between the control and stress treated seedlings for 
miR399 and PHO2 (p-value: < 0.05, *; P < 0.005,**; P < 0.001, ***). 
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2.4.2.8  Molecular Profiling of the miR408 Regulatory Module in 
Heat, Mannitol and Salt Stressed Col-0, drb1, drb2 and 
drb4 Whole Seedlings 

Like miR399, the miR408 sRNA has been demonstrated to be a stress responsive 

miR408 in Arabidopsis. More specifically, in Arabidopsis, miR408 abundance is altered in 

response to copper (Cu) deficiency, and this alteration to miR408 abundance is believed to 

be required to regulate the expression of key Cu responsive genes (Abdel-Ghany and Pilon, 

2008; Zhang et al., 2014). Therefore, altered miR408 abundance post exposure of Arabidopsis 

Col-0 whole seedlings to the abiotic stresses of heat, mannitol and salt stress, identified 

miR408 as the third miRNA of interest for further investigation.  

Compared to control Col-0 seedlings, miR408 abundance was determined by sRNA-

seq to be elevated by 8.2-, 2.2- and 5.8-fold in heat, mannitol and salt stressed Col-0 

seedlings, respectively (Figure 2.14A). Elevated miR408 abundance in Col-0 plants in 

response to heat, mannitol and salt stress, was confirmed via RT-qPCR which revealed 5.9-, 

3.0- and 3.5-fold elevated miR408 abundance, respectively (Figure 2.14A). The applied 

sRNA-seq approach indicated that exposure of the drb1 mutant to heat stress, induced a 9.0-

fold increase in the abundance of the miR408 sRNA (Figure 2.14A). However, RT-qPCR 

suggested that heat stress had an opposing influence on miR408 abundance, a 1.5-fold 

reduction. The sRNA-seq and RT-qPCR approaches did however return matching miR408 

abundance trends for mannitol and salt stressed drb1 plants. Specifically, sRNA-seq showed 

that the level of the miR408 sRNA in mannitol stressed drb1 plants was elevated 1.7-fold, with 

RT-qPCR indicating a 1.9-fold elevation. Similarly, in salt stressed drb1 plants, miR408 

abundance was determined to be elevated by 1.6- and 1.2-fold by sRNA-seq and RT-qPCR, 

respectively (Figure 2.14A).  

In heat and salt stressed drb2 seedlings, miR408 abundance was determined by 

sequencing to be increased by 1.9-fold, compared to its levels in non-stressed drb2 plants. 

RT-qPCR confirmed the sequencing identified miR408 abundance trends for heat (2.0-fold) 

and salt (1.6-fold) stressed drb2 whole seedlings. In comparison, the sRNA-seq approach 

revealed that miR408 abundance was reduced by 2.5-fold in the drb2 mutant post its exposure 

to mannitol stress (Figure 2.14A). However, RT-qPCR indicated that miR408 abundance 

remained largely unchanged (reduced by 1.1-fold) by the mannitol stress treatment. 

Compared to non-stressed drb4 seedlings, sRNA-seq suggested that the level of the miR408 

sRNA was elevated by 7.4- and 2.7-fold in heat and salt stressed drb4 plants, respectively. 

Both abundance trends were confirmed by RT-qPCR which revealed that the level of the 

miR408 sRNA was elevated 1.6- and 1.9- fold in heat and salt stressed drb4 plants, 

respectively (Figure 2.14A). Sequencing further indicated that the mannitol stress treatment 
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mildly reduced miR408 abundance by 1.2-fold in the drb4 mutant background. Again, the 

sequencing-identified abundance trend was confirmed by RT-qPCR which also revealed that 

the miR408 sRNA was only mildly reduced in its abundance (1.4-fold) in mannitol stressed 

drb4 plants.  

The miR408 sRNA is known to regulate the expression of a number of Cu-containing 

proteins at the transcriptional level, including PLANTACYANIN (AT2G02850), LACCASE3 

(AT2G30210), LACCASE12 (AT5G05390), LACCASE13 (AT5G07130), UCLACYANIN2 

(AT2G44790), and CUPREDOXIN (AT1G72230; Abdel-Ghany et al., 2008; Ma et al., 2015; 

Pilon, 2018). The LAC3 transcript was selected for further investigation via RT-qPCR with this 

approach revealing that compared to non-stressed Col-0 plants, LAC3 expression was 

increased 12.2, 13.5- and 12.8-fold in heat, mannitol or salt stress Col-0 plants, respectively 

(Figure 2.14B). High levels of up-regulated LAC3 expression in heat, mannitol and salt 

stressed Col-0 plants formed a surprise finding considering that RT-qPCR also revealed 

miR408 abundance to be elevated by 5.9-, 3.0- and 3.5-fold by the imposed stress regimes 

(Figure 2.14A). In the drb1 mutant background, the heat and mannitol stress treatments 

elevated LAC3 expression by 5.0- and 2.5-fold, respectively. Salt stress treatment of the drb1 

mutant however failed to significantly alter the expression of the miR408 target gene. 

Specifically, compared to non-stressed drb1 plants, LAC3 expression was only increased by 

1.2-fold in salt-stressed drb1 whole seedlings (Figure 2.14B). Taking into consideration the 

scaling of miR408 abundance and LAC3 expression trends observed for Col-0 seedlings, this 

trend was again observed in the drb1 mutant background post its exposure to mannitol and 

salt stress. More specifically, the 1.9-fold and unchanged abundance of the miR408 sRNA 

was correlated with the 2.5- and 1.2-fold elevations documented for LAC3 expression. 

Although the 5.0-fold upregulation in the expression of LAC3 in heat stressed drb1 seedlings 

would be expected given the RT-qPCR determined 1.5-fold reduction in miR408 abundance, 

this abundance relationship did however form a somewhat unexpected finding when the 

miR408/LAC3 scaling observed in the Col-0 and drb1 backgrounds is considered.  

Post the exposure of drb2 seedlings to the heat, mannitol and salt stress regimes, RT-

qPCR determined LAC3 expression to only be mildly altered by -1.3-, 1.4- and 1.7-fold, 

respectively. Based on the unchanged abundance of the miR408 sRNA in mannitol and salt 

stressed drb2 seedlings, the mild alteration to LAC3 expression was expected. However, as 

miR408 abundance was elevated by 2.0-fold in heat stress drb2 seedlings, the statistically 

insignificant change in LAC3 expression in the same Arabidopsis seedlings was curious. 

Similar to the molecular response of Col-0 seedlings, significant increases of 1.9- and 2.1-fold 

in LAC3 expression was observed for drb4 seedlings exposed to heat and salt stress, 

respectively, while a mild and statistically insignificant increase in LAC3 expression (1.1 ± 0.3-
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fold) was determined for drb4 seedlings grown under a mannitol stress growth regime. Similar 

to each of the other Arabidopsis seedlings (excluding heat treated drb1) seedlings, no drb4 

seedlings presented LAC3 expression profile reciprocal to the miR408 abundance changes, 

as anticipated with increases in both miR408 and LAC3 observed under heat and salt stress 

while the inverse accumulation trends were observed in response to mannitol stress.  
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Figure 2.14  Molecular analysis of the miR408/LAC3 regulatory module in 15 d old Arabidopsis 
Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to heat, mannitol or 
salt stress, relative to untreated (control) seedlings. (A) The SL-RT-qPCR determined abundance 
of miR408 in Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to 
each abiotic stress is presented as fold-change relative to control grown seedlings for each Arabidopsis 
line (coloured bars). The grey line indicates the respective fold-change in miR408 accumulation for each 
Arabidopsis line as assessed with sRNA-seq. (B) RT-qPCR analyses of miR408 target gene, LAC3, 
expression changes of Arabidopsis lines, Col-0, drb1, drb2 and drb4 in response to heat, mannitol or 
salt stress, compared to non-stress growth conditions. Error bars represent the ±SD of 4 biological 
replicates with each biological replicate consisting of 6 individual plants The presence of an asterisk 
indicates a statistically significant difference between the control and stress treated seedlings for 
miR408 and LAC3 (p-value: < 0.05, *; P < 0.005,**; P < 0.001, ***). 
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2.5 Discussion 

Post the 7 d heat, mannitol and salt stress exposure, 15 d old Col-0, drb1, drb2 and 

drb4 plants were visually compared to their respective non-stressed counterparts (Figure 2.2). 

The heat stress treatment resulted in an increase in rosette area, downward curling of the 

rosette leaves, and induced a notable darkening to the colouration (due to anthocyanin over 

accumulation) of the tissues surrounding the shoot apical meristem (SAM) region and 

extending into the petioles of rosette leaves of Col-0, drb2 and drb4 plants. The rosette leaves 

of mannitol- or salt-stressed Col-0, drb1, drb2 and drb4 plants also curled in a downwards 

direction toward the growth media, however, in direct contrast to heat-stressed plants, the 

mannitol and salt stress treatments reduced the size of the rosette of each assessed plant line 

(Figure 2.2). In addition, a dark colouration was again observed to develop in the region 

surrounding the SAM and rosette leaf petioles of salt-stressed Col-0, drb2 and drb4 plants. 

The prominent, yet varied degree of severity that each of these phenotypic indicators of stress 

was displayed by each plant line under assessment (Figure 2.2), led to the subsequent 

quantitative analyses of whole plant fresh weight (Figure 2.3), rosette area (Figure 2.4), 

primary root length (Figure 2.5), anthocyanin accumulation (Figure 2.6), and chlorophyll a 

and b content (Figure 2.7A-B). To ensure the quantified phenotypic and physiological 

changes observed for each Arabidopsis plant line was a result of abiotic stress directed 

molecular changes, an RT-qPCR approach assessed the expression change of the plant 

stress gene P5SC1 in response to each abiotic stress growth regime (Figure 2.8).  

In addition to the phenotypic and physiological analyses, the sRNA-seq and RT-qPCR 

approaches were additionally applied in an attempt to correlate the molecular responses of 

the stressed plant lines to the observed phenotypic and physiological responses of Col-0, 

drb1, drb2 and drb4 seedlings to each of the imposed stresses. Specifically, sRNA-seq was 

used to not only highlight the necessity of the contribution of DRB1, DRB2 and DRB4 function 

to the global miRNA landscape of Arabidopsis (Figure 2.9), but to determine how the miRNA 

accumulation profiles of each Arabidopsis seedling is altered in response to each of the three 

imposed stresses (Figure 2.10). To provide a clearer understanding of the contribution of each 

nuclear DRB protein on miRNA production during non-stress and abiotic stress conditions, 

RT-qPCR analysis was used to document the expression of DCL1, DRB1, DRB2, and DRB4 

in each Arabidopsis plant line, in attempt to correlate miRNA abundance changes with any 

changes in the expression of these four genes which encode for key miRNA production 

machinery proteins (Figure 2.11). Having used RT-qPCR to validate the miRNA abundance 

trends (see Publication Three, A.1.3, pages 193-210) determined by sRNA-seq (Figure 
2.10), three miRNAs, including miR396, miR399 and miR408, were selected for further 
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experimental assessments. RT-qPCR was again used to determine the abundance of miR396 

(Figure 2.12A), miR399 (Figure 2.13A) and miR408 (Figure 2.14A), and the accumulation of 

a single gene targeted by each of the assessed miRNAs, specifically GRF7 (Figure 2.12B), 

PHO2 (Figure 2.13B) and LAC3 (Figure 2.14B), respectively. 
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2.5.1 The Phenotypic and Physiological Consequences of a 
Heat Stress Growth Regime 

Investigation of shoot biomass and architecture in response to abiotic stress has been 

presented as an effective and sensitive avenue for the determination of the degree of stress 

tolerance displayed by an individual plant genotype (Claeys et al., 2014). Although supported 

by the phenotypes presented in Figure 2.2, it was a curious finding that in response to the 7 

d heat stress treatment, the growth of each assessed Arabidopsis plant line was promoted 

(Figure 2.3 and Figure 2.4, respectively). Although elevated whole seedling fresh weight and 

rosette area suggested a ‘positive’ response to this form of abiotic stress, other phenotypic 

stress markers, including, considerable downward leaf curling (Figure 2.2), anthocyanin over-

accumulation (Figure 2.6) and the significant induction of P5CS1 expression (Figure 2.8), all 

indicated that the four assessed Arabidopsis lines were in actual fact stressed by the 7 d 

cultivation period at an elevated temperature. It has been previously established that 

photosynthesis can function without irreversible damage to the plant between the temperature 

range of 10 to 35°C, depending on whether a particular plant species has adapted to growth 

in either a ‘cold’ or ‘hot’ climate. In addition, other growth parameters, such as light intensity 

and CO2 concentration, have been shown to also play a primary role in determining the thermal 

optimum of each plant species (Berry and Bjorkman, 1980; Sage and Kubien, 2007; Vasseur 

et al., 2011). The significant increase in plant shoot growth exhibited by the four Arabidopsis 

plant lines assessed here, could have resulted from the elevated growth temperature 

increasing the rate limiting capacity of key photosynthetic components, such as the enzyme, 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), or from alterations to the rate 

of electron transport, the efficiency of the Calvin cycle, or Pi regeneration rates, all of which 

would in turn potentially result in an elevated net CO2 assimilation rate (µmol m-2 s-1) (Sage 

and Kubien, 2007). In addition, the study conducted by Gray and colleagues (1998) showed 

that when Arabidopsis was cultivated at an elevated temperature of 29°C (a 9°C increase in 

temperature compared to the control grown seedlings of their study), seedlings displayed a 

dramatic increase in auxin-mediated hypocotyl elongation, a phenotypic response similarly 

observed for heat treated Arabidopsis in the Koini et al., (2009) study. Together, the findings 

detailed in these previously published studies, may in part, account, for the promotion of 

growth observed here for 15 d old Arabidopsis plants post the 7 d heat stress treatment period, 

growth promotion that potentially stemmed from a modified photosynthetic capacity and/or 

altered plant hormone pathways (Gray et al., 1998; Sage and Kubien, 2007). Adding further 

weight to the suggestion that the elevated temperature accompanying the heat stress growth 

regime may be impacting the photosynthetic pathway of each plant line is Figure 2.7 which 
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shows that heat stressed Col-0, drb1, drb2 and drb4 Arabidopsis seedlings all had significant 

increases in chlorophyll a and b content, compared to those of their respective controls.  

In addition to modification of the photosynthetic pigment chlorophyll, it is well 

established that plants employ the pigment anthocyanin to assist in mounting a molecular 

defense against elevated ROS levels induced by abiotic stress such as extreme temperature, 

drought or salinity (Akula and Ravishankar, 2011; Chalker‐Scott, 1999; Howitz and Sinclair, 

2008; Kovinich et al., 2015; Manetas, 2006; Marko et al., 2004; Sperdouli and Moustakas, 

2012; Wang et al., 1997). As such, it was therefore surprising to observe that unlike heat 

stressed Col-0, drb2 and drb4 seedlings that all displayed significant increases in anthocyanin 

content (Figure 2.6), the anthocyanin content of heat stressed drb1 seedlings remained 

unchanged from the levels documented for control drb1 seedlings (discussed further in 

Section 2.5.3, page 57).  

In conjunction with phenotypic and physiological characteristics of the plant shoot, root 

architecture, and specifically, the length of the primary root was also assessed, as reduced 

primary root length is a known phenotypic marker of abiotic stress (Figure 2.5; Claeys et al., 

2014). In response to a heat stress growth regime, significant reduction to the length of the 

primary roots of drb2 and drb4 seedlings was observed. A similar trend of reduced primary 

root length in response to elevated temperature was also observed for heat stressed Col-0 

and drb1 seedlings. However, the degree of reduction in primary root length of heat stressed 

Col-0 drb1 plants was deemed to be statistically insignificant. Previous studies by Li et al., 

(2009) and Rizhsky et al., (2004) have also observed the ability of heat stress to reduce 

primary root length of Arabidopsis. 
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2.5.2   Mannitol and Salt Stress Growth Conditions Elicit Similar 
  Phenotypic and Physiological Consequences  
 As conducted for the heat stress analyses, the fresh weight and rosette area of each 

Arabidopsis line was assessed in response to a mannitol or salt stress growth regime due to 

the sensitivity of these phenotypic measurements to abiotic stress (Claeys et al., 2014). These 

analyses revealed both phenotypic measurements to be significantly reduced in response to 

a 7 d cultivation period on plant growth medium supplemented with either mannitol or salt. 

Although both stress regimes reduced both of the assessed parameters, the most severe 

reductions in shoot architecture for each Arabidopsis line occurred in response to the mannitol 

stress treatment (Figure 2.3- 2.4). This forms an unsurprising result that supports the 

phenotypes presented in Figure 2.2. Further, this finding is supported by the literature, with 

the in vitro stress assays conducted by Claeys et al. (2014), demonstrating that shoot growth 

is highly sensitive to either stress, and further, the degree of growth inhibition was determined 

to be dose-dependent.  

 Inhibition of primary root growth is another sensitive indicator of abiotic stress severity 

(Claeys et al., 2014; Qi et al., 2007; Valenzuela et al., 2016). Unsurprisingly, when exposed 

to a 7 d salt stress growth regime, each of the Arabidopsis plant lines exhibited significant 

reductions to primary root length (Figure 2.5). This finding is in agreement with previous 

studies by Duan et al., (2013), Liu et al., (2015), Valenzuela et al., (2016) and Wang et al., 

(2009), who all reported that Arabidopsis primary root length is reduced in response to a salt 

stress growth regime. Furthermore, the Liu et al., (2015), Valenzuela et al., (2016 and Wang 

et al., (2009) went on to demonstrate that reduced primary root length is the result of salt 

stress induced suppression of the root meristem and/or cell elongation (Liu et al., 2015; 

Valenzuela et al., 2016; Wang et al., 2009). Curiously, in response to a mannitol stress growth 

regime, while drb1 and drb2 seedlings displayed a significant reduction to the length of their 

primary roots, there was no significant impact on the length of the primary roots of Col-0 and 

drb4 seedlings exposed to the same stress regime. It should be noted here that previous 

studies using a similar mannitol stress regime similarly reported minimal variation to primary 

root length post stress exposure (Pandey et al., 2013; Seo et al., 2009).  

 Measured as a physiological marker of stress, anthocyanin accumulation was readily 

observed in Figure 2.2, particularly for Col-0, drb2 and drb4 seedlings exposed to heat and 

salt stress. Similar to the impact of a heat stress growth regime (see Section 2.5.1), salt stress 

resulted in statistically significant increases to the anthocyanin content of Col-0, drb2 and drb4 

seedlings (Figure 2.6). While a marked increase in anthocyanin was expected in all 

Arabidopsis plant lines, a pigmentation alteration that assists Arabidopsis to negate the impact 
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of abiotic stress associated ROS increases, it was curious that anthocyanin levels remained 

unchanged in the drb1 seedlings (discussed further in Section 2.5.3). 

 The inability of a mannitol stress growth regime to significantly alter anthocyanin 

accumulation in each of the Arabidopsis plant lines studied is a result of the ability of mannitol 

to inhibit key genes involved in the regulation of the Arabidopsis flavonoid and anthocyanin 

biosynthetic pathway (Solfanelli et al., 2006). Several key genes involved in the synthesis of 

the enzymes of the flavonoid and anthocyanin pathway, namely, PRODUCTION OF 

ANTHOCYANIN PIGMENT 1 (PAP1, AT1G56650), PHE AMMONIA-LYASE (PAL1; 

AT2G37040), CHALCONE SYNTHASE (CHS; AT5G13930), DIHYDROFLAVONOL 4-

REDUCTASE (DFR; AT5G42800) and UDP-GLUCOSE:FLAVONOID 3-O-

GLUCOSYLTRANSFERASE (UF3GT; AT5G54060) have previously been shown to be 

heavily downregulated in their abundance, and/or their activity fails to be induced by sucrose 

when Arabidopsis seedlings are treated with mannitol (Solfanelli et al., 2006).  

 Comparable to the significant impact mannitol and salt stress had on reducing the fresh 

weight (Figure 2.3) and rosette area (Figure 2.4) of each of the Arabidopsis plant lines, both 

chlorophyll a and b were spectrophotometrically determined to be significantly reduced in all 

Arabidopsis lines grown under a mannitol or salt stress growth regime (Figure 2.7A-B). As 

reduced chlorophyll content has been shown to be a morphogenic response to abiotic stress 

conditions such as mannitol (Qin et al., 2014) and salt stress (Yamaguchi et al., 2006), this 

formed an expected finding. 
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2.5.3 Anthocyanin Production is Defective in drb1 Seedlings 
As previously stated, anthocyanin assists in mounting a molecular defense against the 

elevated levels of ROS associated with abiotic stress growth regimes (Akula and Ravishankar, 

2011; Chalker‐Scott, 1999; Howitz and Sinclair, 2008; Kovinich et al., 2015 Manetas, 2006; 

Marko et al., 2004; Sperdouli and Moustakas, 2012; Wang et al., 1997). It was therefore a 

surprise finding to identify that unlike the Arabidopsis lines, Col-0, drb2 and drb4 which as 

expected over accumulated anthocyanin in response to heat and salt stress conditions, drb1 

failed to display an altered anthocyanin content from that of non-stressed, control drb1 plants, 

when exposed to either stress (Figure 2.6). Although the absence of anthocyanin induction in 

drb1 plants is somewhat indicative that it is not stressed to the same degree as the other 

assessed Arabidopsis lines in response to each abiotic stress, this finding could also suggest 

that the anthocyanin biosynthesis pathway in the drb1 mutant background is impacted as a 

result of loss of the activity of this key miRNA pathway machinery protein. More specifically, 

key genes involved in the Arabidopsis anthocyanin biosynthesis pathway, specifically PAP1, 

PAP2 (PAP2; AT1G66390) and MYB113 (AT1G66370), have been shown to be regulated by 

TAS4 derived tasiRNAs (Luo et al., 2012). The production of TAS4 derived tasiRNAs result 

from the cleavage of the TAS4 precursor transcript by the targeting miRNA, miR828 (Felippes 

and Weigel, 2009; Luo et al., 2012; Montgomery et al., 2008). Additionally, a study by Gou et 

al., (2011) found that SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9;

AT2G42200) negatively regulates anthocyanin accumulation in Arabidopsis stems, with SPL9 

being under miR156 directed expression regulation: a miRNA that requires DRB1 for its 

production (Figure 2.9). It can therefore be hypothesised that the loss of DRB1 activity in the 

drb1 mutant has disrupted the anthocyanin biosynthesis pathway either via the disruption of 

the TAS4 tasiRNA pathway, and/or the miR156/SPL9 regulatory module (Guo et al., 2011; 

Luo et al., 2012). 
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2.5.4 Molecular Confirmation of Abiotic Stress 

To confirm that the phenotypic characteristics displayed by each Arabidopsis plant line 

in response to heat, mannitol and salt, were a result of the induction of abiotic stress at a 

molecular level, the expression level of the well characterised Arabidopsis stress gene, P5CS1 

was analysed (Figure 2.8). RT-qPCR analyses confirmed that in response to heat, mannitol 

and salt stress, all Arabidopsis plant lines had statistically significant increases in P5CS1 

expression. This was an unsurprising finding as long-standing literature has thoroughly 

established the role of P5CS1 in the accumulation of proline (Yoshiba et al., 1999; Székely et 

al., 2008). In an attempt to adapt to, or to tolerate abiotic stress, proline accumulation, in 

addition to increases in anthocyanin and soluble sugars, has been shown to assist a plant to 

acclimatise to mild or moderate abiotic stress (Sperdouli and Moustakas, 2012). As a result of 

the RT-qPCR confirmation that Col-0, drb1, drb2 and drb4 plants were responding to the 

imposed abiotic stresses at the molecular level (Figure 2.8), investigation of the impact that 

the three imposed abiotic stresses had on the miRNA landscape of each plant line under 

investigation presented itself as a promising avenue for the identification of miRNAs 

responsive to each imposed stress. 
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2.5.5 DRB1, DRB2 and DRB4 are Required for MicroRNA 
Production 

Previous research has shown that DRB1, DRB2 and DRB4 are required for the 

production of miRNA subsets, miRNA subsets that are processed from structurally distinct 

precursor transcripts, that upon maturation, are required to regulate the expression of a 

diverse array of functionally distinct genes, genes that are required for all aspects of plant 

development and for the plant to mount a defensive response against invading pathogens or 

to adapt to abiotic stress (Eamens et al., 2012a; Fukudome et al., 2011; Hiraguri et al., 2005;

Pélissier et al., 2011; Pouch-Pélissier et al., 2008). In the specific tissues where DRB1 and 

DRB2 expression overlaps, DRB2 is thought to compete with DRB1 for functional interaction 

with DCL1 in order to mediate its involvement in DCL1-catalysed processing of conserved 

miRNAs from their imperfectly structured, dsRNA hairpin precursors (Eamens et al., 2012a). 

In addition, DRB2 has also been shown to be antagonistic to the function of DRB4 in the 

DRB4/DCL4-catalysed processing of non-conserved, or newly-evolved miRNA sRNAs from 

their ‘more perfectly’ structured dsRNA precursors (Eamens et al., 2012a; Hiraguri et al., 2005;

Pélissier et al., 2011; Pouch-Pélissier et al., 2008).  

The contribution of DRB1, DRB2 and DRB4 to the generation of a ‘truly’ global miRNA 

population was again demonstrated here via the use of a sRNA-seq approach to profile the 

miRNA landscape of the drb1, drb2 and drb4 mutants (Figure 2.9). In agreement with the 

previous reports by Vazquez et al., (2004) and Eamens et al., (2009), the significant reduction 

in the abundance of 111 miRNAs, of which 73 miRNAs were solely reduced in their abundance 

in drb1 seedlings, cemented DRB1 as the primary DRB family member required for the 

production of both the conserved and non-conserved classes of miRNA in Arabidopsis. 

Further, RT-qPCR analysis of DCL1, DRB2 and DRB4 expression in the drb1 plants added 

additional weight to this with significantly elevated DCL1 and wild-type equivalent levels of 

both DRB2 and DRB4 failing to maintain an appropriate miRNA landscape (Figure 2.11). This 

finding is unsurprising given the widespread expression of DRB1 throughout Arabidopsis 

development (Eamens et al., 2012a), in combination with the severely impaired developmental 

phenotype expressed by the drb1 mutant (Eamens et al., 2012a; see Figure 2.2). It should be 

noted here that in this study, the accuracy of miRNA categorisation as either a conserved land 

plant miRNA, or as a non-conserved miRNA was ensured via the application of the parameters 

proposed by Axtell and Meyers in their 2018 publication (Axtell and Meyers, 2018). 

Specifically, to classify a miRNA as a conserved land plant miRNA; (1) the MIR gene family 

must be annotated in miRBase 21 (http://www.mirbase.org/) in at least two of the eight major 

plant taxonomic divisions, including the eudicot-rosid, eudicot-asterid, eudicot-ranunculid, 

monocot, Amborella, gymnosperm, lycophyte and bryophyte taxonomic divisions, and; (2) the 

http://www.mirbase.org/
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designated miRBase 21 annotations must be of ‘high-confidence’; a stringent criteria that only 

classifies 36 of the 2026 MIR gene families reported for land plants as being ‘truly’ conserved 

miRNAs (Axtell and Meyers, 2018).  

In non-stressed drb4 whole seedlings, the abundance of 48 miRNAs was reduced 

(Figure 2.9). Furthermore, of these 48 miRNAs, 31 were (1) only reduced in abundance in the 

drb4 mutant, and (2) all 31 of these miRNAs were classified as non-conserved miRNAs using 

the criteria of Axtell and Meyers (2018). In addition, 9 conserved miRNAs from five MIR gene 

families, including the MIR159, MIR166, MIR169, MIR319 and MIR399 gene families, were 

reduced in their abundance in both the drb1 and drb4 mutant backgrounds. This result 

suggests that in addition to being the primary DRB responsible for the production of tasiRNAs 

and p4-siRNAs (Pélissier et al., 2011), DRB4 is the primary DRB protein responsible for the 

production of non-conserved miRNAs in Arabidopsis, a finding that both agrees with, and 

greatly expands on the original finding of Bartell and colleagues, whom demonstrated a small 

number of miRNAs, specifically miR822, miR839 and miR840, required the DRB4/DCL4 

partnership for their maturation from their precursor transcripts (Rajagopalan et al., 2006). 

While DRB2 is also required for the production of a number of non-conserved miRNAs, 

primarily in the vegetative tissues where DRB2 is expressed in wild-type plants (namely, the 

region surrounding the SAM) (Eamens et al., 2012a; Reis et al., 2015), the miRNA profiling 

presented here indicated that DRB2 cannot adequately compensate for the loss of DRB4 

function across all of the vegetative tissues of 15 d old Arabidopsis whole seedlings. 

Conversely, the wide expression domain of DRB4 in Arabidopsis vegetative development 

(Curtin et al., 2008), appears to allow for DRB4 to compensate for the loss of DRB2 activity in 

15 d old Arabidopsis seedlings with only one miRNA, miR845b, determined to be significantly 

downregulated in abundance in drb2 whole seedlings.  

 Taken together, the significant alteration to the miRNA accumulation profile of non-

stressed, 15 d old drb1, drb2 and drb4 whole seedlings, when compared to the global miRNA 

landscape of Col-0 plants of the same age, readily highlights (1) the high degree of synergistic 

and/or antagonistic functional interplay between DRB1, DRB2 and DRB4 in the production 

stage of the Arabidopsis miRNA pathway, and (2) the necessity of this hierarchical order of 

DRB function for the generation of the miRNA landscape of wild-type Arabidopsis seedlings.  
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2.5.6  Small RNA Sequencing Identified MicroRNAs Central to 
  the Adaptive Response of Arabidopsis to Heat, Mannitol 
  and Salt Stress 
 Arabidopsis is the long-standing experimental model for C3 dicotyledonous plant 

species, a model that has allowed plant biologists to uncover a wealth of molecular knowledge 

surrounding plant growth and development, and the ability of a plant to mount an adaptive 

response to either abiotic or biotic stress. In the years that have followed the initial discovery 

of miRNAs, and the subsequent demonstration that this class of sRNA is a central regulator 

of plant gene expression (Reinhart et al., 2002), a number of studies have attempted to 

uncover the role that miRNAs mediate in the adaptive response of a plant to the unfavourable 

growth conditions that stem from abiotic or biotic stress (Barciszewska-Pacak et al., 2015; 

Denver and Ullah, 2019; Fujii et al., 2005; Guan et al., 2013; Khraiwesh et al., 2012; Liu et al., 

2008; Ma et al., 2015). While most of these studies have focused their attention on the 

molecular characterisation of a single miRNA, it is curious that following the advent and 

widespread application of high-throughput sequencing, there remains a lack of studies (with 

the exception of the Barciszewska-Pacak et al., (2015) study) that have employed a 

sequencing approach to profile the miRNA landscape of abiotically stressed Arabidopsis.  

 Here, large miRNA cohorts were determined to differently accumulate across the four 

plant lines, and three stress regimes assessed. More specifically, 18 to 56% of the 326 

Arabidopsis miRNAs currently annotated on miRBase22, (released October 2018) were 

determined to have altered abundance in either control, or heat, mannitol and salt stressed 

Col-0, drb1, drb2 and drb4 whole seedlings. Interestingly, members of highly conserved plant 

miRNA gene families (such as the MIR156, MIR159, MIR160, MIR162, MIR164, MIR166, 

MIR167, MIR168, MIR169, MIR171, MIR172, MIR319, MIR390, MIR393, MIR394, MIR396, 

MIR397, MIR398, MIR399, MIR403, MIR408 and MIR2111) were determined to have altered 

accumulation post exposure of 15 d old Col-0 plants post a 7 d exposure to either heat, 

mannitol or salt stress, a finding that clearly highlights that conserved miRNAs are not only 

important regulators of developmental gene expression in Arabidopsis, but also play a central 

regulatory role in modulating the expression of genes that are required by Arabidopsis to 

mount an adaptive response to abiotic stress.  

 Interestingly, in addition to the highly conserved plant miRNAs identified by this sRNA-

seq analysis, this approach further revealed that the accumulation of a large number of ‘newly 

evolved’ and/or ‘non-conserved’ miRNAs was also differentially altered in response to each 

imposed abiotic stress. This finding indicates that a degree of caution must be used when 

selecting a model species for explorative studies to identify abiotic stress responsive miRNAs 

crucial to the adaptive response of a plant to the imposed stress, as the identified miRNAs 
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could potentially be specific to the studied species, and therefore, not conserved across plant 

species, nor reflective of the miRNA-mediated adaptive response to abiotic stress of other 

plant species, including even closely related plant species. Further, this may mean that a plant 

biology researcher may have to perform their miRNA analyses in their specific plant species 

of interest which likely lacks the experimentally favourable characteristics of a ‘true’ model 

plant species such as Arabidopsis. 
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2.5.7 The Nuclear-Localised DRB Hierarchy and DCL1 
Expression Profile in Response to Heat, Mannitol and 
Salt Stress  

 In an attempt to generate a more detailed understanding of what was occurring at a 

molecular level in heat, mannitol and salt stressed Arabidopsis seedlings, RT-qPCR was 

employed to assess variations in the expression of the encoding locus of the DCL protein 

repeatedly demonstrated as the absolutely essential Arabidopsis DCL endonuclease required 

for miRNA precursor transcript processing, DCL1, and of the expression of the three nuclear-

localised DRBs, specifically DRB1, DRB2 and DRB4, known to be required for miRNA 

production (Eamens et al., 2011; Eamens et al., 2012a; Fukudome et al., 2011; Hiraguri et al., 

2005; Pélissier et al., 2011; Pouch- Pélissier et al., 2008; Figure 2.11). While this analysis 

was primarily conducted to identify any correlation in altered expression of DCL1, with any 

change in the expression profiles of DRB1, DRB2 and DRB4, or to the miRNA abundance 

profiles documented by sRNA-seq (Figure 2.10), RT-qPCR further revealed the nuclear-

localised DRB hierarchal relationship under control and/or conditions of abiotic stress. It 

should be noted here that the expression of each gene, presented in Figure 2.11, is discussed 

relative to the expression of the assessed gene in control grown, 15 d old Col-0 seedlings.  

 When examining the RT-qPCR data obtained for DCL1, it was noted that in the drb1 

mutant background, the expression of DCL1 was significantly elevated in all four growth 

conditions assessed (Figure 2.9). This formed an interesting result, especially considering 

that DCL1 transcript abundance remained unchanged from its wild-type levels in both the drb2 

and drb4 mutant backgrounds (excluding heat stressed drb2 and drb4 plants). This finding 

suggests that either; (1) the overaccumulation of miRNA precursor transcripts in the absence 

of DRB1 activity (Dong et al., 2008; Vazquez et al., 2004) forms a feedback loop that results 

in enhanced expression of the DCL1 locus in an attempt to translate more DCL1 protein to 

process the now overly abundant miRNA precursor transcripts, or; (2) DCL1 transcript 

abundance is elevated due to a highly reduced rate of miR162-directed DCL1 transcript 

cleavage (Xie et al., 2003). 

 As previous research has demonstrated antagonism and synergism between DRB2 

and DRB1 and DRB4 (Eamens et al., 2012a; Pélissier et al., 2011), together with the 

demonstration that each of these three nucleus-localised DRBs are required for miRNA 

production (Eamens et al., 2011; Eamens et al., 2012a; Fukudome et al., 2011; Hiraguri et al., 

2005; Pélissier et al., 2011; Pouch- Pélissier et al., 2008), it was important to document the 

expression profiles of DRB1, DRB2 and DRB4 in the drb1, drb2 and drb4 mutant backgrounds. 

Due to the previously demonstrated antagonism of DRB1 function by DRB2 (Eamens et al., 

2012a), non-stressed drb1 seedlings presented a significant upregulation in DRB2 expression, 
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while DRB4 expression remained largely unchanged. While this was also the case for drb1 

seedlings exposed to salt stress, both the DRB2 and DRB4 expression levels were 

significantly elevated in response to heat stress, and in mannitol stressed drb1 seedlings, only 

DRB4 expression was significantly increased. When liberated from the competitive inhibition 

of DRB1 interaction with DCL1 for miRNA precursor transcript processing, the expression 

changes in DRB2 and/or DRB4 transcript abundance in response to each growth regime 

indicated that the expression of at least one of the two other nuclear DRB genes was 

upregulated in order to attempt to compensate for the loss of DRB1 activity.  

 The antagonistic relationship between DRB2, and both DRB1 and DRB4, has been 

demonstrated by Pélissier et al., (2011) and Reis et al., (2015) who showed that DRB2 

represses the expression of either DRB1 or DRB4 to increase its ability to interact with either 

DCL1 and DCL4 for the production of either miRNAs or miRNAs and/or siRNAs, respectively. 

Therefore, it was anticipated in the absence of DRB2, the expression of DRB1 and DRB4 

would be elevated, and this was indeed observed for DRB1 expression in all drb2 seedlings 

excluding those exposed to mannitol stress, where DRB1 expression was determined to 

remain unchanged. Interestingly, the expression of DRB4 was found to be significantly 

reduced in drb2 seedlings, regardless of the growth condition, a finding which strongly 

indicated that in the absence of DRB2, the elevated DRB1 expression in addition to the already 

extensive spatial overlap between the DRB1 and DRB4 expression domains (Curtin et al., 

2008), results in the significant repression of DRB4 expression.  

 Similarly to the expression profiles observed in the drb2 mutant background, in the 

absence of DRB4 activity, DRB1 expression was significantly upregulated under both the non-

stress and stress growth regimes. Interestingly, the 3.2-, 10.6-, 2.8- and 6.0-fold elevation in 

DRB1 expression in drb4 control, heat, mannitol and salt stress seedlings, respectively, was 

accompanied by reduced DRB2 expression levels, of -1.2-, -1.3-, -2.6- and -1.7-fold. The 

expression changes observed for drb4 seedling, in conjunction with those observed for drb2 

seedlings, strongly suggested that elevated DRB1 expression may competitively inhibit the 

expression of the two other nucleus-localised DRBs in order to ensure its access to DCL1 for 

miRNA production during either standard growth conditions or when Arabidopsis experiences 

abiotic stress.  
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2.5.8 The miR396 Regulatory Module in Response to Heat, 
Mannitol and Salt Stress 

 Selected on the basis of its altered abundance in heat, mannitol and salt stressed Col-

0, drb1, drb2 and drb4 plants (Figure 2.10), miR396 was selected for further molecular 

assessment. In addition to experimentally validating the sequencing-identified alterations to 

miR396 abundance, RT-qPCR was also used to quantify GRF7 expression, one of the target 

genes of miR396 in Arabidopsis. A target gene of miR396, in addition to the sRNA itself, was 

also assessed in this study via RT-qPCR to determine if; (1) the entire miR396 regulatory 

module was responsive to each applied stress, or; (2) if only the miR396 sRNA itself was 

responding to each applied stress.  

In heat, mannitol and salt stressed Col-0 whole seedlings, RT-qPCR revealed that 

enhanced miR396 abundance resulted in the repression of GRF7 expression (Figure 2.12A 
and Figure 2.12B). Identification of reciprocal abundance profiles for miR396 and GRF7 in 

the Col-0 background indicated that; (1) miR396 abundance increased in order to repress the 

expression of its target gene(s), and; (2) the mode of miR396-directed repression of GRF7 

expression was via the canonical mechanism of miRNA-directed RNA silencing in plants, 

target transcript cleavage. Elevated miR396 abundance and reduced GRF7 expression in 

heat, mannitol and salt stressed Col-0 whole seedlings formed an expected molecular profile 

with previous research showing that GRF7 inhibits the transcription of the known Arabidopsis 

stress gene, DEHYDRATION-RESPONSE ELEMENT BINDING2A (DREB2A; Kim et al., 

2012). Elevated DREB2A abundance upon exposure of Arabidopsis to abiotic stress, is 

correlated with heightened stress tolerance as a direct result of the ability of DREB2A to bind 

with a cis-acting dehydration-responsive element harboured in the regulatory regions of genes 

essential for Arabidopsis to respond to abiotic stress. Conversely, excess DREB2A in 

Arabidopsis plants cultivated under standard growth conditions, has been shown to inhibit the 

growth of Arabidopsis (Kim et al., 2012; Sakuma et al., 2006; Yamaguchi-Shinozaki and 

Shinozaki, 2006). Therefore, in heat, mannitol and salt stressed Col-0 whole seedlings, 

reduced GRF7 expression as a result of enhanced miR396-directed RNA silencing, would in 

turn release the repressive influence of GRF7 on DREB2A gene expression (Kim et al., 2012) 

leading to elevated DREB2A protein abundance. 

A similar mode of miR396-directed repression of GRF7 expression was observed for 

heat stressed drb1 whole seedlings, that is; enhanced miR396 abundance lead to reduced 

GRF7 expression (Figure 2.12A and Figure 2.12B). However, this form of GRF7 expression 

regulation by the miR396 sRNA was not observed for either mannitol or salt stressed drb1 

plants. More specifically, the abundance of both miR396 and GRF7 was reduced in the drb1 

background post its exposure to mannitol and salt stress. This result indicates that either; (1) 
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both of the applied stresses repress the expression of the loci that encode for both the miR396 

sRNA and for GRF7, or; (2) the mode of miR396-directed expression regulation of GRF7 

changes from a mRNA cleavage-based mechanism of RNA silencing to a translational 

repression based mode of miR396-directed expression regulation (Schwab et al., 2005). 

In the drb2 mutant background, heat, mannitol and salt stress failed to significantly 

alter miR396 abundance (-1.05-, 1.2- and 1.1-fold, respectively) (Figure 2.12A). However, 

GRF7 expression was reduced by 2.4-, 1.9- and 2.2-fold in heat, mannitol and salt stressed 

drb2 whole seedlings, respectively (Figure 2.12B). Although it was surprising to observe that 

miR396 abundance was insignificantly impacted in response to each of the applied abiotic 

stresses, the significant reduction in GRF7 expression indicated that the drb2 seedlings were 

attempting to mount a wild-type equivalent adaptive response to the imposed abiotic stress 

growth regimes (Kim et al., 2012). Altered GRF7 expression in the absence of a significant 

change to the abundance of its known regulatory sRNA, miR396, in each of the assessed 

stress treatments, suggests that in the drb2 mutant background, a miR396-independent 

mechanism of GRF7 expression regulation was initiated. Along these lines, in addition to 

forming a central functional component for miRNA production in Arabidopsis, DRB2 has been 

demonstrated to also be required for the production of a class of siRNA, termed polymerase 

IV-dependent (p4)-siRNAs that are believed to be required for the maintenance of chromatin 

structure (Pélissier et al., 2011). Therefore, altered GRF7 expression under all three stress 

conditions assessed in this study putatively suggests that in the absence of DRB2 activity, the 

structure of the chromatin surrounding the GRF7 locus is altered allowing for the continued 

access to the regulatory sequence of the gene by the transcriptional machinery (potentially a 

repressive transcription factor) regardless of the cellular conditions.  

Similar to the profile constructed for the miR396/GRF7 regulatory module in Col-0 whole 

seedlings, exposure of the drb4 mutant to heat, mannitol and salt stress, significantly 

enhanced the accumulation of the miR396 sRNA by 2.7-, 2.6- and 2.0-fold, respectively 

(Figure 2.12A), and further, that enhanced miR396 accumulation led to the repressed 

expression of GRF7 by ‘undetectable’, 1.5- and 2.4-fold, respectively (Figure 2.12B). This 

expected finding of upregulated miR396 abundance in conjunction with reduced GRF7 

expression was anticipated, with the reduction of GRF7 in heat stressed drb4 seedlings to 

‘undetectable’ levels forming a very interesting result. As heat stress resulted in a 2.7-fold 

elevation in miR396 abundance in drb4, an increase that was slightly higher than the 2.6-fold 

elevation observed for mannitol treated drb4 seedling, yet, unlike drb4 seedlings exposed to 

a heat stress growth regime, GRF7 was still detected in mannitol stressed counterparts, a 

finding that strongly suggested that the heat stress may be directly repressing the expression 

of the GRF7 loci, in addition to enhanced miR396-directed GRF7 expression repression in 
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drb4 seedlings. Nonetheless, the obtainment of reciprocal abundance profiles for the miR396 

sRNA and for one of its target genes, GRF7, in heat, mannitol and salt stressed drb4 whole 

seedlings, strongly indicated that miR396 directs the canonical mode of mRNA cleavage 

based silencing to regulate GRF7 expression in this mutant background post its exposure to 

the three abiotic stresses assessed in this study. 
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2.5.9  The miR399 Regulatory Module in Response to Heat, 
Mannitol and Salt Stress 

Given the documented role of miR399-directed expression regulation of PHO2/PHO2 

in aiding Arabidopsis to mount a molecular based adaptive response to conditions of limited 

Pi, a highly interesting finding uncovered in this study was that the abundance of the miR399 

sRNA was also altered by heat, mannitol and salt stress (Figure 2.10). While to date, the 

miR399/PHO2 regulatory module has not been profiled in Arabidopsis under the abiotic stress 

conditions of heat, mannitol or salt stress, this regulatory module has been thoroughly studied 

with regard to Pi starvation (Aung et al., 2006; Bari et al., 2006). Specifically, MIR399 gene 

expression, and therefore miR399 accumulation, is significantly elevated in response to Pi 

starvation, a molecular response that in turn leads to enhanced miR399-directed expression 

repression of PHO2, and ultimately, reduced PHO2 protein abundance (Aung et al., 2006; Bari 

et al., 2006). Reduced PHO2 abundance removes the ubiquitin-mediated degradation of the 

P transporters, PHOSPHATE TRANSPORTER1;4 (PHT1;4), PHT1;8 and PHT1;9, resulting 

in enhanced root-to-shoot translocation of Pi (Aung et al., 2006; Bari et al., 2006). Given the 

essential role of Pi in plant growth and development (Schachtman et al., 1998), in conjunction 

with the well documented and extensive cross-talk between the nutrient and hormone 

pathways in both standard Arabidopsis development and in the response of Arabidopsis to 

growth conditions of abiotic stress (Kohli et al., 2013; Peleg and Blumwald, 2011; Yu et al., 

2015), the molecular behaviour of the miR399/PHO2 regulatory module was profiled under 

the abiotic stress conditions of heat, mannitol and salt stress, to determine if the miR399/PHO2 

regulatory module would mimic, or differ to, the behaviour of the regulatory module in Pi 

deficient conditions.  

The reciprocal miR399 abundance and PHO2 expression trends observed by heat, 

mannitol and salt stressed Col-0 whole seedlings strongly suggested that miR399 regulates 

the expression of PHO2 via an mRNA cleavage based mechanism of RNA silencing. More 

specifically, elevated miR399 abundance (Figure 2.13A) was repeatedly demonstrated in 

conjunction with reduced PHO2 expression (Figure 2.13B) by RT-qPCR in heat, mannitol and 

salt stressed Col-0 seedlings. A similar molecular profile of elevated miR399 abundance and 

reduced PHO2 expression was also obtained by RT-qPCR analyses of heat, mannitol and salt 

stressed drb4 whole seedlings (Figure 2.13A-B). This finding again indicated that the 

abundance of the PHO2 transcript is regulated via a miR399-directed transcript cleavage 

mechanism of RNA silencing in this mutant background post their exposure to heat, mannitol 

and salt stress, and further, that the DRB4 protein was not required for this miRNA/target gene 

regulatory module.  
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As P serves as an essential plant macronutrient, required as a fundamental element 

in phospholipids, nucleic acids, enzyme regulation, energy metabolism and signal 

transduction cascades, it is not unreasonable to suggest in an attempt to maintain 

development during a period of abiotic stress, Arabidopsis is increasing P translocation to the 

shoot tissue by repressing PHO2 expression and therefore suppressing the functional activity 

of the Arabidopsis PHT family members (Poirier and Bucher, 2002). However, unlike Col-0 

and drb4 seedlings, this molecular response appears to be largely impacted in the absence of 

DRB1. More specifically, the loss of DRB1 results in the inability of the drb1 mutant to 

upregulate miR399 abundance during heat, mannitol or salt stress. As a direct result of 

defective miR399-directed expression regulation of PHO2 expression in the drb1 mutant, 

PHO2 expression is highly upregulated in drb1 seedlings exposed to each of the abiotic stress 

growth regimes imposed in this study. This is not unsurprising as DRB1 is well established as 

the primary DRB required for the production of a large proportion of the Arabidopsis miRNA 

landscape, and further, the sRNA-seq data shown in Figure 2.9 confirms DRB1 as the primary 

DRB required for miR399 production.  

Curiously, loss of the other crucial nucleus localised DRB, DRB2, also impacted the 

appropriate regulation of the miR399/PHO2 module in response to heat mannitol and salt 

stress. More specifically, while miR399 abundance was significantly increased in response to 

each of the abiotic stresses applied, elevation in miR399 sRNA accumulation failed to have a 

significant impact on the expression of PHO2 (Figure 2.13A-B). Taken together, this 

unexpected result suggested that miR399-directed expression regulation of PHO2 expression 

via a mRNA cleavage-based mechanism of RNA silencing is completely defective in the 

absence of DRB2 activity, and that the observed mild alterations to PHO2 transcript 

abundance is the result of the miR399 sRNA alternatively regulating the expression of 

PHO2/PHO2 via a translational repression mode of miRNA-directed RNA silencing. However, 

this proposed explanation of the molecular behaviour of the miR399/PHO2 regulatory module 

documented here in the drb2 mutant background requires further experimental validation at 

the protein level. Specifically, documentation of altered miR399 and PHO2 abundance, in 

parallel with relatively unchanged levels of the PHO2 transcript, would confirm that the miR399 

sRNA regulates the levels of PHO2/PHO2 via a translational repression mode of RNA 

silencing in the drb2 mutant background.  
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2.5.10  The miR408 Regulatory Module in Response to Heat, 
Mannitol and Salt Stress 

 Previous research (Hajyzadeh et al., 2015; Jovanović et al., 2014; Ma et al., 2015; 

Mutum et al., 2013; Wu and Jinn, 2012) has repeatedly demonstrated the responsiveness of 

the Cu responsive miRNA, miR408, to a range of abiotic stress treatments (including drought, 

heat, salinity, osmotic and oxidative stress) across a range of evolutionary unrelated plant 

species, including, Arabidopsis, Cicer arientinum (chickpea), Pisum sativum (pea) and Oryza 

sativa (rice). Based on the findings outlined in these previous reports (Hajyzadeh et al., 2015; 

Jovanović et al., 2014; Ma et al., 2015; Mutum et al., 2013; Wu and Jinn, 2012), it was 

expected that RT-qPCR would reveal miR408 abundance to be increased in Arabidopsis 

whole seedlings exposed to heat, mannitol and salt stress. RT-qPCR confirmed that miR408 

abundance was indeed elevated post the exposure of Col-0 seedlings to heat, mannitol and 

salt stress (Figure 2.14A). However, it was a surprise to observe a similar increase in LAC3 

expression, a target gene of miR408-directed expression regulation, in heat, mannitol and salt 

stressed Col-0 plants (Figure 2.14B). Scaling of LAC3 transcript levels in proportion to the 

abundance of the miR408 sRNA in Col-0 plants was highly suggestive that miR408 regulates 

LAC3/LAC3 levels via translational repression mechanism of RNA silencing in Arabidopsis. 

The upregulation of LAC3 in Col-0 seedlings exposed to heat, mannitol or salt stress was a 

curious finding as it was initially suspected each of the Cu containing proteins targeted by 

miR408 would be downregulated in response to an abiotic stress insult. More specifically, as 

LAC3 houses Cu, it was expected that in an attempt to mount an effective adaptive response 

to conditions of heat, mannitol or salt stress, elevated miR408 abundance would repress the 

abundance of the LAC3 transcript, in turn liberating additional Cu to undertake its role in 

oxidative stress assistance, photosynthesis and electron transport, all cellular responses 

shown to alleviate the negative impacts of these abiotic stresses (Ding and Zhu, 2009). 

However, as LAC3 is also believed to play a key role in the lignin biosynthesis pathway 

(Boudet, 2000; Turlapati et al., 2011), elevated LAC3 expression, and therefore LAC3 protein 

abundance, could be essential during conditions of heat, mannitol or salt stress, as lignin 

biosynthesis and deposition to the cell wall have been shown to be altered by both biotic and 

abiotic stress (Moura et al., 2010). As there are five miR408 target genes in Arabidopsis, 

including CUPREDOXIN, PLANTACYANIN, UCLACYANIN2, LAC12 and LAC13, it is not 

unreasonable to suspect that potentially one of these other Cu containing proteins are 

responsible for establishing the Cu pool when Arabidopsis is mounting a molecular defence 

to conditions of heat, mannitol or salt stress. Further, Ma and colleagues (2015) revealed the 

variety of expression changes observed for miR408, and each of its target genes, under each 

of the abiotic stress growth regimes of their study, including Cu starvation, cold, salinity, 
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oxidative, PEG and drought stress, further highlights the complexity of the miR408/target gene 

regulation module depending on the abiotic stress under investigation. Specifically, depending 

on the stress elicited, and the particular miR408 target gene selected, the expression change 

in miR408 target genes were sometimes significantly altered in the same direction as miR408 

accumulation changes, while other times, the same target gene would present a reciprocal 

expression change to that observed for miR408 abundance. An additional study found during 

Arabidopsis senescence, the expression of LAC3 (and CUPREDOXIN) were reduced in 

proportion with an increase in miR408, a finding typically indicative of miRNA-directed mRNA 

cleavage repression (Thatcher et al., 2015), this finding (in conjunction with the findings of Ma 

et al., 2015 and the miR408/LAC3 expression changes observed in Figure 2.14A-B) raises 

the possibility that depending on the molecular pathway (i.e. growth and development or the 

specific abiotic stress adaptation pathways), miR408 can regulate each of its target genes by 

either mRNA cleavage or a translational repression mechanism of RNA silencing, dependent 

of the gene expression outcome of the molecular response. 

The complexity of the molecular mechanism by which miR408 regulates LAC3 becomes 

readily apparent when assessing the accumulation levels of both miR408 and LAC3 in each 

of the drb mutant lines post their exposure to heat, mannitol and salt stress. The exposure of 

drb1 seedlings to heat stress resulted in miR408 abundance being reduced, and LAC3 

expression being upregulated; reciprocal abundance trends that were highly indicative of a 

miR408-directed mRNA cleavage mode of gene expression regulation. However, when drb1 

is exposed to mannitol stress, the levels of both the miR408 sRNA and the LAC3 target gene 

were upregulated. Scaling of the abundance of the miRNA and its targeted gene could 

potentially indicate that under this specific stress condition, miR408 is regulating LAC3 

expression via the alternate mode of miRNA-directed expression regulation, translational 

repression. However, considering that a similar enhanced abundance for miR408 and LAC3 

was observed in mannitol stressed Col-0 plants, the obtained profile could simply indicate that 

the expression of both encoding loci (MIR408 and LAC3) is enhanced by mannitol stress in 

Arabidopsis irrespective of the genetic background. In response to a 7 d salt stress growth 

regime, the accumulation of miR408 and the expression of LAC3 failed to be significantly 

altered in drb1 seedlings, compared to control drb1 seedlings, a finding that suggested that 

the expression of the encoding loci, MIR408 and LAC3 is not influenced by this form of abiotic 

stress. This variety of miR408/LAC3 profile responses observed in the drb1 mutant 

background, were somewhat expected as previous data presented by Ma et al., (2015) 

highlighted the variety of miR408/target gene profile trends observed in response to varied 

growth conditions. In addition to this, the drb1 seedlings have a severe developmental 

phenotype (Figure 2.2), a phenotype which may be impacting on the appropriate regulation 
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of the LAC3 transcript due to its speculated role in lignin biosynthesis (Boudet, 2000; Turlapati 

et al., 2011). 

 Similarly to Col-0 Arabidopsis seedlings, when drb2 seedlings were exposed to heat 

stress, the accumulation of miR408 was significantly upregulated compared to non-stressed 

drb2 seedlings. However, LAC3 expression was not significantly altered, but the mild reduction 

in the expression of LAC3 in heat stressed drb2 seedlings suggested that the miR408 sRNA 

was regulating LAC3 transcript abundance via the canonical mRNA cleavage mode of RNA 

silencing. In contrast to this finding, when drb2 seedlings were exposed to either mannitol or 

salt stress, there is no statistically significant alteration to either miR408 abundance or LAC3 

expression from that of non-stressed drb2 seedlings. Again, the apparent loss in ability of drb2 

seedlings to appropriately regulate miR408 abundance and LAC3 expression to wild-type 

equivalence could stem from; (1) LAC3 regulation being altered due to the variation in 

developmental phenotype between Col-0 and drb2 seedlings, and/or; (2) the previously 

documented variation in miR408/miR408 target gene accumulation patterns depending on the 

growth regime that Arabidopsis seedlings are exposed to (Ma et al., 2015).  

Similar to the miR408/LAC3 abundance profiles observed for Col-0 counterparts, drb4 

seedlings exposed to a heat, mannitol and salt stress growth regime displayed miR408 and 

LAC3 expression changes that were indicative of miRNA-directed translation repression. 

Specifically, when exposed to heat, mannitol or salt stress growth regimes, in comparison to 

non-stressed counterparts, the abundance of miR408, and the expression level of LAC3, were 

both increased by the heat and salt stress treatment, yet both were decreased by the mannitol 

stress treatment. Again, the varying miR408/LAC3 accumulation profiles observed for drb4 

seedlings in response to each of the three abiotic stresses assessed in this study, highlights 

the complexity of the miR408/LAC3 regulatory module in response to abiotic stress conditions.  
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3.1 Chapter Overview/ Rationale 
 The sRNA-seq approach and the subsequent experimental validation via miRNA-

specific RT-qPCR, identified multiple miRNAs with altered abundance in response to each 

imposed stress. As documented in Chapter II, for wild-type Arabidopsis seedlings, the 

abundance of miRNAs, miR396 and miR399, was significantly upregulated in response to the 

three assessed abiotic stresses (see Figure 2.10 and Figures 2.12- 2.14). In addition to these 

findings, both miRNAs are highly conserved across a diverse range of plant species, and have 

been demonstrated to regulate the expression of target genes involved in crucial aspects of 

plant growth and development, and/or to regulate the expression of key genes involved in the 

abiotic stress response of a plant (Axtell and Meyers, 2018; Bari et al., 2006; Ma et al., 2015; 

Omidbakhshfard et al, 2015). It was also interesting to note that the well documented P 

responsive miR399/PHO2 expression module, was significantly responsive to the imposed 

conditions of heat, mannitol and salt stress. As it is not uncommon to identify molecular 

pathways involved in multiple stress responses (see Figure 2.10; Khraiwesh et al., 2012), this 

finding raised the possibility that other miRNAs identified as responsive to the abiotic stress 

conditions of heat, mannitol and salt stress may also be central to the phenotypic response of 

Arabidopsis attempting to adapt to growth in a P deficient (P-) environment. Therefore, in 

addition to characterising the miRNA-directed responses to salt stress in this results chapter, 

and in the subsequent results chapter of this thesis (Chapter IV), miRNA-directed responses 

in Arabidopsis to growth in a P deficient environment was also characterised. While it would 

have been ideal to further investigate the miRNA-directed response of heat and mannitol 

stress, four stress growth regimes (in addition to control grown seedlings) was not feasible 

within the available growth facilities. Therefore, salt stress was preferentially selected over 

heat stress and mannitol stress as information determined here on the miRNA-directed salt 

stress response is of high interest to other projects currently being undertaken.  

 To characterise the role that the miR396/GRF expression module was potentially 

playing in the ability of Arabidopsis plants to mount an adaptive response to the abiotic 

stresses of P deficiency and salinity, the miR396 expression module was manipulated in the 

Col-0 background. Specifically, two molecular approaches were employed in this study, and 

included; 

(1)  Knockdown of mature miR396 abundance via the use of miRNA target mimicry 

technology (Franco-Zorrilla et al., 2007) to generate an Arabidopsis plant line (MIM396 

plants) with reduced miR396 abundance, and;  

(2)   The overexpression (OE) of the MIR396 precursor transcript to generate an 

Arabidopsis plant line (MIR396 plants) with elevated miR396 sRNA abundance.  
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Post generation of MIM396 and MIR396 plants, the plant lines Col-0, MIM396 and 

MIR396 were cultivated under standard (non-stress) growth conditions, and in P deficient and 

elevated salt growth regimes. This parallel cultivation approach was applied here to determine 

if, compared to wild-type Col-0 plants, the MIM396 or MIR396 plant lines expressed any 

phenotypic and/or physiological sensitivity, or tolerance, to either P deficiency or salt stress. 

In order to further attempt to identify any miR396-directed responses to the two applied 

stresses, RT-qPCR was used to document the molecular profiles of the newly generated 

MIM396 and MIR396 Arabidopsis plant lines. Specifically, miR396 abundance and the 

expression of the miR396 target genes, GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9, was 

assessed in wild-type Arabidopsis, and in MIM396 and MIR396 plants post their cultivation in 

non-stress, P deficient, and salt stress growth conditions.  
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3.2 Introduction 

3.2.1  Improved Phosphate Use Efficiency Equates to Improved 
Crop Production 

 Phosphorous (P) is an essential plant macronutrient, acting as a central cellular 

building block required for the production of nucleic acids, phospholipids, a multitude of 

coenzymes, and the synthesis of chemical energy in the form of ATP; all of which are essential 

for all of the molecular and metabolic processes of a plant cell (Marschner, 2011; 

Raghothama, 2000). The vital requirement for adequate P supplies in plant cells is evidenced 

by the extensive P sensing, signalling, and transport networks of plants (Rouached et al., 

2010; Wang et al., 2018), and by the detrimental phenotypic markers of P deficiency, 

specifically, altered root morphology, inhibited shoot growth, and anthocyanin over-

accumulation (Raghothama, 1999). Further, when considering the productivity of economically 

significant crops, up to 40% of the global crop yield is limited by P, a deficiency that is currently 

addressed with fertilisers due to the extremely low availability of P in most cultivated soils 

(Vance et al., 2003). This presents a serious issue as the P fertilisers used to maintain grain 

crop productivity, are themselves sourced from the finite and rapidly diminishing depositions 

of phosphorite, with global phosphorite sources predicted to be completely depleted within the 

next 50 to 100 years. The seriousness of this alarming trend is evidenced by the prediction 

that demand will outweigh supply by 2035 (Cordell et al., 2009; Elser and Bennett, 2011; Smil, 

2000). Further, while only 15-30% of the applied P is acquired by crops within 12 months of 

its application (Syer et al., 2008), excessive fertiliser application has also been shown to have 

a direct negative impact on aquatic and terrestrial ecosystems, driving eutrophication of the 

habitats proximal to cropping areas (Bennett et al., 2001; Huang et al., 2017; Khan and 

Mohammad, 2014). Compounding this issue, is that the global population is continuing to 

rapidly increase, meaning that current crop production outputs must approximately double by 

2050 to meet the consumer demand on agriculture (Ray et al., 2013). One avenue to attempt 

to achieve this demand is to improve P use efficiency and/or the rate of P acquisition of plants 

to maximise productivity, growth and/or survival during growth conditions of minimal P: 

essential steps to reduce fertiliser use, and therefore, the reliance on P supply, a rapidly 

depleting resource. Focusing on only P use efficiency, Veneklaas and colleagues (2012) 

suggested that in order to improve P use efficiency in plants, key targets for modification would 

be; (i) reducing the excess of ribosomal RNAs; (ii) substitution of phospholipids for alternatives 

(i.e. sulfolipids); (iii) increased P remobilisation, and; (iv) efficient partitioning of P throughout 

the phenologically distinct phases of plant development (Veneklaas et al., 2012).  
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3.2.2 The MicroRNA396 Regulatory Module 
Initially discovered in rice (Oryza sativa) in 2000, GROWTH REGULATING FACTORs 

(GRFs) form a highly conserved plant specific family of transcription factors (van der Knaap 

et al., 2000). At the protein level, each GRF is characterised by the presence of two conserved 

amino-terminal domains, including; (1) the eukaryotic glutamine, leucine, glutamine (QLQ) 

domain, and; (2) the plant-specific tryptophan, arginine, cysteine (WRC) domain (Figure 3.1; 

Ahmadi et al., 2014; van der Knaap et al., 2000). Proximal to the GRF 5' terminus, the QLQ 

domain was so termed based on the highly conserved QX3LX2Q amino acid peptide 

arrangement (Treich et al., 1995; van der Knaap et al., 2000). A study conducted on the 

SWITCH2/SUCROSE NONFERMENTING2 (SWI2/SNF2) complex of Saccharomyces 

cerevisiae, suggested that the QLQ domain played an important role in mediating the protein-

protein interactions required for the formation of this chromatin-remodelling complex (Treich 

et al., 1995). The WRC domain is characterised by the highly conserved amino acid sequence, 

CX9CX10CX2H. This C3H-type zinc finger motif is central to both the DNA binding and nucleus 

trafficking capabilities of each GRF transcription factor and for the other unrelated proteins 

that also harbour this domain (Raventós et al., 1998; van der Knaap et al., 2000).  

At the transcriptional level, it is well established that the expression of most GRFs is 

regulated by the miRNA, miR396 (Hewezi and Baum, 2012; Liu et al., 2009; Omidbakhshfard 

et al., 2015). Studies across multiple monocotyledonous and dicotyledonous plant species 

have associated the miR396/GRF regulatory module with an array of plant processes, 

including; (1) grain development and yield in rice (Che et al., 2015; Gao et al., 2015); (2) stem 

elongation in rice (van der Knaap et al., 2000); (3) leaf development in Arabidopsis (Horiguchi 

et al., 2005; Kim et al., 2003); (4) cell proliferation and cell aging in Arabidopsis (Horiguchi et 

al., 2005; Kim et al., 2003); (5) root growth and development in Arabidopsis (Bao et al., 2014; 

Hewezi and Baum, 2012); (6) floral organ development in Arabidopsis (Liang et al., 2014; 

Pajoro et al., 2014); (7) kernel and ear development in maize (Zhang et al., 2008), and; (8) 

responses to the abiotic stresses of salt, osmotic, ABA, UV, cold and drought stress in rice, 

wheat, maize and Arabidopsis (Casati, 2013; Kantar et al., 2011; Kim et al., 2012; Liu et al., 

2008; Shen et al., 2010). 

Although the miR396/GRF regulatory module has been associated with an extensive 

array of developmental processes across a range of plant species, a limited number of studies 

have characterised the GRF-coordinated response to abiotic stress in Arabidopsis (Kim et al., 

2012; Liu et al., 2014). In drought stress response studies in Arabidopsis, it has been 

established that elevated levels of the DEHYDRATION-RESPONSE ELEMENT BINDING2A 

(DREB2A) protein correspond with plant growth inhibition (i.e., cell elongation), but a 
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heightened tolerance to the abiotic stimuli, heat, drought and salt stress (Kim et al., 2012; 

Sakuma et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006). Moreover, research 

conducted by Kim and colleagues (2012) showed that in order to avoid growth inhibition of 

Arabidopsis wild-type seedlings during non-stressed conditions, GRF7 binds to a cis-element 

in the promoter of the DREB2A gene, to repress the expression of the gene. Furthermore, in 

the Arabidopsis grf7 mutant background, a plant line that harbours a knockout insertion 

mutation in GRF7 encoding locus, the expression of numerous abiotic stress responsive 

genes was demonstrated to be elevated, and further, the enhanced expression of this gene 

cohort resulted in the grf7 mutant displaying a heightened tolerance to osmotic stress (Kim et 

al., 2012; Liu et al., 1998). 



Figure 3.1  Conservation of GRF N-terminal domains between Arabidopsis and grass crops. Homology of the amino acids comprising the QLQ and 
WRC domains of Zea mays (Zm); Setaria italica (Sit); Arabidopsis thaliana (At); Sorghum bicolor (Sbi); Oryza sativa, (Os); and; Setaria Viridis, (Sv; retrieved 
from Phytozome 11; www.phytozome.net) were assessed using the Geneious 9.1.5 program (Kearse et al., 2012). Colours of the amino acid sequences 
indicate similarity between species profiles; Black indicates 100%, dark grey indicates 80-100%, light grey indicates 60-80% similarity and white indicates 
less than 60% similarity. Individual amino acid colours indicate respective chemical property; Black indicates hydrophobicity, red indicates acidity, green 
indicates polarity, purple indicates neutrality and blue indicates basic. 
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Assessment of miRNA levels via either a microarray, sRNA-seq or RT-qPCR based 

approach in drought stressed Medicago truncatula, Sorghum bicolor, Triticum dicoccoides 

(Emmer wheat) and rice, repeatedly identified miR396 as a drought responsive miRNA, that 

is; miR396 abundance is reduced in drought stressed plants (Hamza et al., 2016; Kantar et 

al., 2011; Wang et al., 2011; Zhou et al., 2010). For example, in the studies conducted by 

Hamza et al (2016), Kantar et al., (2011), Wang et al., (2011) and Zhou et al., (2010), miR396 

abundance was demonstrated to be reduced by up to 2.0-fold in drought stressed Sorghum 

bicolor, Emmer wheat, Medicago truncatula and rice, respectively.  

In addition to having been repeatedly associated with responses to abiotic stress 

stimuli, alterations to the miR396/GRF regulatory module has also been associated with 

altered plant development. Specifically, the Che et al., (2015), Duan et al., (2015) and Gao et 

al., (2015) studies, co-published in the same issue of the peer-reviewed journal, Nature Plants, 

demonstrated that in rice, miR396 limits rice yield via repressing the expression of OsaGRF4 

and/or OsaGRF6. Via a molecular approach, these studies went on to show that when these 

two miR396 target gene transcripts are liberated from miR396 regulation, elevated OsaGRF4 

and OsaGRF6 transcript abundance resulted in increased grain size and inflorescence 

(panicle) branching, respectively, with both of these phenotypic alterations ultimately resulting 

in increased yield. However, it was noted that both positive traits were not displayed in rice 

plants where miR396 abundance had been reduced via a target mimicry approach (Gao et al., 

2015). This is not a surprise finding and further provides an excellent example of the biological 

complexity of the pathways, intermediates, and protein machinery required for all aspects of 

growth and development in crop species. Moreover, the findings outlined by Gao et al., (2015), 

Che et al., (2015) and Duan et al., (2015) reveal an attractive avenue of investigation for the 

development of superior crops via a molecular approach to enhance agricultural food output.  
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3.3  Material and Methods 
3.3.1 Preparation and Storage of Bacterial Competent  Cells 
3.3.1.1 Escherichia coli (DH5α) 

A single colony of Escherichia coli (E.coli) DH5α was inoculated in 10 (millilitres) mL 

of (Luria-Bertani) LB liquid medium (Appendix 2 (A.2.2.2), page 240) at 37°C for 16 h. One 

mL of this culture was added to 100 mL of fresh LB liquid medium and incubated at 37°C until 

the culture reached an OD550 of 0.6. The 100 mL culture was divided into four individual 25 

mL aliquots and stored on ice for 10 min prior to a 5 min, 1,000·g centrifugation at 4°C. The 

supernatant was discarded, and the pelleted bacteria resuspended in 10 mL of chilled 0.1M 

CaCl2 (Appendix 2 (A.2.1.7), page 239), and incubated on ice for 1 h. The above 

centrifugation step was repeated, the supernatant discarded, and the pelleted cells were 

resuspended in 5.0 mL of chilled 0.1M CaCl2 and 15% glycerol for distribution of 100 µL 

aliquots in 1.5 mL microfuge tubes for subsequent storage at -80°C. 

3.3.1.2 Agrobacterium tumefaciens (AGL1) 

A single colony of Agrobacterium tumefaciens (Agrobacterium) AGL1 was inoculated 

in 10 mL of Yeast Extract Peptone (YEP) liquid medium (Appendix 2 (A.2.2.3), page 240) 

supplemented with Rifampicin (Appendix 5 (A.5.4), page 252) and cultured at 28°C for 48 h. 

Five hundred microlitres (µL) of culture was added to 100 mL of fresh YEP liquid medium 

containing Rifampicin and incubated at 28°C until an OD600 of 0.6 was reached. The 100 mL 

culture of Agrobacterium competent cells was processed and stored identically to the DH5α 

competent cells (see the steps outlined in Section 3.3.1.1).  

3.3.2 Cloning 
3.3.2.1 Transgene Sequence Amplification or Synthesis 

The DNA sequences for miR396-specific constructs were ordered from Integrated 

DNA Technologies (IDT, Australia) as gBlock® gene fragments or amplified from wild-type 

Arabidopsis (Col-0) genomic DNA (Appendix 5 (A.5.1), page 251). Amplification of DNA 

sequences for subsequent transgenesis work was done using a standard PCR approach 

(Appendix 3 (A.3.1.6), page 244) and the GoTaq® Long PCR Master Mix (Promega, Australia) 

according to the manufacturers’ protocol.  
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3.3.2.2  A-tailing of Transgene Insertion Fragments 

 The gBlock® fragments were resuspended in TE buffer (Appendix 2, A.2.1.8, page 

239) to a final concentration of 20 nanograms (ng)/µL. Prior to rapid (T/A) cloning into the 

pGEM-T Easy vector (Appendix 5, A.5.3, page 251), each gene block had an adenosine (A) 

overhang added to its blunt ends. A standard A-tailing reaction was prepared with the following 

components; gBlock® fragment (50 ng), Taq DNA polymerase (1-3 units (U)), 10X Taq DNA 

polymerase buffer (to 1X), dATP (to 0.05 mM), MgCl2 (to 1.5 mM) and MQ-H2O to a final 

reaction volume of 15 µL. The reaction was incubated at 70°C for 20 min and used in 

subsequent ligation reactions (Section 3.3.2.5).  

3.3.2.3  Bacterial Plasmid DNA Purification 

 All plasmid DNA purifications from E.coli DH5α cells were conducted using a QIAprep 

Spin Miniprep kit (QIAGEN, Australia) according to the manufacturers’ instructions.  

3.3.2.4  Restriction Digestion and Fragment Purification 

 All restriction endonucleases used for DNA digestion were obtained from New England 

Biolabs (NEB), Australia. All restriction digests were set-up according to the manufacturers’ 

protocol, however, an overnight (16 h) incubation at 37°C was used for all digestion reactions 

to ensure that the DNA digest was complete. Digested DNA fragments used in subsequent 

ligation reactions (Section 3.3.2.5) were isolated from an Ethidium bromide-stained 1.5% 

(w/v) agarose gel and purified with a QIAquick Gel Extraction kit (QIAGEN, Australia), 

following the manufacturers’ protocol. 

3.3.2.5  DNA Ligation 

 Ligation reactions contained a 3:1 molar ratio of insertion fragment to destination 

vector. In some instances, when non-directional cloning was necessary, a calf alkaline 

phosphatase (NEB, Australia) dephosphorylating reaction was conducted according to the 

manufacturers’ protocol to prevent self-ligation of the digested plasmid DNA backbone. The 

3:1 (insert:vector) ligation mixture was mixed thoroughly by vortexing prior to a 5 min, 65°C 

incubation. The ligation mixture was immediately transferred to ice and incubated for 5 min 

and subsequently made up to 10 µL with 200 U of T4 DNA ligase (NEB, Australia), 10X ligation 

buffer and MQ-H2O. The final ligation reaction was mixed by manual pipetting and incubated 

overnight at 22°C to allow the reaction to proceed.  
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3.3.2.6 Heat Shock Transformation of DH5α Competent Cells 
and the Identification of Insert Positive Bacterial Clones 
via PCR 

Stored 100 µL aliquots of DH5α competent cells (see Section 3.3.1.1) were thawed 

on ice for 10 min. Ten microlitres of DNA ligation mixture (see Section 3.3.2.5) was carefully 

pipetted with the competent cell mixture and incubated on ice for 30 min. The cells were ‘heat-

shocked’ via incubation at 42°C for 35 s and immediately returned to incubate on ice for 5 min. 

Nine hundred microlitres of liquid LB media was added to the cells and incubated at 37°C on 

a rotating platform with gentle agitation for 1 h. Typically, 100-200 µL of this suspension was 

plated on solid LB medium in petri dishes which had been supplemented with the appropriate 

antibiotic(s) (Appendix 5, (A.5.3 and A.5.4), page 252) and incubated at 37°C overnight to 

identify putatively transformed colonies. To confirm the uptake of the inserted DNA fragment 

into the plasmid DNA backbone, a standard colony PCR was performed according to Table 
A.3.5 (Appendix 3 (A.3.1.5), page 244) and with the appropriate primer pairs (Appendix 4
(A.4.1.2), page 246)

3.3.2.7 DNA Sequencing for Insert Confirmation 

The Australian Genome Research Facility (AGRF), Queensland node (Brisbane, 

Australia), performed sequencing reactions on 12 µL samples containing 800 ng of plasmid 

DNA and 1 picomolar (pmol/µL) of forward primer. The returned sequences were analysed 

using the freely available geneious R9 software (Kearse et al., 2012). 

3.3.2.8 Electroporation 

On ice, 200 ng of plasmid DNA was gently yet thoroughly mixed with a 40 µL aliquot 

of electro-competent AGL1 cells (see Section 3.3.1.2). The entire mixture volume was 

transferred to an electroporation cuvette and electroporated on an Electroporator (Gene 

Pulser® II, Bio-Rad Laboratories, Australia). The electroporation cuvette was immediately 

placed on ice and 500 µL of Super Optimal broth with Catabolite repression (SOC) liquid media 

(Appendix 2 (A.2.2.4), page 241) was added prior to incubation at 28°C for 1 h. Cultures were 

spread on solid LB medium supplemented with Ampicillin, Spectinomycin and Rifampicin 

(Appendix 5 (A.5.4), page 252) for 48 h at 28°C. Recovered putative transformant colonies 

were inoculated in 10 mL of LB liquid medium for 48 h at 28°C in the dark prior to 500 µL of 

this culture being added to a 50% glycerol solution for storage at -80°C. 
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3.3.2.9   Floral Dip Transformation and Screening for Putative 
Transformant Lines.  

 Agrobacterium harbouring the desired plant expression vectors (described in Section 
3.3.2.8) were streaked on to petri dishes containing solid LB medium supplemented with 

Ampicillin, Spectinomycin and Rifampicin (Appendix 5 (A.5.4), page 252). Each plate was 

covered in aluminum foil, to keep in the dark, and grown at 28°C for 48 h. A single resulting 

Agrobacterium colony was isolated and further cultured in the dark for 48 h at 28°C in 40 mL 

of liquid LB medium supplemented with Ampicillin, Spectinomycin and Rifampicin (Appendix 
5 (A.5.4), page 252). Agrobacterium cultures were pelleted by centrifugation at 1,000·g for 15 

min at 4°C. Each Agrobacterium pellet was resuspended a 5.0% (w/v) sucrose solution 

supplemented with 0.05% (v/v) of the Silwet-L77 wetting agent (Lehle Seeds, USA). 

 Soil cultivated Arabidopsis Col-0 seedlings were grown under standard growth 

conditions (see Section 2.3.1.1), watered with 500 mL per tray of plants (n=15) every 48 h 

and pruned to retain only the main inflorescence and unopened terminal floral buds. Each 

plant was then dipped into the Agrobacterium solution for 30 seconds between 10:30 to 11:30 

am (to encourage T-DNA uptake due to the ‘openness’ and/or ‘receptiveness’ of Arabidopsis 

flowers at this time of the day). Post dipping, plants were enclosed in clear plastic film and 

incubated at 22°C in the dark for 24 h. After this incubation period, the plastic film was removed 

and plants were then grown under normal growth conditions until the dipped plants set seed. 

Subsequently, seeds were harvested from each dipped plant and then stored at RT for a 

minimum of 8 weeks to ensure hardening of the seed coat. An aliquot of each collection of 

seeds was surfaced sterilised with chloride gas (see Section 2.3.1.1), and then sown on 

standard MS medium supplemented with glufosinate ammonium (PPT) and Timentin 

(Appendix 5 (A.5.4), page 252). Plants resistant to PPT (T1 plants) were transferred to soil for 

self-pollination to allow for the collection of T2 seeds. The T2 seeds were sterilised with chloride 

gas and sown on standard MS media supplemented with PPT. Seedlings resistant to the PPT 

selective agent were transferred to soil for self-pollination to allow for the obtainment of T3 

seeds: the T3 plants which germinated from the seed collected from the T2 plants was the 

transformant generation used for experimental analysis reported in this study. Putative T3 

transformants were confirmed to be genuine transformants with a standard PCR reaction 

(Appendix 3 (A.3.1.1), page 243) using primers specific to the pBART plant expression vector 

which housed each of the desired transgene inserts (Appendix 5 (A.5.2), page 252) prior to 

their use for experimental analyses.  
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3.3.3  Plant Growth Conditions  
 The materials and methods used to induce plant growth in a P deficient environment 

and a salt stress environment in this Chapter can be found in the following publications: 

 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

Are Required for Appropriate Regulation of the microRNA399/PHOSPHATE2 Expression 

Module in Arabidopsis thaliana. Plants, 8(5), 124. 

 https://www.mdpi.com/2223-7747/8/5/124  

 
Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 

 https://www.mdpi.com/2223-7747/8/3/58 

 

 A copy of these publication can be found in Appendix 1 (A.1.4) and Appendix 1 
(A.1.3) of this thesis, pages 211-236 and pages 193-210, respectively. The relevant 

experimental methodologies are detailed in sections; ‘Plant Material and Phosphate Stress 

Treatment’, page 231 and ‘4.1 Plant Material’, page 205, respectively 
 

3.3.4  Phenotypic and Physiological Analyses of 
  Transformed Col-0 Seedlings 
 The phenotypic and physiological analyses were conducted on 15 d old seedlings that 

had been cultivated under either a standard non-stress growth regime for the entire 15 d 

period, or which had been exposed to a 7 d period of P deficiency or salt stress. Specifically, 

assessments of the; (i) fresh weight; (ii) rosette area; (iii) primary root length; (iv) anthocyanin 

accumulation, and; (v) chlorophyll a and b content, have previously been described in Chapter 
II, Section 2.3.2.1- 2.3.2.5 (pages 15-16), respectively.  
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3.3.5  Molecular Analyses of Transformed Col-0 
  Seedlings 
 For all molecular analyses conducted in this chapter, specifically, those materials and 

methods pertaining to the preparation and analysis of Arabidopsis samples for sRNA-seq and 

RT-qPCR analyses, please refer to the following publication: 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 
 https://www.mdpi.com/2223-7747/8/3/58 

 

 A copy of this publication can be found in Appendix 1 (A.1.3) of this thesis, pages 

193-210. The relevant experimental methodologies are detailed in sections; ‘Total RNA 

extraction and high throughput sequencing of the small RNA fraction’, page 206, ‘Bioinformatic 

assessment of the microRNA landscape of Arabidopsis whole seedlings’, page 206, and 

‘Quantitative reverse transcriptase polymerase chain reaction analyses’, page 207.  
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3.4    Results 
3.4.1   The Requirement of DRB1, DRB2 and DRB4 in 
  Appropriate Regulation of the Phosphate Responsive, 
  miR396/GRF7 Regulatory Module in Arabidopsis  
 Due to the surprising finding that miR399, a known P deficient responsive miRNA, was 

highly responsive to each of the abiotic stresses assessed in this study (Figure 2.10), the 

response of miR396, a miRNA shown to be responsive to heat, mannitol and salt stress 

treatments (Figure 2.10), was reciprocally exposed to P deficient conditions. Additionally, 

identifying the role of DRB1, DRB2 and DRB4 in the appropriate regulation of the 

miR396/GRF7 regulatory module under a P- growth regime was central to the phenotypic and 

molecular analyses reported here.  

 All the phenotypic results pertaining to Section 3.4.1 can be found in the publication: 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

Are Required for Appropriate Regulation of the microRNA399/PHOSPHATE2 Expression 

Module in Arabidopsis thaliana. Plants, 8(5), 124. 

 https://www.mdpi.com/2223-7747/8/5/124  

 

A copy of this publication can be found in Appendix 1 (A.1.4) of this thesis, pages 211-236. 

 

 When exposed to a 7 d cultivation period in the absence of P, surprisingly each of the 

Arabidopsis lines, Col-0, drb1, drb2, and drb4, all had reduced miR396 abundance, 

specifically; miR396 abundance was reduced by 9.1-, 1.8-, 3.8- and 7.6-fold respectively in 

Col-0, drb1, drb2 and drb4 P stressed plants, compared to their control grown counterparts 

(Figure 3.2A). Similarly, when the expression of GRF7 was investigated in the seedlings of 

each Arabidopsis plant line, Col-0 and drb1 seedlings had significant reductions of 2.7- and 

3.6-fold, while curiously, in both the drb2 and drb4 seedlings, RT-qPCR failed to detect the 

GRF7 transcript (Figure 3.2B). 

 

 

https://www.mdpi.com/2223-7747/8/5/124
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Figure 3.2  Molecular analysis of the miR396/GRF7 regulatory module in the shoot tissue of 15 
d old Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to 
P deficiency, relative to untreated (control) seedlings. (A) The SL-RT-qPCR determined abundance 
of miR396 in Arabidopsis Col-0 seedlings and DRB-knockout mutants, drb1, drb2 and drb4 exposed to 
conditions of phosphate stress (B) RT-qPCR analyses of miR396 target gene, GRF7, expression 
changes of Arabidopsis lines, Col-0, drb1, drb2 and drb4 in response P stress, compared to non-stress 
growth conditions. Error bars represent the ±SD of 4 biological replicates with each biological replicate 
consisting of the shoot tissue of 6 individual plants. The presence of an asterisk indicates a statistically 
significant difference between the control and stress treated seedlings for miR396 and GRF7 (p-value: 
< 0.05, *; P < 0.005,**; P < 0.001, ***). 
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3.4.2 The Phenotypic Response of Arabidopsis miR396 
Molecularly Modified Plant Lines to Phosphate 
Deficiency and Salt Stress 

 Having confirmed the miR396/GRF regulatory module was indeed responsive to P 

deficiency, the molecularly modified plant lines were investigated for their physiological and 

molecular responses to P- and salt stress conditions. Maintaining the same cultivation 

conditions as described in Chapter II (Section 2.4.1), and post germination, 8 d old Col-0, 

MIM396 and MIR396 seedlings were exposed to a 7 d treatment period of either P- or salt 

stress. Presented in Figure 3.3, is the phenotypic response displayed by each of the assessed 

Arabidopsis lines to control (non-stress), P deficiency (P-) or salt stress growth conditions. 

Compared to control Col-0 seedlings, a variable level of sensitivity to the P- deficiency and/or 

salt stress growth regimes was displayed. Similarly to Chapter II (Sections 2.4.1.1- 2.4.1.5), 

the visually striking variation of the degree of sensitivity to the abiotic stress conditions 

observed between the Arabidopsis lines was quantified via assessments of; (1) fresh weight 

(Figure 3.4), (2) rosette area (Figure 3.5), (3) primary root length (Figure 3.6), (4) anthocyanin 

accumulation (Figure 3.7) and, (5) chlorophyll a and b content (Figure 3.8A-B). Additionally, 

as the MIM396 and MIR396 plant lines are newly generated Arabidopsis lines, all phenotypic 

(and molecular) analyses found in this chapter are presented comparative to non-stressed 

Col-0 seedlings as any phenotypic (or molecular) differences between control grown Col-0 

seedlings and the novel Arabidopsis plants that harbour molecular modifications of the miR396 

regulatory module were of high interest. 
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Figure 3.3  Phenotypic and physiological consequence of a P deficiency (P-) or salt stress 
treatment on 15 d old wild-type Arabidopsis (Col-0), MIM396 and MIR396. Phenotypes 
displayed by 15 d old Arabidopsis whole seedlings post a 7 d treatment with P- or salt stress, 
compared to non-stressed seedlings of the same age (left panel). Scale bar = 1.0 centimeter (cm).  



Chapter III  The Phenotypic and Molecular Consequence of Manipulating the miR396 Regulatory Module in 
Arabidopsis 

91 

3.4.2.1 Fresh Weight 
When visualising the phenotypic response of the Col-0, MIM396 and MIR396 

seedlings to the conditions of P deficiency or salt stress, it was readily apparent that in 

comparison to their non-stressed counterparts, overall shoot architecture was altered. To 

determine significant variations in overall plant morphology when Col-0 seedlings and the 

miR396 molecularly modified Arabidopsis plant lines were exposed to P- or salt stress, fresh 

weight was measured (Figure 3.4). Comparable to previously obtained fresh weight data on 

Col-0 whole seedlings exposed to P- or salt stress (Appendix A.1.3, pages 193-210; 

Appendix A.1.4, pages 211-236), it was unsurprising to observe significant 32.1% (±1.8%) 

and 26.1% (± 3.8) reductions to this phenotypic parameter when compared to control Col-0 

seedlings. To determine if manipulation of the miR396 regulatory module resulted in 

phenotypic alterations under control conditions, the fresh weight of non-stressed MIM396 

seedlings was compared to non-stressed Col-0 seedlings, an initial analysis which revealed 

that the MIM396 seedlings were significantly heavier with a 20.2% (± 3.1%) increase in their 

fresh weight compared to non-stress Col-0 seedlings of the same age. When the same 

MIM396 Arabidopsis seedlings were exposed to P deficiency, the fresh weight of these 

seedlings was reduced by 21.9% (± 2.3%), in comparison to control MIM396 plants, a much 

milder reduction than what was observed for P stressed Col-0 seedlings. Further, while the 

fresh weight of MIM396 seedlings was significantly reduced by 41.2% (± 3.4%) in response to 

the salt stress growth regime, a much larger reduction than what was observed for salt 

stressed Col-0 seedlings (32.1 ± 1.8%), MIM396 plants remained the heaviest of the three salt 

stressed plant lines. The reciprocally modified miR396 plant line, MIR396, was determined to 

have the same fresh weight (95.1 ± 4.6%) as Col-0 seedlings when both plant lines were 

cultivated under standard growth conditions. When exposed to P deficiency, the fresh weight 

of MIR396 seedlings was significantly reduced by 25.0 ± 4.1%. This negative growth trend 

was also observed for salt stressed MIR396 plants with a 42.2% (± 2.4%) reduction to fresh 

weight documented: the largest reduction to fresh weight observed for the three assessed 

plant lines post salt stress. The exposure of Col-0, MIM396 and MIR396 seedlings to P- stress 

revealed that the imposed stress had the greatest impact on the fresh weight of Col-0 

seedlings, compared to both MIM396 and MIR396 seedlings. Alternatively, the fresh weight of 

Col-0 was observed to be the least sensitive of the three assessed Arabidopsis lines post their 

exposure to salt stress. It should be noted here however, that when compared to their 

respective non-stress counterparts, although the fresh weight of MIM396 seedlings was 

impacted to the greatest degree by each of the two imposed stresses, this plant line still 

remained the heaviest of the three plant lines assessed, regardless of the growth conditions.  
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Figure 3.4  Whole seedling fresh weight of P- and salt stressed Arabidopsis Col-0 and miR396 
altered lines, MIM396 and MIR396, relative to non-stressed Col-0 seedlings. Error bars represent 
the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six individual 
plants. The presence of an asterisk above a control grown MIM396 or MIR396 column represents a 
statistically significant difference comparative to control grown Col-0. Additionally an asterisk above a 
P- or salt treated Arabidopsis plant line represents a statistically significantly difference between the 
stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; ** < 0.005; *** 
< 0.001). 
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3.4.2.2  Rosette Area 

  To complement the whole seedling fresh weight analysis, rosette area 

measurements were again selected as an accurate indicator of the tolerance or sensitivity of 

each plant line to each imposed stress. Similar to the fresh weight observations, when 

exposed to P- or salt stress conditions, the rosette area of Col-0 seedlings was significantly 

reduced by 41.6% (± 3.7%) and 39.9% (± 3.5%), respectively (Figure 3.5). Compared to the 

rosette area of Col-0 control seedlings, it was determined that the rosette area of MIM396 

control seedlings was significantly increased by 21.3% (± 2.9%). Exposure of the MIM396 

seedlings to P- and salt stress resulted in rosette area reductions of 39.9% (± 2.9%) and 44.8% 

(± 2.2%) respectively, compared to control MIM396 seedlings (Figure 3.5). While these 

reductions were significant, the rosette area of MIM396 seedlings remained the largest of the 

three plant lines assessed. When compared to control grown Col-0 seedlings, the rosette area 

of control MIR396 was determined to only be reduced by 6.5% (± 4.1%) (Figure 3.5). 

Compared to the rosette area reductions observed for P- and salt stressed Col-0 and MIM396 

plants, the rosette area reductions of 18.8% (± 2.9%) and 33.5% (± 1.4%) for P- and salt 

stressed MIR396 plants respectively, were mild. While this comparatively mild reduction to 

MIR396 seedling fresh weight tentatively indicates that the MIR396 plant line is less sensitive 

to abiotic stress conditions of P- and salt stress, than is the MIM396 plant line, it should still be 

noted here that the overall rosette area of MIR396 seedlings was smaller than that of MIM396 

seedlings under all growth regimes. Largely following the same trends observed for the fresh 

plant weight, the rosette area of Col-0 seedlings was determined to be impacted to a greater 

degree by the P deficient growth conditions than were either of the molecularly modified plant 

lines. This was not the case however in response to the imposed salt stress. Specifically, in 

comparison to the respective control of each plant line, the rosette area of the MIM396 plant 

line was impacted to the greatest degree, while the MIR396 plant line was impacted least by 

the imposed stress.  
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Figure 3.5  Rosette area of P- and salt stressed Arabidopsis Col-0 and miR396 altered lines, 
MIM396 and MIR396, compared to non-stressed Col-0 seedlings. Error bars represent the ±SD of 
4 biological replicates and each biological replicate consisted of a pool of six individual plants. The 
presence of an asterisk above a control grown MIM396 or MIR396 column represents a statistically 
significant difference comparative to control grown Col-0. Additionally an asterisk above a P- or salt 
treated Arabidopsis plant line represents a statistically significantly difference between the stress 
treated sample and the respective non-stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 
0.001).
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3.4.2.3  Primary Root Length 

 Given the significant alterations to plant shoot development of the three assessed plant 

lines, together with the well documented sensitivity of plant root architecture to P deficient 

conditions or salt stress (Acora et al., 2011; Fujii et al., 2005; Gao et al., 2007; Pasternak et 

al., 2005), primary root length was next quantified. Post exposure to P deficient conditions or 

salt stress, the primary root length of Col-0 seedlings was reduced by 47.5% (± 1.8%) and 

54.4% (± 1.8%), respectively, compared to that of Col-0 control seedlings. When the primary 

root length of control grown MIM396 Arabidopsis seedlings was compared to that of Col-0 

control seedlings, a mild and statistically insignificant increase of 9.3% (± 2.7%) was 

documented (Figure 3.6). Interestingly, when MIM396 plants were exposed to the P- growth 

regime, no significant reduction (-12.7% ±1.7%) to primary root length was observed 

compared to that of non-stressed MIM396 plants. In direct contrast to this finding however was 

the significant 50.2% (± 0.8%) reduction to primary root length of salt stressed MIM396 

seedlings. Similar to the reported shoot tissue observations for MIR396 seedlings cultivated 

under control growth conditions, the primary root length of this plant line was found to remain 

unchanged (98.1% ± 3.9%) compared to Col-0 control primary root length. However, when 

MIR396 seedlings were exposed to either the P deficient or salt stress growth regimes, primary 

root length was dramatically reduced by 47.4% (± 1.9%) and 54.1% (±1.4%) respectively, 

compared to that of MIR396 control seedlings. Although the primary root development of 

MIM396 seedlings was largely unhindered by the absence of P, the primary root length of Col-

0 and MIR396 plants were both significantly reduced to near identical degrees relative to their 

respective control plants. The significant negative impact a 7 d salt stress treatment had on 

Arabidopsis root development was readily apparent with each plant line displaying a greater 

than 50% reduction to the length of their primary root compared to their respective non-

stressed controls. 
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Figure 3.6  Primary root length of P- and salt stressed Arabidopsis Col-0 and miR396 altered 
lines, MIM396 and MIR396, compared to non-stressed Col-0 seedlings. Error bars represent the 
±SD of 4 biological replicates and each biological replicate consisted of a pool of six individual plants. 
The presence of an asterisk above a control grown MIM396 or MIR396 column represents a statistically 
significant difference comparative to control grown Col-0. Additionally an asterisk above a P- or salt 
treated Arabidopsis plant line represents a statistically significantly difference between the stress 
treated sample and the respective non-stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 
0.001). 
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3.4.2.4  Anthocyanin Accumulation 

 When viewing the phenotypes displayed in Figure 3.3, striking variation in the shoot 

pigmentation was readily evident between control grown Arabidopsis seedlings and those 

cultivated for a 7 d period in either the absence of P, or in the presence of 150 mM NaCl. 

Again, this prominent darkening in pigmentation, particularly in the region surrounding the 

shoot apex, including newly emerging rosette leaves and the petioles of emerged leaves, was 

suspected to be the result of the accumulation of the well documented, abiotic stress 

associated pigment, anthocyanin (Akula and Ravishankar, 2011; Chalker‐Scott, 1999; 

Kovinich et al., 2015). Therefore, the abundance of anthocyanin was determined for control 

grown and stressed Col-0, MIM396 and MIR396 seedlings. Consistent with previous results 

(Appendix A.1.3, pages 193-210; Appendix A.1.4, pages 211-236), Col-0 seedlings grown 

on MS medium which either lacked P, or that was supplemented with 150 mM NaCl, 

accumulated 60.3% (± 5.0%) and 80.8% (± 2.8%) more anthocyanin respectively, than did 

control grown Col-0 seedlings (Figure 3.7). When MIM396 seedlings were cultivated to 15 d 

of age under standard growth conditions, there was no significant variation in anthocyanin 

content compared to that of non-stressed Col-0 seedlings (98.2% ±6.9%). Further, and as 

reported for Col-0 plants exposed to stress, anthocyanin accumulation was elevated by 57.6% 

(± 6.4%) and 76.9% (± 5.4%) in P- and salt stressed MIM396 seedlings respectively, compared 

to MIM396 control seedlings. When comparing the anthocyanin accumulation profile of control 

grown MIR396 seedlings to that of control Col-0 seedlings, anthocyanin levels were 

determined to remain largely unchanged (95.6% ± 7.1%). Interestingly, MIR396 seedlings 

again displayed the greatest sensitivity to both of the assessed stresses with the largest 

increases in anthocyanin accumulation post P- and salt stress exposure observed. 

Specifically, when compared to MIR396 control seedlings, anthocyanin levels were elevated 

by 94.8% (± 1.1%) and 135.9% (± 3.2%) in P- and salt stressed MIR396 seedlings, 

respectively. Taken together, this analysis revealed that the extent of anthocyanin 

accumulation in response to a P- stress was nearly identical in Col-0 and MIM396 seedlings, 

while the anthocyanin content of MIR396 plants was elevated to a much greater degree. This 

was also determined to be the case in Col-0, MIM396 and MIR396 salt stressed seedlings. 

Specifically, anthocyanin was determined to accumulate to a much greater degree in salt 

stressed MIR396 seedlings than in either salt stressed Col-0 or MIM396 seedlings.  
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Figure 3.7  Anthocyanin accumulation of P- and salt stressed Arabidopsis Col-0 and miR396 
altered lines, MIM396 and MIR396, compared to non-stressed Col-0 seedlings. Error bars 
represent the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six 
individual plants. The presence of an asterisk above a control grown MIM396 or MIR396 column 
represents a statistically significant difference comparative to control grown Col-0. Additionally an 
asterisk above a P- or salt treated Arabidopsis plant line represents a statistically significantly difference 
between the stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; 
** < 0.005; *** < 0.001).
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3.4.2.5 Chlorophyll a and b Content 

Consistent with the physiological assessments conducted in Chapter II, chlorophyll a 

and b content were assessed (Figure 3.8A-B) to determine if the photosynthetic competency 

of the newly generated Arabidopsis plant lines was altered by the introduced molecular 

modifications to the miR396/GRF regulatory module. When exposed to P- conditions, 

chlorophyll a content of Col-0 seedlings remained equivalent (95.6% ± 5.2%) to that of its non-

stressed counterpart (Figure 3.8A). Salt stress exposure was again determined to have a 

significant negative impact on the chlorophyll a content of Col-0 seedlings, a 20.8% (± 5.0%) 

reduction. Analysis of the chlorophyll a content of control grown MIM396 seedlings revealed 

that reduced miR396 abundance in this plant line did not result in a statistically significant 

difference to chlorophyll a content (110.0% ± 3.5%) compared to that of non-stressed Col-0 

seedling. This also proved to be the case for P stressed MIM396 seedlings. Namely, the 

chlorophyll a content of P stressed MIM396 seedlings was only slightly increased by 3.3% (± 

1.0%) compared to that of control MIM396 seedlings. In direct contrast, when MIM396 

seedlings were grown on salt supplemented growth media, chlorophyll a content was 

determined to be significantly decreased by 18.0% (± 1.2%) compared to control grown 

MIM396 plants. Maintaining a near identical response to the MIM396 line, MIR396 seedlings 

had near approximate wild-type levels of chlorophyll a under the control (95.6% ± 2.1%) and 

P deficient (92.1% ± 6.9%) growth regimes, while the salt stress growth regime resulted in a 

significant 19.8% (±3.3%) reduction in chlorophyll a content compared to that of control grown 

MIR396 plants.  

It was unsurprising that the chlorophyll b content (Figure 3.8B) of each plant line 

closely mirrored the trends observed for chlorophyll a content (Figure 3.8A). Specifically, in 

comparison to control grown Col-0 seedlings, the chlorophyll b content of P- Col-0 seedlings 

remained largely unchanged (5.1% ± 6.8%), while the chlorophyll b content of salt stressed 

Col-0 seedlings was reduced by 40.0% (± 3.9%). Similarly, the chlorophyll b content of 

MIM396 control (112.8% ± 5.0%) and P- (111.5% ± 5.6%) seedlings largely remained at levels 

approximate to those of control grown Col-0 seedlings. The salt stress growth regime again 

caused the greatest impact to chlorophyll b content, with chlorophyll b abundance significantly 

reduced by 36.8% (± 5.6%) in salt stressed MIM396 plants (compared to control grown 

MIM396 plants). A similar chlorophyll b profile was constructed for the MIR396 plant line, that 

is; control and P- MIR396 seedlings maintained wild-type equivalent levels of chlorophyll b at 

92.4% ± 3.4% and 99.1% ± 6.1% respectively, while the chlorophyll b content of salt stressed 

MIR396 seedlings was significantly reduced by 37.5% (± 1.0%). Interestingly, when taken 

together, the Figure 3.8 analyses indicate that the cultivation of Col-0, MIM396 and MIR396 

seedlings in the absence of P for a 7 d period, had no significant impact on the abundance of 
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the two primary photosynthetic pigments, chlorophyll a and b. In direct contrast to this finding 

however, were the salt stressed Col-0, MIM396 and MIR396 plants with all three plant lines 

displaying almost identical, and significant reductions to their chlorophyll a and b contents.  
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Figure 3.8  Chlorophyll a (A) and b (B) content of P- and salt stressed Arabidopsis Col-0 and 
miR396 altered lines, MIM396 and MIR396, compared to non-stressed Col-0 seedlings. Error bars 
represent the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six 
individual plants. The presence of an asterisk above a control grown MIM396 or MIR396 column 
represents a statistically significant difference comparative to control grown Col-0. Additionally an 
asterisk above a P- or salt treated Arabidopsis plant line represents a statistically significantly difference 
between the stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; 
** < 0.005; *** < 0.001). 
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3.4.3  The Molecular Response of Arabidopsis Plant Lines With 
Molecularly Altered miR396 Abundance to Phosphate 
Deficiency and Salt Stress 

 It is well established in Arabidopsis that the highly conserved miRNA sRNA, miR396, 

is responsible for the transcriptional regulation of six of the nine members of the GRF 

transcription factor family, including GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9 (Jones-

Rhoades and Bartel, 2004). Each of these plant-specific transcription factors have been 

documented in a diverse number of plant species to play numerous roles in all aspects of plant 

vegetative and reproductive development, as well as the defence against abiotic and biotic 

stress (Bao et al., 2014; Beltramino et al., 2018; Che et al., 2015; Gao et al., 2015; Hewezi 

and Baum, 2012; Kim and Kende, 2004; Kim et al., 2003; Kim et al., 2012; Liang et al., 2014; 

Omidbakhshfard et al., 2018; Pajoro et al., 2014; van der Knaap et al., 2000). It was therefore 

of high interest to determine how the expression of each of these GRF family members was 

regulated in response to; (1) altered miR396 abundance, and; (2) the abiotic stress growth 

regimes of P deficiency and salt stress (Figure 3.9). It was hypothesised that RT-qPCR 

assessments of the regulation of these transcription factors would in part, account for the 

varying phenotypic and physiological responses observed between wild-type Arabidopsis and 

the two molecularly modified plant lines generated in this study, MIM396 and MIR396 plants. 

While it is noted that in Arabidopsis miR396 has also been speculated to regulate the 

expression of three ceramidase-like genes (CERAMIDASE-LIKE1-3; Liu and Yu, 2009), 

miR396-directed expression regulation of these three CERAMIDASE-LIKE transcripts 

requires further investigation which is outside the scope of this study.  

 Similar to previously obtained results (Figure 3.2), when Col-0 seedlings were 

cultivated in the absence of P, miR396 was found to be reduced in abundance by 2.6-fold 

(Figure 3.9). It was therefore surprising to observe that each of the miR396 target genes, 

GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9 were also reduced in abundance by 2.0-, 2.3-, 

2.6-, 2.7-, 4.5- and 2.4- fold, respectively (Figure 3.9). In contrast to the reduced miR396 

accumulation documented for P stressed Col-0 seedlings, miR396 abundance was elevated 

by 2.1-fold in salt stressed Col-0 seedlings. Curiously, the expression of GRF1, GRF2 and 

GRF3 was only mildly reduced by the elevated level of the miR396 sRNA in salt stressed Col-

0 plants. For the three additional miR396 target genes assessed via RT-qPCR, GRF7 and 

GRF8 expression was reduced by 2.4- and 2.1-fold respectively, while GRF9 was found to be 

slightly increased in its expression level (1.3-fold).  

 In the MIM396 plant line, and when cultivated under growth conditions, miR396 

accumulation was reduced by 3.3-fold compared to its abundance in Col-0 control plants 

(Figure 3.9). Given the reduced abundance of the mature miR396 sRNA, it was not a surprise 
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to observe that GRF1, GRF2, GRF3, GRF8 and GRF9 expression was significantly elevated 

by 4.5-, 2.6-, 4.1-, 7.5- and 2.2-fold respectively, in MIM396 control plants, compared to their 

respective expression levels in Col-0 control plants. The expression of GRF7 followed an 

opposite trend, being mildly reduced by 1.3-fold. Exposure of MIM396 plants to a P deficient 

growth environment further reduced miR396 abundance, compared to non-stressed Col-0 

seedlings, by 3.8-fold. As demonstrated for MIM396 control plants, this resulted in GRF 

expression to be elevated by 4.2-, 1.9-, 2.2- and 1.7-fold GRF1, GRF2, GRF3, and GRF8, 

respectively. Interestingly, GRF9 expression only mildly followed this trend to be elevated by 

1.3-fold. In contrast to the expression trend documented for the other assessed GRFs, GRF7 

expression was again revealed to be reduced by 2.2-fold in P- stressed MIM396 plants.  

In response to the salt stress growth regime, miR396 abundance in MIM396 seedlings 

remained largely unchanged compared to miR396 levels in non-stressed Col-0 plants. 

Considering that in non-stressed MIM396 plants, miR396 abundance was reduced by 3.3-fold, 

yet returned to Col-0 control levels in salt stressed MIM396 plants, this finding strongly 

suggests that miR396 is indeed responsive to salt stress. Although miR396 levels were 

returned to approximate wild-type levels in salt stressed MIM396 plants, the expression of 

GRF1, GRF2, GRF3 and GRF9 was elevated by 3.2-, 2.7- 3.4- and 3.0-fold, respectively: a 

result that suggested in addition to miR396, GRF1, GRF2, GRF3 and GRF9 are also 

responsive to salt stress. In addition, GRF8 expression was determined to remain at its Col-0 

control levels in salt stressed MIM396 seedlings, however, GRF7 transcript abundance was 

reduced by 3.8-fold (Figure 3.9).  

 Compared to non-stressed Col-0 plants, use of the CaMV 35S promoter to direct the 

PRI-MIR396 transcript expression in MIR396 plants, resulted in a 1.9-fold elevation in mature 

miR396 sRNA abundance (Figure 3.9). As target gene expression alteration reciprocal to the 

abundance of the targeting miRNA is strongly indicative of a miRNA-directed target mRNA 

cleavage mode of expression repression in Arabidopsis, it was expected that the expression 

of the miR396-targeted GRFs in control grown MIR396 seedlings would be reduced compared 

to their expression level in control grown Col-0 seedlings. This was determined to be the case 

for GRF1 and GRF8, with the expression of both transcription factors downregulated by 1.6-

fold. Similarly, the expression of GRF2, GRF3 and GRF7 was mildly reduced in non-stressed 

MIR396 plants, however the degree of reduction in the expression of each of these three GRFs 

was not considered to be statistically significant compared to control grown Col-0 plants. 

Curiously, in non-stressed MIR396 plants, GRF9 expression was determined to be mildly 

elevated, and not reduced as expected for a miRNA target gene with expression regulation 

directed by a mRNA cleavage mode of RNA silencing. 
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When the MIR396 plant line was cultivated in a P deficient environment, no significant 

variation in the accumulation of the miR396 sRNA (1.2-fold), nor in the expression of each of 

the assessed GRFs was detected when compared to control grown Col-0 seedlings. However, 

when exposed to salt stress, miR396 abundance was found to be increased by 2.9-fold in 

MIR396 seedlings. With the exception of GRF8 whose expression was reduced by 2.4-fold, it 

was a surprise observation that no significant alternations in the expression of the other five 

GRF target genes assessed was detected in this plant line post its exposure to salt stress. 
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Figure 3.9  RT-qPCR assessment of miR396 and miR396 targeted GRFs, GRF1-3; 7-9 in non-stressed and stress treated Arabidopsis plant lines. The RT-qPCR determined 
accumulation of miR396 and GRF1-3; 7-9 in Arabidopsis Col-0, MIM396 and MIR396 Arabidopsis seedlings exposed to each abiotic stress is presented relative to control grown 
Col-0 seedlings. Error bars represent the ±SD of 4 biological replicates with each biological replicate consisting of 6 individual plants. The presence of an asterisk indicates a 
statistically significant difference between the expression of each gene determined for control Col-0 seedling (p-value: < 0.05, *; P < 0.005,**; P < 0.001, ***). 
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3.5  Discussion  
3.5.1  The Impact of Phosphate Deficiency on the miR396 
  Regulatory Module 
 While the appropriate regulation of the miR399/PHO2 regulatory module is necessary 

for Arabidopsis to mount an adaptive response to conditions of P deficiency (Bari et al., 2006), 

no study, to date (to the best of my knowledge) has identified miR396 as a P stress responsive 

miRNA. Interestingly, RT-qPCR analyses revealed that when Col-0, drb1, drb2 and drb4 

seedlings were exposed to P deficient growth conditions, the abundance of the miR396 sRNA 

was significantly reduced in each assessed Arabidopsis line (Figure 3.2A). Further, this large 

reduction in miR396 abundance correlated with significant reductions to GRF7 in Col-0 and 

drb1 seedlings exposed to P stress growth conditions and failure of RT-qPCR to detect GRF7 

expression in drb2 and drb4 seedlings exposed to the same stress regime (Figure 3.2B). This 

data suggests that in each of the Arabidopsis plant lines investigated, and in response to 

growth in a P deficient environment, reduced GRF7 accumulation, and therefore GRF7 

abundance, is required for Arabidopsis to mount an adaptive response to limited P. The 

heavily reduced expression of GRF7 in each of the Arabidopsis plant lines after exposure to 

conditions absent of P was somewhat expected as Kim et al., (2012) has previously shown 

Arabidopsis lines deficient in GRF7 have elevated osmotic stress tolerance as a result of 

reduced GRF7-directed repression of the expression of the abiotic stress responsive gene 

DREB2A. The identification of the miR396/GRF7 regulatory module as responsive to growth 

in a P deficient environment, resulted in the selection of phosphate deficient growth conditions 

for further investigation of Arabidopsis plant lines modified to harbour altered miR396/GRF 

profiles. 
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3.5.2  Manipulation of the miR396/GRF Regulatory Module 
 Results in Altered Growth and Development and the 
Response of Arabidopsis to Abiotic Stress 

 As this study has confirmed the highly conserved plant miRNA, miR396, as a key 

miRNA responsive to abiotic stress conditions of heat, mannitol, P- and salt stress, molecularly 

manipulating the accumulation of the miR396 sRNA in Arabidopsis was of high interest. Post 

cultivation of 8 d old seedlings for a 7 d period in conditions of controlled growth or the abiotic 

stress conditions of P deficiency or salinity, MIM396 and MIR396 seedlings were visually 

compared to non-stressed Col-0 seedlings to; (1) determine any impact that altered miR396 

accumulation had on the growth and development of 15 d old Arabidopsis seedlings under 

control growth conditions, and; (2) determine if altered miR396 abundance changed the 

phenotypic and/or physiological sensitivity of Arabidopsis to conditions of P deficiency or salt 

stress. As the phenotypic and physiological response of Col-0 seedlings exposed to P- or salt 

stress conditions has previously been discussed (Appendices A.1.3 and A.1.4, pages 193-

210; 211-236, respectively), this discussion will primarily focus on the phenotypic and 

physiological characteristics of the newly generated molecularly modified plant lines, MIM396 

and MIR396, in comparison to control grown, non-stressed Col-0 seedlings. Specifically, when 

visualising the phenotypic response of each of the Arabidopsis seedlings, under each growth 

condition, there was striking variation in the growth and development of each Arabidopsis plant 

line (Figure 3.3). Therefore, the same quantitative measurements utilised in Chapter II, 
including; fresh weight (Figure 3.4), rosette area (Figure 3.5), primary root length (Figure 
3.6), anthocyanin accumulation (Figure 3.7) and chlorophyll a and b content (Figure 3.8A-B), 

were selected to quantify the varying degree of stress response displayed by each of the three 

assessed plant lines. In addition to these phenotypic and physiological analyses, RT-qPCR 

was employed to quantify the abundance of the miR396 sRNA and the expression of each of 

its targeted genes in Arabidopsis, including GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9 

(Figure 3.9). This analysis was conducted to provide a more detailed understanding of the 

abundance profiles of miR396 and each of its targeted GRFs required to equip Arabidopsis 

with the phenotypic and/or physiological ability to adapt to, and/or to tolerate the abiotic stress 

conditions of P deficiency and salinity. While the developmental phenotype of MIM396 and 

MIR396 plants at 15 d old (under control and abiotic stress conditions) was the focus of this 

study, the vegetative and reproductive development for of MIM396 and MIM396 is presented 

in Figure A.6.2 (page 269). 
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3.5.2.1  Molecularly Modified miR396 Abundance Provides 
   Arabidopsis Seedlings with Superior Phenotypic Traits 
   Under Non-Stress Growth Conditions  
 In order to document any influence that the miR396/GRF regulatory module was 

having on the growth and development of 15 d old Arabidopsis seedlings, the phenotypic traits 

and molecular profiles quantified for control grown MIM396 and MIR396 plants were compared 

to that of non-stressed Col-0 seedlings. It was highly promising to observe that control grown 

MIM396 seedlings had elevated fresh weight (Figure 3.4) and rosette area (Figure 3.5) 

metrics in comparison to control grown Col-0 seedlings. However, the remaining phenotypic 

assessments of primary root length (Figure 3.6), anthocyanin accumulation (Figure 3.7) and 

chlorophyll a and b content (Figure 3.8A-B) remained largely unchanged compared to those 

of control grown Col-0 plants. When considering the molecular data presented in Figure 3.9, 

that is, in comparison to Col-0 seedlings, miR396 abundance was significantly reduced, while 

the expression of each of the targeted GRFs (excluding GRF7) was significantly elevated, the 

documented increase in the fitness of the shoot architecture of MIM396 plants is unsurprising. 

More specifically, the miR396 targeted GRFs, GRF1, GRF2, GRF3 and GRF9, have each 

been shown to play a role in leaf growth and development, specifically leaf morphology 

(Beltramino et al., 2018; Kim and Kende, 2004; Kim et al., 2003; Omidbakhshfard et al., 2018), 

potentially accounting for the documented increase in fresh weight and rosette area for control 

grown MIM396 plants. Previous studies by Kim and Kende (2004), Kim et al., (2003) and 

Beltramino et al., (2018), each demonstrated that elevated GRF1, GRF2 or GRF3 expression 

correlated with shoot growth promotion in Arabidopsis. Conversely, heightened GRF9 

accumulation has been previously considered a negative regulator of leaf development 

(Omidbakhshfard et al., 2018). Therefore, the documented 2.2-fold increase in the expression 

of GRF9 in MIM396 seedlings could be considered insubstantial compared to the cumulative 

4.5-, 2.6-, 4.1-fold increases in the expression of the positive growth regulators, GRF1, GRF2 

and GRF3, respectively. As GRF7 has primarily been associated with abiotic stress responses 

in Arabidopsis, it was not surprising to observe that its expression was not altered across 

control grown Col-0 and MIM396 plants (Kim et al., 2012). While it was interesting to note that 

GRF8 expression was 7.5-fold higher in control grown MIM396 seedlings compared to its 

expression in the Col-0 controls, no research has been conducted to date that has reported a 

role for GRF8 in Arabidopsis development, with this lack of GRF8 characterisation presenting 

an interesting avenue for further investigation in the future.  

 Via the comparison of the phenotypic characteristics displayed by control grown 

MIR396 seedlings to those of Col-0 control seedlings of the same age, mild reductions were 

observed for all phenotypic and physiological assessments conducted on the miR396 
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overexpression line. However, none of the observed reductions were considered to be 

statistically significant compared to the corresponding metric expressed by control grown Col-

0 seedlings (Figure 3.4-3.8A-B). When considering the miR396 accumulation and GRF 

expression profiles of MIR396 seedlings to those of Col-0 plants (Figure 3.9), miR396 

accumulation was modestly elevated 1.9-fold. Although this elevated level was determined to 

be statistically significant, this alteration to miR396 abundance resulted in mild alterations to 

the expression profiles of its targeted GRFs, particularly those involved in Arabidopsis growth 

and development. More specifically, while GRF1 expression was significantly reduced by 1.6-

fold, GRF2, GRF3 and GRF9 expression was altered by -1.2-, -1.3- and 1.4-fold, respectively. 

As GRF1, GRF2 and GRF3, have been previously identified as positive regulators of leaf 

development and morphology, and GRF9 a negative regulator of these traits; the mild 

alterations in the expression of each of these GRFs may account for the mild and statistically 

insignificant alterations in the phenotypic and physiological characteristics displayed by the 

MIR396 plant line (Figure 3.4-3.8A-B; Beltramino et al., 2018; Kim and Kende, 2004; Kim et 

al., 2003; Omidbakhshfard et al., 2018). Similar to MIM396 seedlings, it was unsurprising to 

note that under control growth conditions, GRF7, a known stress responsive GRF, was 

unchanged from its Col-0 expression level. It was also of interest to observe that the 

expression of the GRF8 transcript was significantly reduced. However, again, the potential 

role of GRF8 in Arabidopsis growth and development (if any) remains to be experimentally 

characterised.  
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3.5.2.2   Molecularly Modified miR396 Abundance Alter 
  the Tolerance of Arabidopsis Seedlings to P Deficiency 
  and Salt stress 

 Prior to assessing how Arabidopsis seedlings with molecularly modified miR396 

abundance responded to the P- and salt stress growth regimes, Col-0 seedlings were 

phenotypically and molecularly analysed to determine the response of 15 d old wild-type 

Arabidopsis to these two abiotic stresses. Consistent with previously obtained phenotypic and 

physiological data (Appendices A.1.3 and A.1.4, pages 193-210; 211-236, respectively), 
exposure to P deficiency or salt stress resulted in significant reductions to the fresh weight 

(Figure 3.4), rosette area (Figure 3.5) and primary root length (Figure 3.6) of Col-0 plants. 

Further, P- and salt stressed Col-0 seedlings were determined to have significantly elevated 

anthocyanin abundance (Figure 3.7). Interestingly, while P- stress was determined to have no 

impact on the chlorophyll a and b content of Col-0 seedlings, salt stress induced significant 

reductions to the abundance of both photosynthetic pigments (Figure 3.8A-B). To attempt to 

account for this sensitivity to each of the imposed 7 d abiotic stress growth regimes, RT-qPCR 

was used to assess the accumulation level of miR396 and the expression of each of its 

targeted GRFs, including GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9 (Figure 3.9). As 

previously shown (Figure 3.2), miR396 accumulation and GRF7 abundance were again 

determined to be significantly reduced in response to P deficiency. Given the documented role 

of GRF7 in the repression of the well characterised Arabidopsis stress responsive gene, 

DREB2A, this reduction in GRF7 expression, and therefore GRF7 protein abundance, would 

be necessary for Col-0 seedlings to mount a molecular response to P- stress (Kim et al., 2012). 

Interestingly, the expression of each of the other GRFs assessed, namely GRF1, GRF2, 

GRF3, GRF8 and GRF9, were also significantly downregulated by 2.0-, 2.3- and 2.6-, 4.5- and 

2.4-fold, respectively. As the predominate mode of target gene regulation directed by a plant 

miRNA is mRNA cleavage, it was surprising to observe miR396 accumulation and miR396-

targeted GRF expression were both reduced in response to P- stress. While this finding is 

suggestive of the less favoured miRNA-directed translational repression mode of target gene 

expression regulation, the reduction in GRF abundance may partially account for the 

phenotypic sensitivity observed in Col-0 seedlings exposed to P- stress. Specifically, GRF1, 

GRF2 and GRF3 have each been identified as positive regulators of the size and morphology 

of Arabidopsis leaves (Beltramino et al., 2018; Kim and Kende, 2004; Kim et al., 2003). 

Therefore, it is reasonable to suggest that the significant reduction in whole plant fresh weight 

and rosette area observed in Col-0 seedlings exposed to a 7 d P- growth regime may in part 

stem from the significant reduction in GRF1, GRF2 and GRF3 expression. Alternatively, GRF9 

has been identified as a negative regulator of leaf development, and while it would be expected 
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that the documented 2.4-fold reduction to GRF9 expression would be accompanied by the 

promotion of cell proliferation in leaf primordia, this is perhaps negated by the large reductions 

observed in the expression level of GRF1, GRF2 and GRF3 (Omidbakhshfard et al., 2018). 

Interestingly, while the expression of GRF8 was found to be reduced 4.5-fold in Col-0 

seedlings grown under P deficient conditions, in Arabidopsis, a role (if any) for GRF8 in 

response to abiotic stress has not yet been identified. However, in rice, OsGRF8 has been 

shown to play a role in mediating the flavonoid biosynthetic pathway and plant resistance to 

brown planthopper infestation (Dai et al., 2019). 

 To account for the severe phenotypic and physiological impact a 7 d 150 mM NaCl 

treatment had on Col-0 plants, RT-qPCR again was employed to assess miR396 accumulation 

and the expression of its targeted transcripts. Near identical to the previously obtained data 

(Figure 2.12) for Col-0 seedlings post their exposure to salt stress, miR396 abundance was 

determined to be significantly upregulated by 2.1-fold while the expression of GRF7 was 

revealed to be accordingly reduced by 2.4-fold (Figure 3.9). Again, given that GRF7 has been 

documented to be a negative regulator of the Arabidopsis stress responsive gene, DREB2A, 

this reduction in GRF7 expression, and therefore GRF7 protein abundance, in salt stressed 

Col-0 seedlings formed an unsurprising result (Kim et al., 2012). As the salt stress growth 

regime significantly impaired Col-0 shoot architecture development, it was a surprise 

observation that the expression of GRF1, GRF2, GRF3 and GRF9, known regulators of 

Arabidopsis leaf morphology, was only mildly altered. However, it should be noted that while 

the expression of GRF1, GRF2, GRF3 and GRF9 was only mildly altered by -1.5-, -1.1-, -1.3- 

and 1.3-fold, respectively, these expression changes are consistent with the reduced fresh 

weight and rosette area observed for salt stressed Col-0 seedlings (Figure 3.4-3.5; Beltramino 

et al., 2018; Kim and Kende, 2004; Kim et al., 2003; Omidbakhshfard et al., 2018). Similar to 

the observed impact that P- stress had on Col-0 seedlings in response to salt stress, GRF8 

expression was again observed to be significantly altered by -2.1-fold. This expression change 

again suggested that reduced GRF8 expression, and therefore GRF8 protein abundance, 

forms a necessary molecular change in order for Col-0 seedlings to respond to conditions of 

abiotic stress.  

 To determine if either of the molecularly modified plant lines provided Arabidopsis with 

an altered tolerance to either P- or salt stress, each of the phenotypic and physiological 

assessment were compared to that of control grown Col-0 seedlings (Figure 3.4-3.7). Again, 

MIM396 seedlings produced the most interesting finding, appearing to be the most tolerant of 

the three Arabidopsis lines assessed to both P- and salt stress, based on each of the 

characterised phenotypic and physiological markers of stress. Specifically, in comparison to 

the MIM396 controls, when MIM396 plants were cultivated under P- growth conditions, they 
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were determined to have a milder reduction in fresh weight (Figure 3.4), rosette area (Figure 
3.5), primary root length (Figure 3.6) and chlorophyll a and b content (Figure 3.8A-B), while 

also displaying the mildest increase in anthocyanin accumulation (Figure 3.7). Together, the 

assessed parameters repeatedly indicated that the MIM396 plant line had an elevated 

tolerance to the imposed stress. Similarly, in response to salt stress, the MIM396 plant line 

again presented a milder degree of reduction to its primary root length (Figure 3.6) and 

chlorophyll a and b content (Figure 3.8A-B), while also displaying the mildest increase in 

anthocyanin accumulation (Figure 3.7). To account for the elevated phenotypic and 

physiological tolerance that the MIM396 plant line displayed compared to Col-0 seedlings post 

their exposure to the two assessed stresses, the miR396 accumulation and GRF expression 

profiles were next assessed (Figure 3.9). This analysis revealed that P- stressed MIM396 

seedlings accumulated 3.8-fold less mature miR396 sRNA than control grown Col-0 

seedlings. It was therefore unsurprising to observe the expression of GRF1, GRF2 and GRF3 

was significantly elevated by 4.2-, 1.9-, 2.2- fold respectively, in P- stressed MIM396 seedlings. 

The elevated accumulation of these three positive regulators of Arabidopsis leaf development 

may partially account for the milder reductions observed in shoot architecture (Beltramino et 

al., 2018; Kim and Kende, 2004; Kim et al., 2003; Omidbakhshfard et al., 2018). Further to 

this point, the negative regulator of Arabidopsis leaf development, GRF9, presented an 

insignificantly altered expression change (Omidbakhshfard et al., 2018). Consistent with 

observations made of P- stressed Col-0 seedlings, GRF7 expression was reduced by 2.2-fold 

in P- stressed MIM396 plants. As Kim et al., (2012) has shown Arabidopsis seedlings with 

reduced GRF7 are more tolerant to osmotic stress, it can be speculated that the 2.2-fold 

reduction in GRF7 expression could potentially be assisting the MIM396 seedlings to mount 

an adaptive response to growth in a phosphate deficient environment.  

 Similar miR396 accumulation and GRF expression trends were determined for salt 

stressed MIM396 seedlings. That is, the expression of the positive regulators of Arabidopsis 

leaf morphology, GRF1, GRF2 and GRF3, was significantly elevated by 3.2-, 2.7-, 3.4- fold, 

respectively. Further, the expression of GRF7 was again demonstrated to be significantly 

reduced by 3.8-fold in salt stressed MIM396 seedlings: an expected result based on the 

previous findings that revealed that reduced GRF7 protein abundance is critical for the 

subsequent upregulation of DREB2A gene expression, with the subsequent enhanced 

abundance of the DREB2A protein necessary for Arabidopsis to mount an abiotic stress 

response (Kim et al., 2012). It was very interesting to note that when MIM396 seedlings were 

exposed to salt stress, GRF9 abundance was elevated 3.0-fold in comparison to non-stressed 

Col-0 seedlings. As a previous study by He and colleagues (2015) demonstrated that an 

Arabidopsis GRF9-overexpression line maintained ‘better whole-plant growth and root growth’ 
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in response to PEG treatment, this elevation in GRF9 expression (and therefore elevated 

GRF9 protein abundance) may in part account for the milder reduction in primary root 

development observed in salt stressed MIM396 seedlings.  

 In comparison to non-stressed MIR396 seedlings, when exposed to P- and salt stress 

growth regimes, MIR396 seedlings had large reductions in primary root length (Figure 3.6) 

and chlorophyll a and b content (Figure 3.8A-B), while also displaying the largest increase in 

anthocyanin accumulation (Figure 3.7). Additionally, in response to a P- stress growth regime, 

MIR396 seedlings presented large reductions in fresh weight and rosette area in comparison 

to non-stressed MIR396 seedlings, but these phenotypic parameters were not as sensitive as 

Col-0 seedlings and MIM396, largely due to the reduced non-stressed fresh weight and rosette 

area of these seedlings. Further in response to a salt stress growth regime, while MIR396 

seedlings did not present the greatest reduction to either fresh weight (Figure 3.4) or rosette 

area (Figure 3.5), largely due to the smaller sized shoot architecture displayed by non-

stressed MIR396 seedlings, they were certainly the smallest of all three Arabidopsis lines after 

exposure to a 7 d 150mM salt stress growth regime. This positioned MIR396 seedlings as 

more susceptible to P- and salt stress in comparison to MIM396 seedlings and more 

susceptible to salt stress than Col-0 plants. When RT-qPCR was utilised to determine what 

was occurring at a molecular level in MIR396 seedlings exposed to P- stress, it was determined 

that the abundance of miR396 and each of the GRFs all remained at approximate non-

stressed Col-0 levels (Figure 3.9). Although miR396 abundance in P- MIM396 plants was 

reduced in comparison to non-stressed MIR396 seedlings, failure to modify the miR396 

targeted GRF profile readily highlights the regulatory module has been disrupted in MIR396 

plants.  

Similarly in response to salt stress and despite miR396 accumulation levels being upregulated 

2.9-fold, the accumulation levels of each of the miR396-targeted GRFs were determined to be 

at approximate non-stressed wild-type levels, excluding GRF8 which was reduced 2.4-fold. 

While this result was surprising, this failure to largely modify GRF accumulation levels in 

response to a P- or salt stress growth regime may account for the phenotypic and physiological 

sensitivity of MIR396 seedlings. Specifically, as elevated GRF3 and GRF9, in addition to 

reduced GRF7 are associated with improved abiotic stress tolerance, the unchanged 

accumulation levels of GRF3, GRF7 and GRF9 comparative to non-stressed Col-0 seedlings 

may partially account for the poor phenotypic performance of these seedlings when exposed 

to conditions of P- or salt stress (Beltramino et al., 2018; He et al., 2015; Kim et al., 2012).
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4.1 Chapter Overview/ Rationale 
 Stemming from the molecular data presented in Chapter II, the miR399/PHO2 

regulatory module was selected for further investigation. Specifically, RT-qPCR analysis 

indicated that the miR399/PHO2 regulatory module was highly responsive to each of the 

applied abiotic stress growth regimes, including heat, mannitol and salt stress. In addition, 

DRB1, DRB2 and DRB4 were also demonstrated to play central roles to ensure the 

appropriate regulation of miR399 abundance and/or PHO2 expression (Figure 2.11 and 
Figure 2.13).  

 As the miR399/PHO2 regulatory module is well demonstrated to be crucial to the ability 

of a plant to attempt to adapt to growth in a P deficient environment (Bari et al., 2006; Fujii et 

al., 2005; Hsieh et al., 2009; Lin et al., 2008), Col-0, drb1, drb2 and drb4 were exposed to P 

deficient growth conditions to attempt to further define the roles that DRB1, DRB2 and DBR4 

mediate for the appropriate balance of the miR399 and PHO2 RNA molecules under an abiotic 

stress previously shown to directly impact this regulatory module. Moreover, as the 

miR399/PHO2 regulatory module was shown to be highly responsive to salt stress (Figure 
2.10), this chapter utilised the same two molecular approaches presented in Chapter III to 

create Arabidopsis plant lines with reduced and elevated mature miR399 sRNA abundance, 

termed ‘MIM399’ and ‘MIR399’ plants, respectively. As outlined in thesis Chapter III for the 

miR396/GRF regulatory module, MIM399 and MIR399 seedlings were cultivated along with 

Col-0 seedlings under control, P deficient and salt stress growth regimes to identify any 

phenotypic and/or physiological sensitivity or tolerance to either P deficiency and/or salt stress. 

Further, RT-qPCR was used to determine the molecular profiles of the newly generated 

MIM399 and MIR399 plant lines. Specifically, miR399 abundance and the expression of PHO2 

was compared between wild-type Arabidopsis (Col-0) plants, and the MIM399 and MIR399 

lines under control, P deficient and salt stress conditions. 
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4.2 Introduction 
4.2.1  The microRNA399/PHOSPHATE2 Regulatory Module in 
  the Plant Development and Abiotic Stress Response 
 

 The miR399/PHO2 regulatory module has been well documented to direct a central 

role in modulating phosphate (P) uptake and to maintain phosphorous (P) homeostasis, both 

essential processes needed to ensure a plant can tolerate P deficient growth conditions (Bari 

et al., 2006; Fujii et al., 2005; Hsieh et al., 2009; Lin et al., 2008). A detailed literature review 

on the role of the Arabidopsis miR399/PHO2 molecular module in maintaining P homeostasis, 

can be found in the ‘1. Introduction’ section of the following publication: 

 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

are required for appropriate regulation of the microRNA399/ PHOSPHATE2 expression 

module in Arabidopsis thaliana. Plants, 8(5), 124. 

 

 A copy of this publication can be found in Appendix 1 (A.1.4) of this thesis (pages 

211-236), with ‘1. Introduction’ presented on pages 211-213.  

 

 Further, Figure 4.1 provides a simplified, schematic overview of the role of miR399-

directed expression regulation of PHO2 in root to shoot translocation of Pi under P deficient 

conditions. In addition to the well characterised role the miR399/PHO2 regulatory module 

plays in the ability of Arabidopsis to maintain P homeostasis when cultivated in the absence 

of P, this miRNA/target gene regulatory module has been implicated in other aspects of plant 

growth and development. Specifically, in Arabidopsis, the miR399/PHO2 regulatory module 

has been associated with the early flowering phenotype expressed by Arabidopsis seedlings 

exposed to reduced ambient temperatures (Kim et al., 2011). More recently, the study 

published by Zhu and colleagues (2020), revealed that miR399-directed regulation of PHO2 

expression is required for proper stomatal development in Arabidopsis. Specifically, 

molecularly modified Arabidopsis seedlings overexpressing the MIR399B precursor transcript 

not only had highly reduced levels of PHO2 expression, but also developed increased stomatal 

numbers due to an elevated stomatal density (Zhu et al., 2020). From this demonstration, it 

can be suggested that this phenotypic alteration could modulate the ability of a MIR399B 

overexpressing plant line to respond to various abiotic stresses that demand reduced 

transpiration for plant survival. 
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Figure 4.1  The Arabidopsis miR399/PHO2 pathway under phosphate (Pi) deficient growth 
conditions. When the soil proximal to the root system of Arabidopsis is deficient in phosphate, 
PHOSPHATE STARVATION RESPONSE REGULATOR1 (PHR1) and PHR1-LIKE1 transcriptionally 
activate both MIR399 and PHOSPHATE TRANSPORTER1 (PHT1) family members. The mature 
miR399 sRNA directly targets and represses the expression of PHOSPHATE2 (PHO2/UBC24). 
Therefore, elevated miR399 abundance results in reduced PHO2 expression and the alleviation of 
PHO2-directed repression of PHOSPHATE1 (PHO1) and PHT1 family members. This, in turn, allows 
for enhanced loading of Pi into the xylem for transport to plant source tissues such as actively 
photosynthesising leaves.  
 

 While a large proportion of fundamental studies characterising the miR399/PHO2 

regulatory module have been conducted in the longstanding genetic model plant species, 

Arabidopsis (Bari et al., 2006; Fujii et al., 2005; Hsieh et al., 2009; Lin et al., 2008), the 

miR399/PHO2 module is highly functionally conserved across the plant kingdom (Axtell and 

Meyers, 2018). For example, studies in Hordeum vulgare L. (barley), maize, rice and wheat, 

have all identified the miR399/PHO2 regulatory module to be central to the ability of these 

cropping species to respond to phosphate deficient growth conditions (Du et al., 2018; 

Hackenberg et al., 2013; Hu et al., 2015; Ouyang et al., 2016). While the miR399/PHO2 

regulatory module has been shown to play an additional role in flowering time and stomatal 

development in Arabidopsis, no study (to the best of my knowledge) has been published to 

date reporting on the characterisation of additional roles for this molecular module in the 

growth and development of plant species other than Arabidopsis. Further, only a very limited 

number of studies have identified and/or characterised the role of the miR399/PHO2 

regulatory module in assisting plants to adapt to forms of abiotic stress other than growth in a 

P deficient environment (Jian et al., 2016; Wang et al., 2011). 
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4.3 Material and Methods 
  

 All material and methods used in Chapter IV, pertaining to the; (1) Preparation and 

storage of bacterial competent cells, (2) Molecular cloning, (3) Phenotypic analyses of 

transformed Arabidopsis lines, and; (4) Molecular analyses of transformed Col-0 seedlings, 

have been previously described in Chapter III, Section 3.3 (Pages 81-86). In addition, the 

materials and methods used to induce plant growth in a P deficient environment and under 

conditions of salt stress in this Chapter can be found in the following publications: 

 

Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

Are Required for Appropriate Regulation of the microRNA399/PHOSPHATE2 Expression 

Module in Arabidopsis thaliana. Plants, 8(5), 124. 

 https://www.mdpi.com/2223-7747/8/5/124  

 
Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). Profiling the Abiotic 

Stress Responsive microRNA Landscape of Arabidopsis thaliana. Plants, 8(3), 58. 

 https://www.mdpi.com/2223-7747/8/3/58 

 

 A copy of these publications can be found in Appendix 1 (A.1.4) and Appendix 1 
(A.1.3) of this thesis, pages 211-236 and pages 193-210, respectively. The relevant 

experimental methodologies are detailed in sections; ‘Plant Material and Phosphate Stress 

Treatment’, page 231 and ‘4.1 Plant Material’, page 205, respectively 
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4.4 Results 
4.4.1  The Requirement of DRB1, DRB2 and DRB4 for 
  Appropriate Regulation of the Phosphate Responsive, 
  miR399/PHO2 Regulatory module in Arabidopsis 
 Given the established role of the miR399/PHO2 regulatory module to P deficient 

growth conditions, the crucial role that each of the nuclear localised DRB proteins plays in the 

regulation of this module during P deficient growth conditions was investigated prior to 

investigation of the miR399/PHO2 responsiveness to other abiotic stress conditions of heat, 

mannitol and salt stress: growth conditions to which the miR399/PHO2 module has not been 

investigated for previously. All the phenotypic results in Section 4.4.1 of this chapter, in 

addition to the molecular data pertaining to the characterisation of the miR399/PHO2 

regulatory module, can be found in the publication: 
 
Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

Are Required for Appropriate Regulation of the microRNA399/PHOSPHATE2 Expression 

Module in Arabidopsis thaliana. Plants, 8(5), 124. 

 https://www.mdpi.com/2223-7747/8/5/124  

 

A copy of this publication can be found in Appendix 1 (A.1.4) of this thesis, pages 211-236.  

 

 The key finding of the above publication reveals the necessity of each of the nuclear 

localised DRBs in the appropriate regulation of either the abundance of the miR399 sRNA, or 

the regulation of PHO2 expression during periods of P stress, an encouraging finding that 

further presents the miR399/PHO2 regulatory module as a miRNA-target gene regulatory 

network of interest for additional molecular profiling during periods of heat, mannitol and salt 

stress. While the miR399/PHO2 regulatory module has been extensively characterised for the 

key role it plays in P homeostasis (Aung et al., 2006; Bari et al., 2006; Fujii et al., 2005), very 

few studies have investigated the role of this regulatory module in response to other abiotic 

stresses (with the exception of the Jian et al., (2016) and Wang et al., (2011) publications, 

studies that respectively identified the miR399/PHO2 module as abiotic stress responsive in 

Brassica napus (rapeseed) and Medicago truncatula). Given the (1) high conservation of 

miR399 among land plants (Axtell and Meyers, 2018), (2) diverse protein machinery required 

for appropriate regulation of miR399 abundance and/or PHO2 target gene expression, (3) 

degree of cross talk between nutrient regulation, plant hormones, and the plant abiotic stress 

response (Kohli et al., 2013; Peleg and Blumwald, 2011; Yu et al., 2015), and (4) sRNA-Seq 

analyses revealing the highly responsive nature of the miR399/PHO2 regulatory module to 

https://www.mdpi.com/2223-7747/8/5/124
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heat, mannitol and salt stress (Figure3.4A-B), the miR399/PHO2 regulatory module was 

selected for molecular modification in Arabidopsis with the overarching aim of providing 

additional molecular insights into the interplay between this miRNA and its target gene in 

Arabidopsis development and in the response of Arabidopsis to exposure to either a P 

deficient or saline environment. 

 

4.4.2  The Phenotypic Response of Arabidopsis miR399 

  Molecularly Modified Plant Lines to Phosphate deficiency 
  and Salt Stress 
 

 Having confirmed the miR399/PHO2 regulatory module is responsive to P deficiency 

and salt stress, a miR399 knockdown (MIM399) and a miR399 overexpression (MIR399) line 

was generated in the Col-0 background of Arabidopsis to determine if plants harbouring a 

manipulated miR399/PHO2 regulatory module displayed improved phenotypic and/or 

physiological tolerance to either of the imposed stresses. Consistent with the growth regimes 

used in Chapter II and Chapter III, post germination, 8 d old Col-0, MIM399 and MIR399 

seedlings were exposed to a 7 d treatment period of either P deficient (P-) or salt stress prior 

to phenotypic and physiological assessments being performed. When each plant line was 

visualised at 15 d of age, it was readily evident that the phenotypic response of MIM399 and 

MIR399 seedlings was distinct to Col-0 plants of the same age under each assessed growth 

regime (Figure 4.2). To quantify this variation in phenotypic response, assessments of; (1) 

fresh weight (Figure 4.3), (2) rosette area (Figure 4.4), (3) primary root length (Figure 4.5), 

(4) anthocyanin accumulation (Figure 4.6) and, (5) chlorophyll a and b content (Figure 4.7A-
B) were performed to determine the degree of response of each Arabidopsis line to P- and 

salt stress conditions. As the Col-0 seedlings used for comparative analysis in this chapter are 

identical to those used in Chapter III, the results presented here (Section 4.4.2.1- 4.4.2.5) will 

be primarily focused on the phenotype of the MIM399 and MIR399 seedlings cultivated under 

control, P- or salt stress growth regimes. Similar to Chapter III, as the MIM399 and MIR399 

Arabidopsis plants are newly created mutant Arabidopsis lines, all phenotypic (and molecular) 

analyses found in this chapter are presented comparative to non-stressed Col-0 seedlings as 

detailing of any phenotypic (and molecular) differences between control grown Col-0 seedlings 

and the novel Arabidopsis plants harbouring molecular modifications to the miR399/PHO2 

regulatory module was of high interest.  
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Figure 4.2  Phenotypic and physiological consequence of a P deficiency (P-) or salt stress 
treatment on 15 d old wild-type Arabidopsis (Col-0), MIM399 and MIR399. Phenotypes 
displayed by 15 d old Arabidopsis whole seedlings post a 7 d treatment with P- or salt stress, 
compared to non-stressed seedlings of the same age (left panel). Scale bar = 1.0 centimeter (cm).   
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4.4.2.1  Fresh Weight  
 Whole plant fresh weight was employed to document the readily apparent variation in 

plant size observed for Col-0, MIM399 and MIR399 seedlings post a 7 d cultivation period on 

control, P- and salt stress media (Figure 4.2). As previously shown (Figure 3.4), when 

compared to 15 d old control Col-0 seedlings, Col-0 plants of the same age exposed to P- and 

salt stress presented 32.1% (± 1.8%) and 26.1% (±3.8%) reductions of plant fresh weight 

(Figure 3.4 and Figure 4.3). Analysis of the whole seedling fresh weight of control MIM399 

plants for comparison to control 15 d old control Col-0 seedlings revealed the overall fresh 

weight of miR399 knockdown line remained largely unchanged (106.6% ± 5.1%) (Figure 4.3). 

Interestingly, exposure of MIM399 seedlings to the P- stress growth regime failed to cause a 

significant reduction (reduced by 11.6% ± 3.4%) in the fresh weight of MIM399 plants 

compared to their non-stressed counterparts. However, this mild reduction to fresh weight was 

not observed in MIM399 seedlings grown in the presence of 150 mM NaCl. Rather, these 

seedlings presented a severe 35.9% (±3.2%) reduction in fresh weight compared to MIM399 

control seedlings (Figure 4.3). When assessing if the Arabidopsis plant line generated to over 

accumulate the miR399 sRNA had an altered phenotype compared to unmodified Col-0 

seedlings, it was interesting to observe that control grown MIR399 seedlings had a mildly 

reduced fresh weight (down by 14.2% ± 4.1%). Post exposure of MIR399 plants to a 7 d growth 

period in either the absence of P, or in the presence of 150 mM NaCl, the fresh weight of 

MIR399 seedlings was reduced by 15.4% (± 3.1%) and 35.6% (± 1.9%) respectively, 

compared to 15 d old MIR399 control plants (Figure 4.3). It was interesting to note that with 

respect to overall fresh weight, both miR399 altered lines, MIM399 and MIR399 plants, 

appeared to be more tolerant, at least at the phenotypic level, to cultivation in a P deficient 

environment than were unmodified Col-0 plants. However, the opposite phenotypic trend was 

observed for these two molecularly modified plant lines in response to a 7 d cultivation period 

on plant growth media supplemented with 150 mM NaCl, that is; MIM399 and MIR399 plants 

were more sensitive than unmodified Col-0 plants were to salt stress. 
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Figure 4.3  Whole seedling fresh weight of P- and salt stressed Arabidopsis Col-0 and miR399 
altered lines, MIM399 and MIR399, compared to non-stressed Col-0 seedlings. Error bars 
represent the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six 
individual plants. The presence of an asterisk above a control grown MIM399 or MIR399 column 
represents a statistically significant difference comparative to control grown Col-0. Additionally an 
asterisk above a P- or salt treated Arabidopsis plant line represents a statistically significantly difference 
between the stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; 
** < 0.005; *** < 0.001). 
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4.4.2.2  Rosette Area 

 The visually striking variation in shoot architecture displayed by Col-0, MIM399 and 

MIR399 plants across the three assessed growth regimes (Figure 4.2), further presented 

rosette area analysis as an appropriate assessment metric of varied plant line responses to 

the imposed stresses. Closely paralleling the fresh weight trends observed for Col-0 seedlings 

exposed to P- and salt stress (Figure 4.3), the rosette area of P- and salt stressed Col-0 

seedlings was significantly reduced by 39.9% (±3.5%) and 46.6% (±3.5%) respectively, 

compared to 15 d old control Col-0 plants (Figure 3.5 and Figure 4.4). When the rosette area 

was quantified for control grown MIM399 seedlings, a mild increase of 12.6% (± 3.4%) was 

determined post comparison to that of control Col-0 seedlings of the same age (Figure 4.4). 

It was interesting to note that exposure of MIM399 plants to the P- growth regime, failed to 

direct any real alteration to the rosette area of MIM399 plants. Specifically, when compared to 

the rosette area of control MIM399 plants, only a mild 4.2% (± 3.2%) reduction to rosette area 

was documented for P- MIM399 plants. The presence of 150 mM NaCl again caused the most 

significant phenotypic response, resulting in a large reduction (down by 45.5% ± 3.2%) to the 

rosette area of salt stressed MIM399 plants, compared to that of MIM399 control plants 

(Figure 4.4). Potentially underpinning the significant reduction in seedling fresh weight 

observed in control grown MIR399 seedlings (Figure 4.3), the rosette area of MIR399 control 

seedlings was determined to be reduced by 20.4% (± 3.8%) compared to 15 d old control 

grown Arabidopsis plants. This decline in rosette area became more pronounced when 

MIR399 seedlings were exposed to P- and salt stress growth conditions. Namely, compared 

to MIR399 control seedlings, P- and salt stressed MIR399 seedlings had rosette areas that 

were reduced by 17.4% (± 2.5%) and 27.4% (± 1.1%), respectively (Figure 4.4). Largely 

following the same trends observed for plant fresh weight, when compared to the non-stressed 

counterparts, the shoot architecture of Col-0 seedlings appeared to be more sensitive to 

growth in a P deficient environment than either of the molecularly modified plant lines. 

Curiously, the rosette area of salt stressed seedlings did not follow the same trends as 

observed for plant fresh weight. Specifically, when compared to their non-stressed 

counterparts, the MIR399 plant line appeared to be least sensitive to the application of a 7 d 

cultivation period on plant growth medium supplemented with 150 mM NaCl.  
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Figure 4.4  Rosette area of P- and salt stressed Arabidopsis Col-0 and miR399 altered lines, 
MIM399 and MIR399, compared to non-stressed Col-0 seedlings. Error bars represent the ±SD of 
4 biological replicates and each biological replicate consisted of a pool of six individual plants. The 
presence of an asterisk above a control grown MIM399 or MIR399 column represents a statistically 
significant difference comparative to control grown Col-0. Additionally an asterisk above a P- or salt 
treated Arabidopsis plant line represents a statistically significantly difference between the stress 
treated sample and the respective non-stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 
0.001). 
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4.4.2.3  Primary Root Length 

 As altered root architecture is a well-documented response to P- and salt stress (Acora 

et al., 2011; Fujii et al., 2005; Gao et al., 2007; Pasternak et al., 2005), the primary root length 

was quantified for Col-0, MIM399 and MIR399 plants in response to all three growth regimes. 

Compared to the primary root length of 15 d old control grown Col-0 plants, when 8 d old Col-

0 seedlings were cultivated for a 7 d period on plant growth media devoid of P or supplemented 

with 150 mM NaCl, primary root length was reduced by 47.5% (± 1.8%) and 54.4% (± 1.8%), 

respectively (Figure 3.6 and Figure 4.5). Closely paralleling the aerial tissue observations, 

and when compared to non-stressed Col-0 seedlings of the same age, control grown MIM399 

plants developed primary roots of near identical length (100.4% ± 2.8%). Interestingly, the 

primary root length of MIM399 plants was largely unaffected by the absence of P with only a 

mild reduction of 2.5% (± 2.7%) in primary root length observed. On the other hand, exposure 

to salt stress had a significant impact on the MIM399 primary root development, resulting in a 

31.0% (± 1.2%) reduction to primary root length (Figure 4.5). While elevated miR399 

abundance had significant implications for shoot development of control grown MIR399 plants 

(Figure 4.3), the primary root length of these seedlings was impacted to a lesser degree. 

Namely, compared to control grown Col-0 plants, MIR399 seedlings displayed a mild 12.4% 

(± 2.9%) reduction in primary root length. Similar to the shoot tissue observations, P- and salt 

stress resulted in 13.5% (± 4.9%) and 39.2% (± 1.3%) reductions to MIR399 primary root 

length, respectively, when compared to MIR399 control plants (Figure 4.5). Contrary to the 

large impact that the P deficient growth regime had on the primary root length of Col-0 

seedlings, this form of abiotic stress failed to have a significant impact on the primary root 

length of 15 d old MIM399 or MIR399 plants. In direct contrast to this observation, the 7 d salt 

stress growth regime significantly inhibited the development of the primary roots of all three 

Arabidopsis plant line assessed. However, the analysis presented in Figure 4.5 did indicate 

that Col-0 plants were most sensitive to cultivation in a saline environment, and MIM399 

seedlings the least sensitive. 
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Figure 4.5  Primary root length of P- and salt stressed Arabidopsis Col-0 and miR399 altered 
lines, MIM399 and MIR399, compared to non-stressed Col-0 seedlings. Error bars represent the 
±SD of 4 biological replicates and each biological replicate consisted of a pool of six individual plants. 
The presence of an asterisk above a control grown MIM399 or MIR399 column represents a statistically 
significant difference comparative to control grown Col-0. Additionally an asterisk above a P- or salt 
treated Arabidopsis plant line represents a statistically significantly difference between the stress 
treated sample and the respective non-stressed control sample (P-value: * < 0.05; ** < 0.005; *** < 
0.001). 
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4.4.2.4  Anthocyanin Accumulation 

 It is readily apparent in Figure 4.2 that Col-0, MIM399 and MIR399 plants displayed a 

range of pigmentation in the aerial tissues surrounding the shoot apical meristem (SAM) region 

and extending into the petioles of rosette leaves. This varied pigmentation was suspected to 

be the result of the well documented abiotic stress associated pigment, anthocyanin, and 

therefore, anthocyanin accumulation in each Arabidopsis plant line, and assessed growth 

condition, was determined (Akula and Ravishankar, 2011; Chalker‐Scott, 1999; Kovinich et 

al., 2015). As presented in Chapter III (Figure 3.7), cultivation of Col-0 seedlings on plant 

growth medium either lacking P or supplemented with 150 mM NaCl caused a significant 

60.3% (± 5.0%) and 80.8% (± 2.8%) rise in anthocyanin accumulation when compared to 

control grown plants, respectively (Figure 3.7 and Figure 4.6). Manipulation of the miR399 

abundance profile had no impact on anthocyanin accumulation in the shoot tissues of control 

grown Arabidopsis plants. Specifically, the anthocyanin content of control MIM399 seedlings 

remained largely unchanged at 94.0% (± 5.1%) of control Col-0 seedling levels (Figure 4.6). 

However, when exposed to P- growth conditions, the anthocyanin accumulation of MIM399 

was drastically increased by 126.2% (± 6.3%), compared to control MIM399 anthocyanin 

levels. Similarly, when MIM399 seedlings were cultivated under a salt stress growth regime, 

a dramatic increase in anthocyanin accumulation (76.8% ± 7.7%) was observed compared to 

control grown MIM399 seedlings (Figure 4.6).  

Analysis of anthocyanin accumulation in non-stressed MIR399 seedlings revealed that 

this physiological parameter remained largely unchanged (96.2% ± 2.1%) from that of control 

grown Col-0 seedlings. When MIR399 seedling were cultivated on plant growth media 

deficient in P for a 7 d period, the anthocyanin accumulation of these seedlings was only mildly 

increased by 33.7% (± 8.2%) in comparison to non-stressed MIR399 plants. This however 

was determined to not be the case when MIR399 seedlings were cultivated under salt stress 

conditions with a significant 163.2% (± 5.0%) increase in anthocyanin documented (Figure 
4.6). With respect to the accumulation of anthocyanin, it was a surprise observation that 

exposure to a P deficient growth environment resulted in the MIM399 plant line presenting a 

larger degree of sensitivity to this environment than did Col-0 plants. It was also unexpected 

to observe that with respect to anthocyanin accumulation, seedlings of the MIR399 plant line 

appeared to be the least impacted by this stress regime. This trend was not maintained in 

response to salt stress with MIR399 seedlings accumulating anthocyanin to a much higher 

degree than both the Col-0 and MIM399 plant lines.  
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Figure 4.6  Anthocyanin accumulation of P- and salt stressed Arabidopsis Col-0 and miR399 
altered lines, MIM399 and MIR399, compared to non-stressed Col-0 seedlings. Error bars 
represent the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six 
individual plants. The presence of an asterisk above a control grown MIM399 or MIR399 column 
represents a statistically significant difference comparative to control grown Col-0. Additionally an 
asterisk above a P- or salt treated Arabidopsis plant line represents a statistically significantly difference 
between the stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; 
** < 0.005; *** < 0.001). 
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4.4.2.5  Chlorophyll a and b Content 

 As the photosynthetic capability of a plant is inhibited by exposure to abiotic stress 

(Sudhir and Murthy, 2004), chlorophyll a and b content was next assessed to determine any 

variation in the physiological sensitivity of Col-0, MIM399 and MIR399 plants across the three 

growth regimes. As detailed previously (Figure 3.8A), cultivation of Col-0 seedlings in P 

deficient growth conditions had no significant impact on the chlorophyll a content (95.6% ± 

5.2%) (Figure 3.8A and Figure 4.7A). This was observed to not be the case when Col-0 

seedlings were exposed to salt stress conditions with chlorophyll a levels reduced by 20.8% 

(± 5.0%) (Figure 3.8A and Figure 4.7A). As determined for the anthocyanin assessment, the 

determination of the chlorophyll a content of non-stressed MIM399 plants revealed that this 

photosynthetic pigment remained at approximate wild-type levels (108.5% ± 5.8%). Similarly, 

when MIM399 seedlings were cultivated under P- stress, only a mild change in chlorophyll a 

content (reduced by 10.7 ± 3.9%) was detected when compared to MIM399 control seedlings. 

The deleterious impact of salt stress on Arabidopsis growth and development was again 

evident from this analysis with chlorophyll a content reduced by 29.4% (± 1.1%) in salt 

stressed MIM399 plants, compared to MIM399 control seedlings (Figure 4.7A). The 

chlorophyll a content of MIR399 seedlings followed very similar trends to those observed of 

MIM399 seedlings. Specifically, under the control growth regime, the chlorophyll a content of 

MIR399 plants was only mildly elevated by 12.4% (± 5.4%) compared to that of non-stressed 

wild-type seedlings. Further, this level of chlorophyll a content was maintained when MIR399 

seedlings were exposed to the P deficient growth regime with no significant alteration to 

chlorophyll a levels observed (reduced by 3.9% ± 5.6%). In contrast to this result, salt stress 

caused a dramatic reduction in the chlorophyll a level of MIR399 plants, reduced by 42.0% (± 

3.2%) compared to the chlorophyll a content of MIR399 control seedlings (Figure 4.7A). 

 As expected, the chlorophyll b content of Col-0 seedlings closely mirrored the 

chlorophyll a trends. More specifically, P stress was determined to have no significant impact 

on chlorophyll b content (5.1% ± 6.8%), whereas the exposure of Col-0 seedlings to salt stress 

significant reduced the chlorophyll b content by 40.0% (± 3.9%), compared to that of Col-0 

control plants of the same age (Figure 3.8A and Figure 4.7B). The chlorophyll b content 

trends observed for MIM399 and MIR399 seedlings also closely mirrored those determined 

for chlorophyll a content. Namely, for control grown MIM399 seedlings, and when compared 

to Col-0 control seedlings, chlorophyll b content was only mildly elevated by 13.8% (± 7.1%). 

Similarly, a 7 d exposure of MIM399 plants to P- stress failed to significantly alter their 

chlorophyll b content (reduced by 9.4% ± 3.3%) compared to that of control grown MIR399 

plants. In response to the imposed salt stress growth regime, it was unsurprising to observe 

that the chlorophyll b content of MIM399 seedlings was reduced by 48.5% (± 2.3%) compared 
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to its level in MIM399 control plants (Figure 4.7B). As identified for chlorophyll a content of 

MIR399 seedlings, a standard growth regime resulted in mild increase of 16.0% (± 6.4%) in 

the chlorophyll b content of this Arabidopsis line when compared to Col-0 control seedlings. 

Further, exposure of MIR399 plants to a 7 d growth period in the absence of P, resulted in a 

very mild 5.8% (± 4.1%) reduction to the chlorophyll b content compared to its level in control 

grown MIR399 seedlings. However, exposure to the 7 d salt stress growth regime dramatically 

impacted the chlorophyll b content of MIR399 seedlings with a significant 57.9% (± 5.9%) 

reduction determined. When taken together, the data presented in Figure 4.7 clearly shows 

that the cultivation of Col-0, MIM399 and MIR399 plants for a 7 d period in the absence of P 

had no significant impact on the chlorophyll a and b content of these three Arabidopsis lines. 

However, in direct contrast, the 7 d cultivation period in the presence of 150 mM NaCl reduced 

the content of both chlorophyll a and b in the three assessed plant lines, with the largest 

reduction to the level of both of these photosynthetic pigments observed in the MIR399 plant 

line, and the lowest degree of reduction observed in Col-0 seedlings. 
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Figure 4.7  Chlorophyll a (A) and b (B) content of P- and salt stressed Arabidopsis Col-0 and 
miR399 altered lines, MIM399 and MIR399, compared to non-stressed Col-0 seedlings. Error bars 
represent the ±SD of 4 biological replicates and each biological replicate consisted of a pool of six 
individual plants. The presence of an asterisk above a control grown MIM399 or MIR399 column 
represents a statistically significant difference comparative to control grown Col-0. Additionally an 
asterisk above a P- or salt treated Arabidopsis plant line represents a statistically significantly difference 
between the stress treated sample and the respective non-stressed control sample (P-value: * < 0.05; 
** < 0.005; *** < 0.001). 
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4.4.3 The Molecular Response of Arabidopsis Plant Lines With 
Molecularly Altered miR399 Abundance to Phosphate 
Deficiency and Salt Stress 

The highly conserved plant miRNA, miR399, is a well-documented P responsive 

miRNA that modulates the expression of PHO2 in response to the level of P in the growth 

environment (Bari et al., 2006). Previous studies have shown that this regulatory module is 

responsible for P uptake, and the maintenance of P homeostasis; both essential processes of 

a plant in an attempt to tolerate growth in a P deficient environment (Bari et al., 2006; Fujii et 

al., 2005; Hsieh et al., 2009; Lin et al., 2008). RT-qPCR was next utilised to document the 

molecular variations in the miR399/PHO2 regulatory module across each of the Arabidopsis 

lines grown under the control, P- and salt stress growth regimes. This analysis was conducted 

to account, at least in part, for the varied phenotypic and physiological responses displayed 

by 15 d old Col-0, MIM399 and MIR399 to the three growth regimes assessed. As previously 

demonstrated via RT-qPCR (Figure 2.13A and Section 4.4.1), and when compared to non-

stressed Col-0 seedlings, miR399 accumulation is elevated by 1.9- and 2.4-fold respectively, 

in P- and salt stressed Col-0 seedlings (Figure 4.8). It was therefore unsurprising to observe 

that in P- and salt stressed Col-0 seedlings, PHO2 expression was reduced by 5.0-fold and 

4.2-fold, respectively.  

Determination of the efficacy of the miR399 targeting, miRNA target mimicry construct 

in 15 d old control MIM399 seedlings, revealed that the abundance of the targeted miRNA 

was reduced by 1.9-fold. It was therefore unexpected that the applied RT-qPCR approach 

also revealed that PHO2 expression was also reduced (by ~2.0-fold) in MIM399 control 

seedlings (Figure 4.8). Interestingly, exposure of MIM399 seedlings to a P deficient growth 

regime resulted in the wild-type equivalent accumulation of the miR399 sRNA. Considering 

this, it was highly surprisingly that RT-qPCR revealed that PHO2 expression was dramatically 

reduced by 19.5-fold. When the MIM399 plant line was exposed to salt stress, RT-qPCR 

revealed miR399 abundance to be elevated by 1.9-fold, and the expression of PHO2 to be 

reduced by 1.7-fold (Figure 4.8).  

In non-stressed MIR399 seedlings, the abundance of the miR399 sRNA was elevated 

by 3.2-fold. However, in this plant line, PHO2 expression was only mildly reduced by 1.1-fold. 

Further elevations to the abundance of the miR399 sRNA was observed in P- stressed MIR399 

seedlings when exposed to a P- growth regime with miR399 accumulation 4.5-fold higher in 

MIR399 when compared to non-stressed Col-0 seedlings. Unsurprisingly, the reciprocal trend 

was observed for PHO2 expression in the same P- stressed MIR399 seedlings, specifically, 

PHO2 had accumulated to a level 2.7-fold less than control grown Col-0 seedlings. A 7 d 

growth regime in the presence of 150 mM salt resulted in a large 6.0-fold elevation in the 
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miR399 accumulation while appropriately, PHO2 was determined by RT-qPCR to be reduced 

by 4.5-fold.  

 

 

Figure 4.8  RT-qPCR assessment of miR399 and miR399 target gene, PHO2, in non-stressed and 
stress treated Arabidopsis plant lines. The RT-qPCR determined accumulation of miR399 and PHO2 
in Arabidopsis Col-0, MIM399 and MIR399 Arabidopsis seedlings exposed to each abiotic stress is 
presented relative to control grown Col-0 seedlings. Error bars represent the ±SD of 4 biological 
replicates with each biological replicate consisting of 6 individual plants. The presence of an asterisk 
indicates a statistically significant difference between the expression of each gene determined for 
control Col-0 seedling (p-value: < 0.05, *; P < 0.005,**; P < 0.001, ***). 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter IV  The Phenotypic and Molecular Consequence of Manipulating the miR399 Regulatory Module in 
Arabidopsis 

135 
 

4.5  Discussion  
4.5.1  The Requirement of DRB1, DRB2 and DRB4 for Appropriate 
  Regulation of the miR399/PHO2 Regulatory Module in 
  Arabidopsis 
 As P homeostasis is crucial to both plant development and the adaptive response of a 

plant to abiotic stress, confirming the molecular machinery required for Arabidopsis to maintain 

the appropriate accumulation of the miR399/PHO2 regulatory module was of high interest. 

The requirement of each of the nuclear localised DRBs, namely the requirement of DRB1, 

DRB2 and DRB4 in the production of miR399, the regulation of the expression of the miR399 

target gene, PHO2, and/or the maintenance of P homeostasis, are all discussed in the 

following publication: 

 
Pegler, J. L., Oultram, J. M., Grof, C. P., and Eamens, A. L. (2019). DRB1, DRB2 and DRB4 

Are Required for Appropriate Regulation of the microRNA399/PHOSPHATE2 Expression 

Module in Arabidopsis thaliana. Plants, 8(5), 124. 

 https://www.mdpi.com/2223-7747/8/5/124  

 

A copy of this publication can be found in Appendix 1 (A.1.4) of this thesis, pages 211-236. 

 

4.5.2  Manipulation of the miR399/PHO2 Regulatory Module Results 
  in Altered Growth and Development and the Response of 
  Arabidopsis to Abiotic Stress 
 Having confirmed the; (1) necessity of each of the nuclear localised DRBs, including 

DRB1, DRB2 and DRB4, in the appropriate regulation of the miR399/PHO2 regulatory module 

in Arabidopsis, and; (2) altered regulation of the miR399/PHO2 regulatory module in 

Arabidopsis plant lines defective in the activity of each of the three nuclear DRBs resulted in 

varied phenotypic and/or physiological responses to P- growth conditions being expressed by 

each plant line, the exposure of the newly generated MIM399 and MIR399 plant lines to 

conditions of P- and salt stress was conducted to determine what impact the direct molecular 

manipulation of the miR399/PHO2 regulatory module would have on the ability of Arabidopsis 

to respond to the two imposed abiotic stresses.  

 Post cultivation under control, P deficient, and saline growth conditions, MIM399 and 

MIR399 seedlings were visually compared to their Col-0 counterparts to determine what 

impact modulation of miR399 abundance had on (1) the growth and development of 15 d old 

Arabidopsis seedlings under control growth conditions, and/or (2) the adaptive response of 

https://www.mdpi.com/2223-7747/8/5/124
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these plant lines to exposure to P- and salt stress. As the phenotypic and physiological 

response of Col-0 seedlings exposed to conditions of P- or salt stress has been previously 

discussed (Appendices A.1.3 and A.1.4, pages 193-210; 211-236, respectively), this 

discussion will primarily focus on the phenotypic and physiological characteristics of the newly 

generated molecularly modified Arabidopsis lines via their comparison to Col-0 seedlings of 

the same age. Specifically, when visualising the phenotypic response of each of the 

Arabidopsis seedlings, under each growth condition, there was striking variation in the growth 

and development of each Arabidopsis plant line (Figure 4.2). For that reason and maintaining 

the same quantitative measurements utilised in Chapter II and Chapter III, fresh weight 

(Figure 4.3), rosette area (Figure 4.4), primary root length (Figure 4.5), anthocyanin 

accumulation (Figure 4.6) and chlorophyll a and b content (Figure 4.7A-B), were once again 

applied here to document the varying degree of abiotic stress indicators displayed by each 

assessed plant line. In addition to these phenotypic and physiological analyses, RT-qPCR was 

also employed to quantify the abundance of both the miR399 sRNA, and of its targeted gene, 

PHO2 (Figure 4.8). This analysis was conducted in an attempt to obtain a more detailed 

understanding of the appropriate molecular profile of miR399/PHO2 regulatory module 

required to equip Arabidopsis with the phenotypic and/or physiological ability to adapt to, or to 

tolerate exposure to P- and/or salt stress. While the developmental phenotype of MIM399 and 

MIR399 plants at 15 d old (under control and abiotic stress conditions) was the focus of this 

study, the vegetative and reproductive development for of MIM399 and MIR399 is presented 

in Figure A.6.2 (page 269). 

 

4.5.2.1  Molecularly Modified miR399 Abundance Provides 
   Arabidopsis Seedlings with Superior Phenotypic Traits 
   Under Non-stress Growth Conditions  
 In order to uncover what influence the miR399/PHO2 regulatory module has on the 

growth and development of 15 d old Arabidopsis seedlings, the phenotypic traits and 

molecular profiles of control grown MIM399 and MIR399 plants were compared to those of 

Col-0. When initially assessing the phenotypic and physiological parameters of the MIM399 

plant line, it was noted that the fresh weight (Figure 4.3), rosette area (Figure 4.4), primary 

root length (Figure 4.5), anthocyanin accumulation (Figure 4.6) and chlorophyll a and b 

content (Figure 4.7A-B) were only mildly altered compared to each of these respective metrics 

determined for Col-0 control seedlings. To ensure that the MIM399 seedlings harboured a 

molecular alteration to the miR399/PHO2 regulatory module, RT-qPCR was employed 

(Figure 4.8). This analysis revealed that miR399 abundance was reduced by 1.9-fold in 
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MIM399 control seedlings, compared to Col-0 control seedlings of the same age. It was 

therefore an unexpected finding that the expression of the miR399-regulated transcript, PHO2, 

was also reduced to a similar degree (reduced by 2.0-fold) in 15 d old MIM399 control 

seedlings. Given the well documented role of miR399 in regulating PHO2 transcript 

abundance (Aung et al., 2006; Bari et al., 2006), it was expected that reduced miR399 

abundance would have resulted in elevated PHO2 expression in MIM399 control seedlings. 

The observed reduction to both the level of the miR399 sRNA and that of its targeted transcript, 

PHO2, suggested that either; (1) in addition to predominately regulating PHO2 via mRNA 

cleavage mode of expression regulation, miR399 can additionally modulate PHO2 transcript 

abundance by a translational repression mode of sRNA-directed expression regulation (Aung 

et al., 2006), or (2) PHO2 expression in MIM399 plants was being modulated by a gene 

expression regulatory mechanism other than that directed by the miR399 sRNA.  

Assessment of the phenotypic and physiological parameters of 15 d old control grown 

MIR399 seedlings revealed clear mild reductions to the fresh weight (Figure 4.3) and rosette 

area (Figure 4.4) of this newly generated plant line, compared to those of Col-0 control 

seedlings of the same age. However, this analysis series also showed that primary root length 

(Figure 4.5), anthocyanin content (Figure 4.6) and chlorophyll a and b content (Figure 4.7A-
B) remained largely unchanged in MIR399 control seedlings, from those of Col-0 control 

plants. In control grown MIR399 seedlings, the molecular analysis revealed that the 

abundance of the miR399 sRNA was elevated by 3.2-fold. However, in spite of this 

enhancement to sRNA abundance, the expression of the PHO2 target gene remained 

relatively constant, compared to its expression in Col-0 control seedlings of the same age 

(Figure 4.8). While it was surprising to observe that PHO2 expression in MIR399 plants 

remained similar to that of wild-type Arabidopsis, it was somewhat expected that this miRNA 

overexpression line would be phenotypically distinct to Col-0 plants due to a deregulated Pi 

root to shoot translocation pathway. For example, Aung et al., (2006) have previously 

demonstrated that Arabidopsis plants overexpressing the miR399 sRNA, or defective in the 

activity of PHO2 (i.e., the Arabidopsis pho2 mutant line), excessive Pi accumulation in the 

shoot tissue led to reduced rosette area and the development of areas of both chlorosis and 

necrosis in mature leaves (see Figure A.6.2E, page 269).  
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4.5.2.2  Molecularly Modified miR399 Abundance Alters the 
   Tolerance of Arabidopsis Seedlings to P Deficiency and 
   Salt stress 
 Prior to the assessment of how the two newly generated Arabidopsis plant lines that 

harbour a molecularly modified miR399/PHO2 regulatory module responded to P- and salt 

stress, this regulatory module was molecularly profiled in the Col-0 background to determine 

the wild-type response of this module to the two applied stresses. As previously stated in 

Chapter III (Section 3.5.2.2), exposure of 15 d old Col-0 seedlings to P- or salt stress for a 7 

d period, resulted in significant reductions to Col-0 seedling fresh weight (Figure 4.3), rosette 

area (Figure 4.4) and primary root length (Figure 4.5). Further, both P- and salt stressed Col-

0 seedlings also displayed a significantly elevated anthocyanin content (Figure 4.6). 

Interestingly, while P- stress has no impact on the chlorophyll a and b content of Col-0 

seedlings, salt stress resulted in significant reductions to the abundance of both photosynthetic 

pigments (Figure 4.7A-B). To account for this sensitivity to each stress, RT-qPCR was used 

to assess the accumulation of the miR399 sRNA and to profile the expression of PHO2 

(Figure 4.8). RT-qPCR revealed that miR399 abundance was elevated by 1.9- and 2.4-fold in 

response to P- and salt stress respectively, while accordingly, PHO2 expression was reduced 

by 5.0- and 4.2-fold in response to the upregulated abundance of the miR399 sRNA in P- and 

salt stressed Col-0 seedlings. The altered molecular profile of the miR399/PHO2 regulatory 

model in Col-0 seedlings post their exposure to P- stress was unsurprising with previous 

research having demonstrated that in the absence of Pi, the transcriptional activators, PHR1 

and PHR1-LIKE, promote expression of members of both the MIR399 and PHT1 gene families 

(see Figure 4.1; Rubio et al., 2001). This, in turn, results in elevated miR399 sRNA abundance 

and reduced PHO2 expression, with reduced PHO2 protein activity relieving the ubiquitin-

mediated repression of PHO1 and the PHT1 proteins, proteins that play central roles in Pi 

acquisition and the translocation of the acquired Pi from root to shoot tissue, via the xylem 

(Hamburger et al., 2002; Huang et al., 2013; Poirier et al., 1991). Further, once Pi is unloaded 

from the xylem into photosynthetically active leaves, it is either utilised by the source tissue, 

or it is alternately loaded into the phloem for distribution to other aerial tissues such as the 

reproductive organs or juvenile leaves (Liu et al., 2014). It therefore stands to reason that the 

same behaviour of the miR399/PHO2 regulatory module in response to a salt stress growth 

regime (i.e., elevated miR399 levels and reduced PHO2 expression) is to provide additional 

cellular resources to the aerial tissues of Arabidopsis to assist in responding to this form of 

abiotic stress. Specifically, as salt stress is well documented to have a major impact on primary 

plant functions, such as photosynthesis and cell growth in the shoot tissues of an exposed 

plant (Feng et al., 2014; Meloni et al., 2003; Sudhir and Murthy, 2004), the increased allocation 

of Pi, a key building block of cellular energy and components of photosynthesis, to these 
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tissues may be an attempt to negate the negative impacts resulting from reduced 

photosynthetic capacity and other plant growth parameters with high chemical energy 

demands. 

The assessment of 15 d old seedling fresh weight (Figure 4.3), rosette area (Figure 
4.4), primary root length (Figure 4.5), anthocyanin content (Figure 4.6), and chlorophyll a and 

b content (Figure 4.7A-B) were next conducted on P- and salt stressed MIM399 seedlings to 

identify any sensitivity or tolerance to either of the assessed stresses displayed by this 

molecularly modified plant line. Interestingly, when MIM399 seedlings were cultivated in a P 

deficient environment for a period of 7 d, the phenotypic and physiological parameters of fresh 

weight, rosette area, primary root length, and chlorophyll a and b content were unchanged 

from those determined for control grown MIM399 seedlings. However, considering the readily 

observable darkened pigmentation displayed by P- stressed MIM399 seedlings, it was not a 

surprise to determine that the anthocyanin content of this plant line had been significantly 

elevated. To assess the extent of which the miR399/PHO2 regulatory module was 

underpinning the maintenance of the ‘non-stressed’ or ‘control’ phenotype displayed by P- 

stressed MIM399 seedlings, RT-qPCR was utilised (Figure 4.8). Unexpectedly, RT-qPCR 

revealed miR399 accumulation to remain largely unchanged from that observed in control 

grown wild-type seedlings, yet PHO2 expression was determined to be reduced by 19.5-fold 

in P- stressed MIM399 seedlings. However, this greatly reduced expression of PHO2 may, in 

part, account for both the (1) maintenance of most of the growth and development metrics 

assessed in this study, and (2) significant increase in the stress induced accumulation of 

anthocyanin. Specifically, given that the greatly reduced expression of PHO2 in P- stressed 

MIM399 seedlings, and therefore, great reduced PHO2 protein abundance in this plant line, is 

likely resulting in the uninhibited PHO1/PHT1s (namely; PHT1;4, PHT1;8 and PHT1;9) 

directed Pi translocation to the shoot tissue of these seedlings (Hamburger et al., 2002; Huang 

et al., 2013; Poirier et al., 1991), excess Pi, one of the central molecular building blocks for 

cellular process such as photosynthesis and cellular growth, would allow these processes to 

continue in P- stressed MIM399 seedlings. Further support of this suggestion is the recent 

study by Shukla and colleagues (2017) which showed that mild doses of Pi (1.25-10 mM) lead 

to Arabidopsis seedlings developing significantly larger rosettes. Accounting for the elevated 

anthocyanin accumulation that was additionally displayed by P- stressed MIM399 seedlings, 

are the results reported in a previous study that showed that when Arabidopsis is cultivated 

under phosphate starvation conditions, the activity of the anthocyanin biosynthesis pathway 

is strongly induced by the Gibberellin-DELLA signalling pathway, a pathway which can be 

induced by Pi starvation of Arabidopsis roots (Jiang et al., 2007). 
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 When 8 d old MIM399 seedlings were cultivated on plant growth medium 

supplemented 150 mM NaCl, significant reductions to fresh weight (Figure 4.3), rosette area 

(Figure 4.4), primary root length (Figure 4.5) and chlorophyll a and b content (Figure 4.7A-
B) were observed. In addition, salt stressed MIM399 seedlings further presented a significant 

increase in anthocyanin accumulation (Figure 4.6). Given that MIM399 plants displayed a Col-

0-like response to salt stress, it was not surprising to observe MIM399 seedlings had a 1.9-

fold elevation in miR399 abundance, and a 1.7-fold reduction to PHO2 expression, molecular 

profile alterations comparable to those documented for salt stressed Col-0 seedlings (Figure 
4.8). Again, it stands to reason that in order for Arabidopsis seedlings to mount an adaptive 

response to salt stress, it is necessary for miR399 abundance to be elevated, and for PHO2 

expression to be reduced, as this molecular profile is consistent with the need to provide 

additional Pi to the shoot tissue of Arabidopsis to maintain processes such as photosynthesis 

and cellular growth, processes that are heavily impacted by salinity (Liu et al., 2014; Sudhir 

and Murthy, 2004). 

 An identical set of phenotypic and physiological assessments were conducted on 

MIR399 seedlings cultivated under P deficient and salt stress conditions to determine any 

quantifiable sensitivity or tolerance of this plant line to each assessed stress (Figure 4.3- 4.7A-
B). When grown in the absence of P, significant reductions were observed in the fresh weight 

(Figure 4.3) and rosette area of P- stressed MIR399 plants (Figure 4.4), compared to MIR399 

control seedlings of the same age. Interestingly, each of the other phenotypic and 

physiological assessments, including, primary root length (Figure 4.5), anthocyanin 

accumulation (Figure 4.6) and chlorophyll a and b content (Figure 4.7A-B), remained 

reasonably similar to those documented for control grown MIR399 seedlings. Molecular 

profiling of the miR399/PHO2 regulatory module in P- stressed MIR399 seedlings revealed 

miR399 abundance to be increased by 4.5-fold, and accordingly, the expression of the PHO2 

target gene to be reduced by 2.7-fold (Figure 4.8). As the phenotypic and physiological 

response of MIR399 seedlings was comparable to that of P- stressed Col-0 seedlings, the 

documented accumulation profiles for miR399 and PHO2 were anticipated and likely stem 

from the need of Arabidopsis to mobilise any available Pi stored in the root system for 

translocation and utilisation in the aerial tissues of the plant (Hamburger et al., 2002; Huang 

et al., 2013; Poirier et al., 1991) 

 Of the three Arabidopsis lines assessed in this study, MIR399 seedlings appeared to 

be the most phenotypically and physiologically sensitive to a 7 d cultivation period on plant 

growth medium supplemented with 150 mM NaCl. Specifically, compared to MIR399 control 

seedlings, salt stressed MIR399 seedlings presented the largest increase in anthocyanin 

content and large reductions in fresh weight, rosette area, primary root length and chlorophyll 
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a and b content. Interestingly, salt stressed MIR399 plants were determined to have the largest 

increase in miR399 accumulation level, a 6.0-fold elevation to miR399 abundance, when 

compared to Col-0 control seedlings. It was therefore unsurprising that RT-qPCR revealed 

PHO2 expression to be reduced by 4.5-fold in response to this significant elevation in miR399 

levels in salt stressed MIR399 plants. The sensitivity of 8 d old MIR399 seedlings to a 7 d 

cultivation period in a saline environment may result from the additive impact of multiple 

stresses, specifically; (1) the toxic overaccumulation of Pi which has been shown to occur in 

Arabidopsis seedlings that overexpress the miR399 sRNA, or which lack the functional activity 

of PHO2 (Aung et al., 2006), and; (2) the toxic overaccumulation of Na+ and Cl- ions shown to 

cause the detrimental phenotypic effects associated with plant growth in a salty environment 

(Munns, 2002; Tester and Davenport, 2003). 
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5.1 Summary of Key Results 
5.1.1  Generation of a Heat, Mannitol and Salt Stress 
  Responsive MicroRNA Dataset 

 The overarching aim of this research thesis was to molecularly dissect the miRNA 

regulatory modules that potentially contribute to the ability of Arabidopsis plants to tolerate 

exposure to the abiotic stresses of heat, mannitol and salt stress. Post molecular confirmation 

that wild-type Arabidopsis seedlings were indeed stressed by a 7 d growth regime in the 

presence of heat, mannitol or salt stress (see Chapter II), a sRNA-seq approach was 

employed and revealed that the abundance of 121, 123 and 118 miRNAs was significantly 

altered (>2.0-fold) in response to heat, mannitol and salt stress, respectively (Figure 2.10). 

Not only did this analysis lay the foundation for the selection of the miRNAs, miR396 and 

miR399, for molecular manipulation for the further experimental characterisation of their 

respectively regulatory modules (Chapter III and Chapter IV, respectively), but the dataset 

generated via the applied sRNA-seq approach, post its annotation, also provides an 

outstanding source of reference for the future selection of miRNA regulatory modules for their 

molecular manipulation to also further their experimental characterisation (see Section 5.2.1). 

This research was published in the peer-review journal, Plants, in 2019 to allow for fellow plant 

biology researchers to select key abiotic stress responsive miRNAs for their own specific 

research endeavours (see Publication 3, Appendix A.1.3, pages 193-210). 

  

5.1.2  The Contribution of the Nuclear-Localised DRB Proteins 
to the Arabidopsis MicroRNA Landscape  

 Previous studies have established that the nuclear-localised DRB proteins, DRB1, 

DRB2 and DRB4, each play an essential role in the production stage of the Arabidopsis miRNA 

pathway (Eamens et al., 2011; Eamens et al., 2012a; Fukudome et al., 2011; Hiraguri et al., 

2005; Pélissier et al., 2011; Pouch-Pélissier et al., 2008). The data presented in Chapter II of 

this research thesis provides further extensive evidence of the essential regulatory role that 

DRB1, DRB2 and DRB4 play in miRNA production, both in non-stressed Arabidopsis plants, 

and in Arabidopsis post its exposure to heat, mannitol and salt stress, or when Arabidopsis is 

cultivated in a P deficient environment. Specifically, in the absence of DRB1 activity (control 

grown drb1 seedlings), 111 miRNAs were significantly reduced in their abundance, with 73 of 

these miRNA sRNAs demonstrated to be solely down in the drb1 mutant background (Figure 
2.9). Reduced abundance in the drb1 mutant background only, provides strong evidence that 

these 73 miRNA sRNAs are ‘DRB1-dependent’ with respect to their production. This finding 

also further cemented DRB1, from the five DRB proteins encoded by the Arabidopsis genome, 
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as the primary DRB protein required for the production of both the conserved and non-

conserved miRNA species in Arabidopsis. In addition, this large alteration to the appropriate 

miRNA landscape of Arabidopsis in the drb1 mutant may have potentially underpinned the 

highly interesting observation that anthocyanin accumulation was lost in this mutant 

background (Figure 2.6; discussed in Section 2.5.3). Loss of DRB4 function also had a 

significant impact on the global Arabidopsis miRNA landscape. Specifically, the accumulation 

of 48 miRNAs was reduced in the drb4 mutant background, with 31 of these miRNAs only 

reduced in the absence of DRB4 activity. In addition, all 31 of these ‘DRB4-dependent’ 

miRNAs are classed as non-conserved Arabidopsis miRNAs (classified according to Axtell 

and Meyers, 2018). Therefore, this finding identified DRB4 as the primary DRB protein family 

member responsible for the production of non-conserved miRNAs in 15 d old Arabidopsis 

seedlings. In addition to the identification of the requirement of DRB1 and DRB4 for the 

production of conserved and non-conserved miRNAs respectively, the requirement of all three 

nucleus localised DRB proteins for the appropriate regulation of miRNA regulatory modules 

was demonstrated via the RT-qPCR-based analyses presented in Section 3.4.1 and 

Publication 4 (Appendix A.1.4). Specifically, the loss of DRB1, DRB2 or DRB4 activity 

resulted in altered miR396 and miR399 regulatory module behaviour when these Arabidopsis 

lines were cultivated in the absence of phosphate. Taken together, the data stemming from 

this research thesis readily highlights; (1) the high degree of synergistic and/or antagonistic 

functional interplay between DRB1, DRB2 and DRB4 in the production stage of the 

Arabidopsis miRNA pathway, and; (2) the necessity of this hierarchical order of DRB protein 

function for the generation of the miRNA landscape of wild-type Arabidopsis seedlings under 

both normal growth conditions and when Arabidopsis is exposed to the abiotic stresses of 

elevated temperature, mannitol, P deficiency and salinity.  

 

5.1.3  Characterisation of the Arabidopsis miR396 Regulatory 
Module 

 Previous studies have identified miR396 and its targeted genes, members of the GRF 

family of plant specific transcription factors, to play a key role in the growth and development 

of Arabidopsis, in addition to modulating the response of Arabidopsis to heat, osmotic and salt 

stress (Hewezi and Baum, 2012; Kim et al., 2012; Liu et al., 2009; Omidbakhshfard et al., 2015 

Sakuma et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006). The data presented here in 

this research thesis further revealed that when miR396 is molecularly reduced in the Col-0 

background via a miRNA target mimicry approach, the growth of this plant line, MIM396 plants, 

was promoted when cultivated in control conditions (Figure 3.4-3.5). Further, post a 7 d period 

of exposure to either a P deficient or salt stress environment, MIM396 plants were determined 
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to be less sensitive to these two altered growth environments than non-modified Col-0 

seedlings of the same age for the majority of the phenotypic and physiological assessments 

conducted (Figure 3.3-3.8). To date, and to the best of my knowledge, no study has previously 

identified the Arabidopsis miR396 regulatory module as responsive to phosphate deficiency. 

Molecular characterisation of miR396 abundance, and the expression its targeted genes, 

including GRF1, GRF2, GRF3, GRF7, GRF8 and GRF9, in MIM396 plants tentatively 

suggested that, elevation of the positive regulators of Arabidopsis growth, namely GRF1, 

GRF2 and GRF3, in conjunction with reduced expression of the negative abiotic stress 

response regulator, GRF7, was potentially responsible for the elevated tolerance displayed by 

MIM396 plants to growth in either a P deficient or saline environment (Figure 3.9). Due to the 

varied expression responses of the miR396 target genes, GRF8 and GRF9, to P- and salt 

stress respectively, this study also revealed that further characterisation of the role that these 

two plant specific transcription factors mediate in the response of Arabidopsis to abiotic stress 

is required in the near future to further advance our currently understanding of the global role 

that this miRNA regulatory modules plays both in Arabidopsis growth and development, and 

in the response of Arabidopsis to abiotic stress. 

 

5.1.4  Characterisation of the Arabidopsis miR399 Regulatory 
Module 

 While it is well established that the miR399 regulatory module is central to the response 

of plants to P deficiency, the results presented here (Figure 2.10) revealed that the 

Arabidopsis miR399 regulatory module is also responsive to conditions of heat, mannitol and 

salt stress. To further characterise the role of the miR399 regulatory module in the adaptative 

response of Arabidopsis to P- and salt stress conditions, miR399 knockdown (MIM399) and 

overexpression (MIR399) plant expression vectors were introduced into the Col-0 background 

via Agrobacterium-mediated transformation. This approach revealed that under non-stressed 

conditions, shoot architecture of MIM399 plants was mildly promoted compared to their wild-

type counterparts. In MIR399 plants however, shoot architecture was clearly compromised 

(Figure 4.2-4.4). Further, when collectively considering the phenotypic and physiological 

assessments of plant lines with molecularly altered miR399 abundance, in response to both 

P- and salt stress growth regimes, MIM399 plants were determined to display a higher degree 

of tolerance to both stress treatments than did either wild-type Arabidopsis plants or the 

MIR399 line (Figure 4.2- 4.7). It is speculated that the observed reduction in PHO2 abundance 

in MIM399 plants was likely resulting in unregulated PHO1 and/or PHT1 mediated Pi 

translocation to the shoot tissue of this plant line (Hamburger et al., 2002; Huang et al., 2013; 

Poirier et al., 1991). Pi is one of the central molecular building blocks for cellular processes 
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such as photosynthesis and cell growth, therefore; an abundance of Pi in MIM399 plants would 

allow for such processes to continue during period of stress. While the molecular manipulation 

of the miR399 regulatory module in MIM399 plants appeared to have a positive impact on 

Arabidopsis growth and development, it was readily apparent that the manipulation of the 

same miRNA regulatory module in MIR399 plants, had a negative impact on plant 

development. This finding is largely attributed to; (1) toxic Pi accumulation which has been 

shown to occur in Arabidopsis plants molecularly modified to overexpress the miR399 sRNA, 

or which lack the functional activity of PHO2 (Aung et al., 2006), and; (2) toxic accumulation 

of Na+ and Cl- ions shown to cause the detrimental phenotypic effects associated with plant 

growth in a saline environment (Munns, 2002; Tester and Davenport, 2003). 
 

5.2 Future Directions 
5.2.1  Selection of Heat, Mannitol and Salt Responsive 
  MicroRNAs for Further Characterisation  
 This study used a transformation approach to further characterise two Arabidopsis 

miRNAs via their in planta molecular manipulation. The miRNAs, miR396 and miR399, were 

selected out of a total of 179 miRNAs identified to be responsive to the abiotic stresses of 

heat, mannitol and/or salt stress (Chapter II-IV). The miRNA dataset generated in this study 

provides an extensive source of reference for the selection of additional candidate abiotic 

stress responsive miRNAs for their future functional characterisation studies via a similar 

molecular manipulation approach. Further to this point, during the duration of this research 

thesis, miR408 knockdown and overexpression plant expression vectors were generated and 

transformed into the Col-0 background. While T3 transformant lines were obtained, the 

phenotypic, physiological and molecular characterisation of these molecularly altered miR408 

plant lines under non-stressed and abiotic stress conditions remains an avenue of high interest 

for future research with project time constraints unfortunately prohibiting the completion of 

these analyses as part of this study. 

 

5.2.2  Western Blot Analysis to Demonstrate Translational 
Repression as a Mechanism of Regulation of miRNA 
Target Gene Expression 

 While the predominant mode of miRNA-directed target gene expression regulation in 

plants is via a mRNA cleavage mode of RNA silencing, current research is continuing to 

indicate that translational repression also forms an important mode of miRNA target gene 
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expression regulation (Eamens et al., 2012a; Eamens et al., 2012b; Li et al., 2013; Reis et al., 

2015). When RT-qPCR analysis is used to profile a miRNA regulatory module where the 

mRNA cleavage mechanism of RNA silencing forms the predominant mode of target gene 

expression regulation, miRNA and target gene abundance will show an opposing trend to one 

another. More specifically, if miRNA abundance is elevated in response to an abiotic stress, 

target gene expression will be expected to be reduced due to enhanced target transcript 

cleavage by miRISC. However, when RT-qPCR assessment reveals that the abundance of 

both assessed transcripts trends in the same direction, translational repression is suspected 

to form the predominant mode of miRNA target gene expression regulation. Such a profile is 

presented in thesis figures, Figure 2.12-2.14, 3.9 and 4.8, a finding that suggests that a 

translational repression mode of target gene expression regulation was being directed by the 

miRNA(s) driving the observed expression changes in these regulatory modules. To provide 

more comprehensive evidence that miRNA-directed translational repression is playing a role 

in target gene expression regulation in the assessed regulatory module(s), a western blot 

hybridisation approach using target gene specific antibodies is required to further advance the 

molecular characterisation of the module. Further, comparison of the western blotting results 

to those obtained by RT-qPCR for a given miRNA regulatory module would also allowed for 

the distinction of miRNA-directed translational repression from both the miRNA encoding gene 

(the MIR gene) and the miRNA target gene, responding similarly to the imposed stress. 
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Abstract: In recent years, it has become readily accepted among interdisciplinary agriculturalists 

that the current global crop yield to land capability ratio is significantly insufficient to achieve  food 

security for the predicted population of 9.5 billion individuals by the year 2050.  This issue     is 

further compounded by the: (1) food versus biofuel debate; (2) decreasing availability of arable land; 

(3) required reductions to the extensive and ongoing environmental damage caused by either poor

agricultural practices or agriculture expansion, and; (4) increasingly unfavorable (duration and

severity) crop cultivation conditions that accompany man-made climate change, driven by ever-

expanding urbanization and its associated industrial practices. Mounting studies are repeatedly

highlighting the critical importance of linking genotypes to agronomically beneficial phenotypes

and/or using a molecular approach to help address this global crisis, as “simply” clearing the

remaining natural ecosystems of the globe for the cultivation of additional, non-modified crops is

not efficient, nor is this practice sustainable. The majority of global food crop production is sourced

from a small number of members of the Poaceae family of grasses, namely; maize (Zea mays L.), wheat

(Triticum aestivum L.) and rice (Oryza sativa L.). It is, therefore, of significant concern that all three of

these Poaceae grass species are susceptible to a range of abiotic stresses, including drought and salt

stress. Highly conserved among monocotyledonous and dicotyledonous plant species, microRNAs

(miRNAs) are now well-established master regulators of gene expression, influencing all aspects of

plant development, mediating defense responses against pathogens and adaptation to

environmental stress. Here we investigate the variation in the abundance profiles of six known abiotic

stress-responsive miRNAs, following exposure to salt and drought stress across these three key Poaceae

grass crop species as well as to compare these profiles to those obtained from the well-established

genetic model plant species, Arabidopsis thaliana (L.) Heynh. Additionally, we outline the variables

that are the most likely primary contributors to instances of differential miRNA abundance across the

assessed species following drought or salt stress exposure, specifically; (1) identifying variations in

the experimental conditions and/or methodology used to assess miRNA abundance, and; (2) the

distribution of regulatory transcription factor binding sites within the putative promoter region of

a MICRORNA (MIR) gene that encodes the highly conserved, stress-responsive miRNA. We also

discuss the emerging role that non-conserved, species-specific miRNAs play in mediating a plant’s

response to drought or salt stress.

Keywords: drought stress; salt stress; MICRORNA gene expression; microRNAs; microRNA-directed gene 

expression regulation; differential microRNA accumulation; Poaceae  grass  species;  Arabidopsis thaliana 
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1. Introduction

The global human population relies heavily on the major Poaceae cereal grasses, maize (Zea mays L.), 

wheat (Triticum aestivum L.), and rice (Oryza sativa L.), for their daily calorie intake [1,2].  Covering   a 

large proportion of the global terrestrial land space, Poaceae grasses not only act as a primary 

sustenance source for humans (in the form of calories) but also contribute to agricultural pastures 

(e.g., rye (Secale cereal L.)) used to feed livestock [1,3]. Two other Poaceae grass species, Sorghum 

(Sorghum bicolor (L.) Moench) and sugarcane (Saccharum officinarum L.), form the primary basis of the 

plant material source for biofuel production, further highlighting the central importance of Poaceae 

grasses [4,5]. It is no longer debatable that modern society is challenged with the task of trying to 

address the consequences of climate change, with interdisciplinary research now aiming to provide 

food crop security for an exponentially growing population during times of increasingly unfavorable 

conditions, and in unsuitable crop cultivation environments [6]. Alarmingly,  numerous studies  have 

demonstrated that drought and/or salinity reduce the yield potential of the major cereal crops maize, 

wheat and rice, every growing season [7–14]. Moreover, use of regression modeling based on 

historical data and the predictions based on extrapolated trends of crop yield and climatic trends have 

highlighted the negative impact climate change associated factors (e.g., reduced precipitation) have 

had, and are continuing to have, on global Poaceae crop yield [15,16]. Having greatly modified the 

global land cover over the last fifty years, there has been a shift from the historical clearing of depleted 

grasslands and savannas, to the alarming and current practice of clearing land rich in biodiversity, 

such as tropical forests, for additional grass crop production [17,18]. As one of the largest contributing 

factors to greenhouse gas emissions and biodiversity reduction, this practice reinforces the urgent need 

for an alternate, molecular-based approach that targets crop yield maximization. 

In addition to their central role in regulating developmental gene expression, plant microRNAs 

(miRNAs), and more specifically, miRNA-directed gene expression regulation, have more recently 

been identified as key regulators of plant metabolism, pathogen defense and for a plant to mount   an 

effective adaptive response to abiotic stress [19–21]. Alterations to; (1) miRNA accumulation, and/or; 

(2) miRNA-directed target gene expression regulation have been extensively described in a wide

range of plant species following exposure of the plant under study to abiotic stimuli such as drought

stress, salt stress, extreme temperature (both elevated and reduced temperatures) and nutrient

deficiency [19–26]. Such research has aimed to construct a more detailed molecular understanding  of

the fundamental, abiotic stress induced, miRNA-directed gene expression networks in plants. For

example, the goal of many groups now actively researching in this space is use of knowledge gained

to develop future plant varieties that have been modified to harbor genetic improvements that will aid

in the modified plant’s ability to cope with, or adapt to, an altered growth environment. Additional

studies have further emphasized the critical importance of using a molecular approach to help address

this global crisis, as “simply” clearing even more natural ecosystems for the cultivation of additional,

non-modified crop species is not efficient, nor is this practice sustainable [1,27,28].

Considering the high level of conservation of many MICRORNA (MIR) gene families across the 

monocotyledonous and dicotyledonous evolutionary divide, in conjunction with the phylogenetic 

proximity of agronomically significant Poaceae crop species [29], investigating and manipulating abiotic 

stress-responsive miRNA/miRNA target gene expression modules presents a promising new and 

relatively unexplored avenue for the future development of phenotypically superior cropping species. 

However, a high level of caution is still required when a traditional genetic model plant species, such 

as Arabidopsis thaliana (L.) Heynh (Arabidopsis), is used as the basis of the research platform for 

knowledge advancement in an unrelated and agronomically important species. Furthermore, even the 

use of a closely related plant species can be problematic when researching a multilayered molecular 

mechanism such as miRNA-directed gene expression regulation. Here, we will highlight examples of 

the degree of variation in the profile of six highly conserved miRNAs across several plant species in 

response to each species being challenged with either the insult of drought or salt stress. Moreover, 

the degree of variation in the response of stress-responsive miRNAs to abiotic stress, becomes an even 
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more pronounced challenge when attempting to translate findings made in the traditional genetic 

model plant species, Arabidopsis, to agronomically important Poaceae grass crop species. 

1. The Impact of Drought and Salt Stress on American and Australian Agriculture 

Plant agricultural yield is heavily dictated by climatic conditions [30–32], and although crops are 

equipped to cope with year-to-year weather variability, recent research has shown that the increasingly 

unfavorable conditions that accompany man-made climate change are continuing to have a negative 

impact on global agricultural yield [19,30,33]. The Food and Agriculture Organization (FAO) defines 

the four key dimensions of food security as; (1) availability; (2) stability; (3) access, and;  (4) use,  with 

each of these key dimensions hindered to differing degrees by climate change events,  such     as 

prolonged periods of drought [34–36]. This growing and alarming trend is ultimately reducing the 

global capability to produce the “viable” crop volume required to provide food security, and to 

additionally provide the required volume of material to offer an alternate and sustainable biofuel 

source for an exponentially growing world population [27,37,38]. In recent years, it has become widely 

accepted among plant biologists that the current yield to land capability ratio is significantly 

insufficient to meet the needs of the predicted world population of 9.5 billion individuals by the year 

2050; a population that will require an additional global agricultural output of 60% to 110% [38–40]. 

To highlight the negative impacts accompanying the abiotic stresses, drought and salt stress, abiotic 

stresses that significantly reduce global agricultural output annually, this review focuses on key 

agricultural crop producing regions of the United States of America (US) and Australia, specifically, 

the crop producing areas of the west coast of the US that rely on irrigation sourced from the Colorado 

River, and the Murray-Darling Basin of Australia, respectively. 

In the US, during the 2015–2016 financial year, 345 million (M) tons of maize were produced, 

equating  to  a  projected  total  dollar  value  of  approximately  49  billion  (B)  US  dollars     ($USD; 

$USD49B) [41]. The total tonnage and dollar value of the 2015/2016 US maize crop is not surprising 

considering that from 2013 onwards, 70% of the total human calories consumed globally were derived 

from grasses,  and of this 70%,  maize comprised 91.7% of the C4  grass fraction [42].   However,     the 

possibility of drought to devastate crop yield potential is readily apparent with Daryanto and 

collaegues (2016) demonstrating that a 40% reduction in water availability results in a 39.3% reduction 

to total maize yield [43].  Furthermore, this alarming finding is in addition to the study published   in 

the journal, Nature Climate Change in 2013. Using historical weather records in combination with 

modern prediction software, Dai (2013) confidently modeled that the US will suffer from severe and 

widespread incidents of drought throughout the next century as a direct result of reduced precipitation 

and/or elevated evaporation [15]. 

Domestically, the terrestrial surface of the Australian  mainland  consists  of  approximately 70% 

(5.5 million km2) rangeland of mostly arid to semi-arid climate [44,45]. This environment is 

characterized by; (1) low rainfall; (2) long periods of extreme dryness; (3) infertile soils, and; (4) largely 

being an inappropriate environment to sustain standard agricultural practices [33,44,45]. The lack of 

suitability of this environment within the Australian mainland for agricultural use is further shown 

by the current (March 2018) trend maps obtained from The Australian Government, Bureau of 

Meteorology (retrieved from http://www.bom.gov.au/). These trend maps clearly display an increase 

in annual mean temperature from 1970–2015, a decline in total annual rainfall over the same period 

(1970–2015), and a decline in the Normalized Difference Vegetation Index (NDVI), as of August 2015. 

This publicly available data clearly emphasizes the alarming trends of a rising mean temperature,    a 

reduction in total rainfall, and the almost complete absence of vegetation across the majority of inland 

Australia (as shown by the lack of “green” vegetation observed by satellite generated NDVI imagery). 

Australian agriculture therefore remains heavily reliant on the farming practices of the Murray-

Darling Basin, an agricultural region that currently contributes approximately 40% of the nation’s 

agricultural output, equating to $15B Australian dollars ($AUD; $AUD15B) annually [46,47]. This is 

an impressive production figure considering that the Murray-Darling Basin only   represents 

http://www.bom.gov.au/
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approximately 14% of Australia’s total land surface area [46,47]. Of considerable concern however, are 

the reports indicating that by 2030, surface water availability in this region will be drastically reduced, 

with the utilized data suggesting that this “climatological disaster” has the potential to greatly impede 

Australia’s agricultural commodity production capabilities by up to, and in excess of 27% [48–50]. 

Furthermore, Australia is the world’s sixth largest exporter of agricultural commodities, including; (1) 

dairy products ($AUD2.5B); (2) wheat ($AUD2.0B); (3) other cereal-derived flours ($AUD1.5B), and; (4) 

wine ($AUD3B). Together, these commodities contribute significantly to the global food supply and to 

the national revenue of Australia [47]. It is, therefore, in the nation’s best interest to enhance and refine 

current farming practices to ensure their future stability, efficiency and production capabilities [47]. 

On a global scale, over 800 million hectares of soil is impacted by salinity, including groundwater-

associated salinity, transient salinity, and irrigation-related salinity [51]. Excluding contributing 

climatic and topographic factors, the severity and prevalence of salinity affected soil is enhanced by 

the destructive impact of human activities, be it agricultural or industrial practices [52,53]. Similar to the 

impact of drought stress, increasing salinity is reducing the global capability to meet the ever-

increasing demands for ensuring food security while providing an alternate and sustainable source 

for biofuel production [37,39]. Therefore, the rapidly growing demands for additional cultivatable soil 

poses a significant issue that also requires urgent attention to achieve sustainable food and energy 

production [30–32]. 

In the US, one of the most salt affected rivers, the Colorado River, is also one of the nation’s 

longest rivers, spanning 2330 km across seven US states, and two additional states in neighboring 

Mexico. The Colorado River is also the main source of agricultural irrigation and domestic water 

supply for the Southwest coast of North America. Over three decades ago, Holburt (1984) highlighted 

that up until 1982, salinity was causing $USD113M in damage annually in this region, and further 

predicted that this dollar figure would at least double in future decades [54]. This prediction has 

proved accurate with a 2004 study [55] revealing that salinity associated issues within the Colorado 

basin, were causing $USD150M of annual damage to the entire US agriculture industry, and a total of 

$USD300M damage to the US economy [55]. Moreover, the United States Department of Agriculture 

(USDA) estimated that the state of California (one of the seven US states that the Colorado River and 

its associated tributaries flow through), contributed a total agricultural market value of $USD42.6B in 

2012 to the US economy:  a figure that represents 10.8% of the total US dollar value for that      year 

(https://www.agcensus.usda.gov/). Further, when the USDA further breaks this dollar value down 

into individual contributions made by the crops, maize, wheat and rice, the 2012 Californian crop 

market value of each species in 2012 was $USD419M, $USD341M and $USD782M, respectively (or, 

equating to 0.62%, 2.17% and 27% of the total US value of each cropping species, respectively) 

(https://www.agcensus.usda.gov/). Therefore, considering the dollar value that these three Poaceae 

grass crop species contribute to the US economy, in combination with the demonstrated susceptibility 

of the yield of maize [56], wheat [57,58] and rice [14,59] to salt stress, the immediate requirement for 

adoption of a molecular approach to generate future phenotypically superior varieties of each of these 

species, becomes clear. 

The Murray-Darling Basin again provides an excellent example of the negative impact salinity has 

on Australian agriculture, with approximately 71% of the nation’s irrigated agricultural production 

occurring in this region [46]. The process of large-scale commodity production is rapidly exhausting 

the Murray-Darling Basin’s ecological capabilities because of exploitation, drought (see above), and the 

ever-increasing levels of salinity due to relentless irrigation practices [60,61]. As outlined above, this 

environmental damage has a direct and negative impact on total crop yield and therefore, Australia’s 

annual agricultural revenue [46,62]. In 2004, the Wilson Report estimated that dryland salinity was 

costing the Murray-Darling Basin an approximate $AUD305M loss in profit per annum [63]. Further, 

this dollar value estimate did not include the cost of damage to indigenous heritage sites, nor the 

natural environment of the Murray-Darling basin as a whole [63]. Moreover, given that the agricultural 

practices on which the Wilson Report data was generated, have continued largely unchanged  since 

https://www.agcensus.usda.gov/
https://www.agcensus.usda.gov/


Appendix 1  Publications 

178 
 

the release of the Report in 2004,  it is reasonable to suggest that this extensive level of damage,    and 

the monetary costs associated with this ongoing damage, have only increased in each of the fourteen 

years since the Report’s findings were released. It is also reasonable to state that if measures are not 

implemented in the very near future to enhance current crop capabilities, while in parallel adjusting 

traditional and unfavorable farming practices under the constantly changing environment, rising 

salinity will continue to have a widespread and negative impact for;  (1) landholders;  (2)  rural 

communities; (3) countries that import Australian agriculture products, and obviously; (4) the 

Australian nation and its economy as a whole [46,47,62,64]. 

2. The Role of Plant microRNAs in Response to Drought and Salt Stress 

Abiotic stress, including drought and salt stress, is one of the major contributors to global crop 

destruction and yield loss. Although plants are evolutionary equipped to employ physiological and 

phenotypical mechanisms to adapt to, or to at least tolerate abiotic stress, it is becoming increasingly 

evident that molecular-based approaches offer a new, alternate, and attractive avenue to generate plant 

lines with enhanced tolerance to this form of stress [65]. Abiotic stress tolerance can be engineered into 

new plant lines via the molecular modification of hormone signaling or perception pathways, root 

and/or shoot architecture, osmotic potential, or metabolic pathways [66]. Such a molecular approach 

primarily requires switching on, or switching off, the expression of a specific gene(s) that encodes for 

a specific protein product that is functional at a specific stage of plant development.  However,   a 

molecular approach may also be used to modulate, or to “fine tune”, the expression of a gene to ensure 

that a key metabolic enzyme or other biologically relevant protein product is; (1) at the correct level; 

(2) localized to the appropriate cell or tissue type, or cellular compartment, and; (3) functional as a rate 

limiting step in a complex biochemical pathway [25,67,68]. 

In the genetic model species Arabidopsis,  and once processed from the precursor transcript,    the 

mature miRNA is loaded by the endonuclease, ARGONAUTE1 (AGO1), to form the catalytic core of 

the miRNA-directed, RNA Induced Silencing Complex (RISC), termed miRISC [69]. The activated 

miRISC uses the loaded miRNA small RNA (sRNA) as a sequence specificity determinant to target 

highly complementary messenger RNA (mRNA) transcripts for expression repression via either a 

mRNA cleavage or translational repression mechanism of miRNA-directed RNA silencing [69]. 

miRNAs are well known regulators of developmental gene expression [70] and have more recently 

been identified to also act as central regulators of gene expression in plants to effectively mount; (1) a 

defense response against invading pathogens (including viruses, bacteria, and fungi), or; (2) an 

adaptive response to environmental challenge, namely to respond to abiotic stress stimuli [20,71]. 

Taken together, these findings identify the miRNA class of sRNA, an ideal target for molecular 

modification as part of the future development of plant lines with engineered resistance (or enhanced 

resistance) to abiotic or biotic stress. The first step in the development of such plant lines is the 

molecular manipulation of individual miRNA/miRNA target gene expression modules. The most 

direct route to achieve this goal is the generation of plant lines with altered miRNA abundance. miRNA 

overexpression is a very straightforward procedure and is achieved via fusion of the DNA sequence 

encoding the miRNA precursor transcript to a constitutively, and frequently ubiquitously expressed, 

promoter such as the 35S promoter from the Cauliflower mosaic virus (CaMV), a widely used promoter 

in Arabidopsis transformation approaches [72–75]. Such an approach essentially generates a knockout 

mutation for each gene transcript that harbors a target site sequence complementary to the miRNA 

sRNA being over-expressed (see studies; [76–78], respectively for Arabidopsis, rice, and wheat-specific 

examples). miRNA knockdowns, or complete knockouts, have been generated in planta via the use of 

a range of molecular technologies, including the miRNA mimicry [79,80], MIR gene promoter 

methylation [81], artificial miRNA [82], short tandem target mimicry [83], and miRNA sponge [84] 

technologies. Each approach differs in the degree of efficacy it offers for the suppression of miRNA 

abundance (which also differs for each targeted miRNA, per technology). However, each technology 

allows for the generation of a plant line with elevated miRNA target gene expression, and therefore, 
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enabling use of the generated plant line to study the biological consequence of miRNA target gene 

overexpression. The parallel generation of both a miRNA overexpression (a miRNA target gene 

knockdown plant line) and knockdown (a miRNA target gene overexpression plant line) plant line is 

highly recommended for the accurate assignment of biological function to the miRNA target gene 

whose expression is altered in the resulting engineered plant lines: modified plant lines that would be 

expected to display reciprocal phenotypes when applying the miRNA overexpression and knockdown 

approaches in parallel. 

Numerous studies across the key grass crop species, maize, wheat, and rice, have identified both 

conserved (found across numerous plant species within the plant kingdom) and non-conserved (found 

only in a single species, or a group of closely related species within the plant kingdom) miRNAs 

responsive to either drought or salt stress [85–90]. For example,  the studies of [85–88],  identified  34, 

13, 30 and 5 miRNAs, respectively in maize, wheat, rice, and Arabidopsis, responsive to drought stress.  

Drought-responsive miRNAs were identified in all four of these studies via the application  of miRNA 

microarray hybridization technology. This approach enables direct comparison of the miRNA 

abundance profiles of “stressed” versus “non-stressed” plants [85–88]. Similarly, 98, 44 and 10 

miRNAs were determined responsive to salt stress in the microarray hybridization assays performed in 

maize [89], wheat [90] and Arabidopsis [88], respectively. Additionally, Shen and colleagues (2010) used 

a modified high throughput assessment, a one-tube, stem-loop primer-based, reverse transcriptase 

approach to quantify miRNA abundance via subsequent RT-qPCR assessment [91]. This approach 

identified 18 salt responsive miRNAs in rice [91]. More recent miRNA detection studies, primarily 

rely on the use of next-generation RNA sequencing (of the sRNA fraction) to identify known and 

novel miRNAs responsive to either drought or salt stress [23,92,93]. Next-generation sequencing is a 

high throughput approach that allows for the identification and quantification of transcriptome-wide 

stress-responsive miRNAs (or other RNA transcripts), compared to a more traditional technology, such 

as miRNA microarrays. For example, a next-generation sequencing approach was used in rice [93] and 

wheat [23], to identify 18 and 66 drought-responsive miRNAs, respectively. 

3. The Varying Responses of Six Highly Conserved microRNAs to Drought and Salt Stress 

Curiously, despite instances of high conservation of miRNA sequence, and miRNA target gene 

function,  across diverse plant species,  in combination with the close phylogenetic proximity of   key 

agronomical Poaceae family members, numerous examples of differential miRNA accumulation 

responses to either drought or salt stress have been reported. This is a major issue that requires 

consideration when comparing the profile of Arabidopsis abiotic stress-responsive miRNAs, to those 

obtained from agronomically important crop species. For example, Zhou and colleges (2010) revealed 

that nine miRNAs (including miRNAs, miR156, miR168, miR170, miR171, miR172, miR319, miR396, 

miR397, and miR408) in drought-stressed rice, returned an opposing accumulation profile comparative 

to the miRNA profile of drought-stressed Arabidopsis [87,88]. Such differences in the response of 

individual miRNAs to the same abiotic stress treatment (as determined by sRNA abundance fold 

changes) across Arabidopsis, maize, wheat, and rice, are highlighted in Figure 1. Figure 1 clearly shows 

that the accumulation trend of six highly conserved miRNAs, including miR159, miR164, miR167, 

miR168, miR396 and miR397, can differ following either drought or salt stress treatment of these four 

plant species. The selection of the six miRNAs listed in Figure 1 was based on each miRNA being; (1) 

firmly classified as a highly conserved miRNA; (2) reported in each of the four plant species discussed 

here, and; (3) demonstrated to direct a regulatory role in a plant’s response to abiotic stress in at least 

one of the four plant species focused on in this study. We, the authors, readily acknowledge that several 

recent review articles have detailed the abundance trends of much larger cohorts of miRNAs, and 

across additional plant species to those reported on here (see the following recent reviews [68,94–97]). 

However, the primary focus of this article is to identify the experimental and molecular variables that 

when taken together, potentially account for the reported accumulation differences in the same miRNA 
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sRNA following exposure to abiotic stresses, drought, and salt stress, across the four plant species 

under analysis. 

Figure 1. MicroRNA accumulation trends in Arabidopsis, rice, wheat, and maize in response to drought and salt 

stress. The accumulation of miRNAs, miR159, miR164, miR167, miR168, miR396 and miR397, in response to 

drought and salt stress in Arabidopsis, rice, wheat and maize. Green shaded boxes indicate elevated miRNA 

abundance in response to the applied stress. Red shaded boxes indicate reduced miRNA abundance in response 

to the applied stress. Blue shaded boxes indicate that miRNA abundance has been reported by different studies 

to have an opposing abundance trend post exposure to the same stress. Black shaded boxes identify miRNAs for 

which data is currently lacking in the assessed species. The gene family to which the target gene(s) of each of the 

6 selected miRNAs belongs is indicated in the line immediately below the name of the targeting miRNA at the top 

of each column, more specifically MYB (MYELOBLASTOSIS), NAC (NAM/ATAF/CUC2), ARF (AUXIN RESPONSE 

FACTOR), AGO (ARGONAUTE), GRF (GROWTH REGULATING FACTOR) and LAC (LACCASE). The data used to 

construct Figure 1 was sourced from studies [23,68,85–103]. 

Taking a single example, miR396, from the six presented in Figure 1, differential accumulation 

trends have been reported for this miRNA in drought-stressed Arabidopsis and maize. Namely, in 

Arabidopsis, miR396 abundance was elevated 2.6-fold by drought stress treatment (200 mM mannitol) 

however, miR396 levels were only mildly upregulated by 0.7-fold in drought-stressed maize (16% w/v 

polyethylene glycol (PEG)-6000) [88,101]. Furthermore, this “positive” drought-induced accumulation 

profile for the miR396 sRNA is not universal across plant species. For example, microarray assays of 

“drought-shocked” Emmer wheat (Triticum dicoccoides (Körn.) Thell), demonstrated a negative response 

for miR396 to this stress with miR396 abundance reduced 3.0-fold [86]. Differential abundance trends 

are also observed for miR396 to salt stress across individual plant species. For example, Liu and 

colleagues (2008) showed that in Arabidopsis, miR396 abundance was upregulated 3.0-fold in response 

to a 300 mM salt (sodium chloride (NaCl)) stress growth regime, while an opposing and negative 

accumulation profile was reported for the miR396 sRNA in maize post exposure to salt stress [88,89]. 

It is important to note here however, that the accumulation profile for miR396 was determined via 

microarray analysis in Arabidopsis [88], whereas a PCR-based approach was used to quantify miR396 

abundance in the salt-stressed maize samples [89]. The variation in miRNA abundance profiles across 

the four assessed plant species in response to drought and salt stress exposure extends beyond miR396, 

as readily demonstrated for the other five miRNAs also profiled in Figure 1.  Figure 1 also clearly 
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highlights the degree of caution that needs to be exercised by a researcher when assessing miRNA 

accumulation profiles in response to abiotic stress across individual plant species. 

4. Investigation of the Transcription Factor Binding Site Landscapes of MICRORNA Gene 
Promoters 

To attempt to account, at least partially, for the reported variability in miRNA accumulation 

profiles across plant species exposed to the same abiotic stress, the promoter regions of the MIR gene 

loci of maize, rice and Arabidopsis that encode miRNAs, miR159, miR164, miR167, miR168, miR396 

and miR397, were assessed for the presence of known plant-specific cis-regulatory elements (CREs). 

Utilizing PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), an online 

database that houses 435 known, plant-specific CREs, the three kilobase (kb; 3000 base-pairs) region 

immediately upstream of the MIR gene sequence encoding the precursor-miRNA (pre-miRNA) 

transcript (pre-miRNA; the region of the larger sized non-protein-coding transcript, the primary miRNA 

(pri-miRNA) that folds back onto itself to form the stem-loop structure of miRNA precursor transcript) 

of each assessed miRNA was retrieved from the NCBI (https://www.ncbi.nlm.nih.gov/) database 

for this analysis [104]. To reduce the number of CREs returned for this analysis, search parameters 

within the PlantCARE database were limited to only CREs previously associated with responses to 

plant hormones, circadian rhythm, or abiotic stress (see Table 1). 

 
Table 1. The number of transcriptional cis-regulatory sites in MICRORNA gene promoter regions. The presence 

of known plant-specific cis-regulatory elements (CREs) were identified within the 3 kb region immediately 

upstream of the pre-miRNA encoding sequence (the putative promoter region  of each assessed MIR gene). 

Only plant hormone, circadian rhythm, and abiotic stress-related CREs, were reported for the putative promoter 

regions of the 70 MIR genes that encode the mature miRNAs, miR159, miR164, miR167, miR168, miR396 and 

miR397, of maize, rice, and Arabidopsis, were included in this analysis. 

 
 

 
Mature 

 
Number of 

Number of cis-Regulatory Elements in Promoter 

Region of PRE-MIRNA Encoding Sequence Total 

 

miRNA Pre-miRNAs Hormone 
Related 

Circadian 
Rhythm-Related 

Abiotic Stress 
Related 

 

Ath-miR159 3 (A-C) 20 4 16 40 
Osa-miR159 6 (A-F) 40 8 47 95 
Zma-miR159 8 (A-H) 66 15 56 137 
Ath-miR164 3 (A-C) 25 4 25 54 
Osa-miR164 6 (A-F) 54 5 65 124 
Zma-miR164 8 (A-H) 88 11 76 175 
Ath-miR167 4 (A-D) 20 4 31 55 
Osa-miR167 10 (A-J) 95 28 82 205 
Zma-miR167 4 (A-D) 33 6 31 43 
Ath-miR168 2 (A-B) 11 2 10 23 
Osa-miR168 1 (A) 6 1 14 21 
Zma-miR168 2 (A-B) 16 6 11 33 
Ath-miR396 2 (A-B) 18 2 25 45 
Osa-miR396 3 (A-C) 26 5 16 47 
Zma-miR396 2 (A-B) 12 2 20 34 
Ath-miR397 2 (A-B) 10 3 17 30 
Osa-miR397 2 (A-B) 22 4 9 35 
Zma-miR397 2 (A-B) 17 0 9 26 

 

The online miRNA Repository, the miRBase database (http://www.mirbase.org), was initially 

used to identify the pre-miRNA transcript sequences from which the six mature miRNA sRNAs under 

analysis are liberated. This approach identified 70 unique pre-miRNA transcripts from maize, rice and 

Arabidopsis, and subsequent use of these 70 pre-miRNA transcript sequences in NCBI, further revealed 

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://www.ncbi.nlm.nih.gov/
http://www.mirbase.org/
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that each is derived from a distinct chromosomal position (a unique MIR gene locus) within the three 

searched plant genomes. Upon screening the 3 kb putative “promoter region” upstream of each of the 

70 MIR genes, a total of 1209 CREs relating to plant hormones (n = 579 CREs), circadian rhythm (n = 

110 CREs) and abiotic stress (n = 560 CREs) were identified using PlantCARE (Table 1). The abiotic 

stress-related CREs included in this analysis have been demonstrated responsive to, extreme 

temperature (heat or chilling), drought, anoxic response, aerobic response, and abscisic acid (ABA) 

signaling. Although abiotic stresses such as extreme temperatures or flooding (driving an anaerobic 

response) are not the focus of this review, CREs responsive to such stimuli were included nonetheless. 

Their inclusion was to attempt to document the considerable overlap in complex gene networks that the 

protein products encoded by these genes function in, in a plant that is mounting an adaptive response 

to an array of abiotic stresses [105,106]. Similarly, given the high degree of documented crosstalk 

between the plant hormone directed gene expression pathways throughout development, and/or   in 

response to either abiotic and biotic stress [106–109], all plant hormone related CREs responsive to, 

ethylene, salicylic acid, auxin, ABA, gibberellin,  and methyl jasmonate,  were also included in the 

PlantCARE analyses (Table 1). Table 1 clearly shows that there is a distinct occurrence of CREs 

harbored within the putative promoter region of each MIR gene family assessed (the MIR159, MIR164, 

MIR167, MIR168, MIR396 and MIR397 gene families), and further, that the number, and class of  CRE, 

differs widely per MIR gene family, and per plant species (Arabidopsis, rice, and maize). This wide 

variability in CREs presence/absence, and frequency per MIR gene locus/gene family, could explain 

in part, the documented differences in response of MIR gene expression (and subsequent mature 

miRNA accumulation) to either drought or salt stress across Arabidopsis, rice, and maize. Table 1 also 

clearly indicates that when studying miRNA-directed responses to either drought or salt stress, all 

experimental analyses should be performed in the specific species of interest, in parallel to the 

functional characterization of the miRNA/miRNA target gene expression module in Arabidopsis (if 

such functional studies cannot also be performed in the specific plant species of interest). 

5. Timing, Treatment, Tissue and “Tolerance” to Drought and Salt Stress 

To  further account for the variability in miRNA accumulation profiles in response to drought  or 

salt stress stimuli, the experimental methodology of the stress treatment must also be considered. It 

is readily apparent from investigation of the large body of work stemming from either drought or salt 

stress treatment of plants, that although the “same” abiotic stress is under investigation, there are 

distinct differences arising from variations in the treatment or preparation of tissues being sampled 

for subsequent molecular analyses. Specifically; (1) the time of day the tissue is sampled (morning 

sampling versus sampling in either the afternoon, evening, or night); (2) the developmental phase of 

the plant (e.g. is the plant being stressed during, vegetative phase, reproductive phase or grain/seed 

development?);  (3) the tissue type selected for analysis (whole plant or seedling versus sampling    of 

only the root tissue, shoot tissue, or reproductive tissue); (4) the form of stress treatment applied 

(withholding water from soil cultivated plants versus the use of various osmotica in growth media for 

tissue culture cultivated plants); (5) the severity, timing and length of stress application (mild stress 

application over an extended treatment period versus a short and intense burst of stress application), 

and; (6) the degree of stress tolerance across cultivars of an investigated species, across subspecies, or 

even across closely related plant species. Each of these listed parameters will add to the overall degree 

of observed variance in miRNA accumulation, and therefore, miRNA-directed target gene expression 

regulation, in response to either drought or salt stress. 

Assessment of the CRE landscape of the promoter regions of the six assessed MIR gene families, 

including the MIR159, MIR164, MIR167, MIR168, MIR396 and MIR397 gene families, across maize, 

rice and Arabidopsis, identified 110 CREs related to circadian rhythm harbored within these putative 

promoter sequences (Table 1). The frequency at which circadian rhythm-related CREs were identified, 

suggests that the transcription of these MIR genes is likely already influenced by environmental cues, 

even in the absence of abiotic stress stimuli. Similar findings have already been reported for Arabidopsis 
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miRNAs, miR167, miR168, miR171 and miR398, with the abundance of each sRNA demonstrated   to 

oscillate between night and day [110]. Further, a tiling array of 114 Arabidopsis miRNAs [111] 

identified multiple circadian rhythm-related miRNAs. These two Arabidopsis focused studies, together 

with the CRE data presented here in Table 1, clearly identify the importance of considering temporal 

dynamics when a researcher is deciding on the appropriate time of day to harvest their tissue(s) of 

interest for subsequent molecular assessment of miRNA accumulation and miRNA-regulated gene 

expression responses to drought or salt stress treatment.   The diurnal cycle has also been shown     to 

influence the stability of the key machinery protein, DOUBLE-STRANDED RNA BINDING1 (DRB1). 

In the plant cell nucleus, DRB1 together with functional partners, DICER-LIKE1 (DCL1; an 

endonuclease), and SERRATE (SE; a zinc-finger protein with binding affinity for double-stranded 

RNA (dsRNA)), are an absolute requirement for the accurate and efficient processing of miRNA 

precursor transcripts as part of the production of the mature miRNA sRNA [112–115]. Cho and 

colleagues (2014) demonstrated that in the cytoplasm of Arabidopsis cells, the E3 ubiquitin ligase, 

CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), functions to prevent the protease-mediated 

degradation of DRB1 [116]. At night however, COP1 is imported into the nucleus and this relocation 

allows for protease-mediated cleavage of DRB1 (in the absence of COP1 in the cytoplasm) [116]. Given 

the vital role DRB1 plays in accurate and efficient DCL1-catalyzed miRNA production, this elegant 

study further identifies the importance of considering the time of day that samples are to be harvested 

post drought or salt stress treatment of Arabidopsis. 

Another concern in relation to “timing” is selection of the developmental stage for the application 

of drought or salt stress to the plant. As a plant transitions between developmental stages, such as the 

transition from vegetative to reproductive development (floral transition), or the subsequent transition 

from reproductive to grain and/or seed development, there are pronounced variations to both the 

physiological and phenotypic characteristics of the plant, both of which are underpinned by intricate, 

yet distinct genetic networks [117,118]. Moreover, the gene networks controlling these transitions in 

development, have been shown to be themselves, regulated by miRNAs [119–121]. It is, therefore, 

highly probable that if an abiotic stress such as drought is encountered by a cropping species such  as 

rice during vegetative development, that the molecular responses underpinning the physiological and 

phenotypic alterations at this stage of development, would vary greatly compared to those of a rice 

plant during the reproductive phase of development if an identical stress was encountered. For 

example, He and colleagues (2012) showed that drought stress during reproductive development in 

rice resulted in reduced fertility and therefore, overall yield [122]. However, if rice (as well as most 

other plant species) encounters drought stress during vegetative development, the stressed plant will 

induce ABA regulatory pathways to ensure that its developmental processes are maintained [123–125]. 

Therefore, these two vastly distinct physiological responses to the same stress, when encountered   at 

different stages of plant development, would be directed by highly distinct molecular pathways, 

including unique miRNA-directed gene expression regulation profiles [123,124]. 

Stress severity is a very important consideration when designing an experiment. A plant will 

employ specific molecular and physiological networks depending upon the severity, and the duration, 

of the encountered stress (i.e. is the stress application mild, over an extended treatment period 

requiring the plant to adapt with adjustments in photosynthetic rates and stomatal conductance      or 

is the stress application intense, for a brief treatment period, requiring the plant to circumvent 

irreversible damage with heavily reduced transpiration rates and water retention?). In addition to the 

severity of the applied stress, one must consider the known limitations that exist when using non-ionic 

stress osmotica, such as mannitol (a penetrating osmotica), or PEG (a semi-penetrating osmotica), as a 

substitute for drought stress. Osmotica are frequently used to simulate “drought stress” in the genetic 

model plant Arabidopsis, as a desired concentration (and therefore stress severity) is easily included 

into standard plant cultivation media,  allowing for straightforward monitoring and maintenance   of 

environmental variables.  With these points taken into consideration, not only is there variation  in 

the severity of the stress based on the selected osmotica, unlike “real” drought stress, molecular 
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data has the potential to be skewed when osmotica are used: the molecular and/or physiological 

response of the plant may be accounting for the reduced water status proximal to the root structure, 

and/or to the in planta accumulation of absorbed mannitol or PEG. When investigating miRNA 

accumulation studies across key grasses and Arabidopsis, differences in the treatment used to stimulate 

drought stress exposure are readily apparent. Of the five papers that investigated miRNA responses to 

drought stress in either maize, wheat, rice, or Arabidopsis; one study used mannitol [88], a second study 

used PEG [101], 2 studies withheld water to soil cultivated plants (but to differing degrees) [85,87], 

and Kantar and colleagues (2011) placed plants on paper toweling to induce “drought-shock” [86]. 

Obviously, each of these different approaches to stimulate drought stress would yield different miRNA 

responses, even if each approach was being applied to the same species, and at the same stage of 

development. Furthermore, such a degree of caution should be extended when considering the tissue 

type to be sampled for subsequent molecular profiling. The division of higher plant organs into source 

and sink tissues is well documented. More specifically, source tissues include those organs that are 

photosynthetically active, primarily mature leaves, while sink tissues broadly encompass the 

photosynthetically inert tissues such as immature leaves, seeds, and roots [126,127]. Given the vastly 

different roles played by these tissues types, in conjunction with the known crosstalk between the 

activity of these tissues and plant hormones during periods of abiotic stress, it can be assumed that 

there would be variance (potentially considerable variance) in miRNA levels between these 

tissue/organ types communicating each tissue’s changed physiological requirements during abiotic 

stress [128,129]. Again, when considering the same five papers as above, Liu and colleagues (2008) 

used whole Arabidopsis seedlings 14 days post germination [88], while studies [85–87,101] sampled a 

variety of young, mature, or whole leaf tissue samples for each plant species under investigation. Such 

sampling differences will also add further variance in the results generated, namely the abundance of 

individual miRNA sRNAs under investigation. 

It is also important to note that,  given the demonstrated regulation of the abundance of the  key 

miRNA pathway machinery protein, DRB1, to external cues such as circadian rhythm (see above), we 

next determined whether the encoding genes of other key miRNA pathway machinery proteins, 

including the DCL1, SE, DRB1, DRB2 and AGO1 loci, are responsive to drought or salt stress. To 

address this, the online tool “Expression Angler” was utilized on The Bio-Analytic Resource for Plant 

Biology (http://bar.utoronto.ca/ExpressionAngler/) [130]. The gene identification numbers for 

DCL1, SE, DRB1, DRB2 and AGO1 (AT1G01040, AT2G27100, AT1G09700, AT2G28380 

and AT1G01040, respectively) were retrieved from The Arabidopsis Information Resource (TAIR, 

https://www.arabidopsis.org/). This analysis revealed that there were no significant expression 

changes for the DCL1, SE, DRB1, DRB2 or AGO1 genes when Arabidopsis was exposed to a salt or 

drought stress growth regime.  This finding was unsurprising given that in response to exposure    to 

either stress, the abundance of some Arabidopsis miRNAs is elevated while that abundance of a 

different set of Arabidopsis miRNAs is reduced. 

It is important to note that all plant species, cultivars, or genotypes of a specific species, respond 

differently to either drought or salt stress due to the respective baseline tolerance of each to either stress 

stimulus. Within the Poaceae family of grasses for example, maize, wheat, and rice, are all deemed 

sensitive to reduced water availability or salinity, with each displaying severe yield reductions in 

response to either stress. However, barley (Hordeum vulgare L.), a closely related member within the 

Poaceae family, appears largely unaffected when exposed to either stress [131]. Moreover, it is common 

within abiotic responsive miRNA studies to profile the miRNA landscape of a “tolerant” versus a 

“sensitive” cultivar. Frequently, such studies elegantly demonstrate considerable differences in miRNA 

accumulation profiles for these almost genetically identical plant lines. For example, studies comparing 

maize [89], or wheat [90] cultivars, identified reciprocal miRNA abundance profiles for 8 (an additional 

ten miRNAs were only detected in one cultivar and not the other) and nine miRNAs, respectively in 

response to salt stress.  Similarly, a contrast in stress-responsive miRNA, or transcriptome profiles,   is 

noted for genotypes of the same crop species [23,132,133].     Many contemporary research groups 

http://bar.utoronto.ca/ExpressionAngler/
https://www.arabidopsis.org/
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are utilizing genotype-specific molecular stress responses to compare transcriptomes and/or miRNA 

profiles between genotypes classed as “stress-sensitive” or “stress-tolerant” for the development of 

superior phenotypes for incorporation into future cereal crop breeding programs [23,132,133]. More 

specifically, [23] revealed that the significant difference in stress (water-deficiency) tolerance between 

four closely related genotypes of durum wheat was underpinned by notable differences in their 

respective miRNA profiles. Most notably, 5 novel, and 16 conserved miRNAs, were demonstrated  to 

have reciprocal abundance profiles in the two “stress-sensitive” and “stress-tolerant” genotypes. Each 

of the above outlined variables, including the; (1) timing of stress application; (2) specific form of 

stress treatment applied; (3) tissue sampled for subsequent miRNA profiling, and; (4) degree of stress 

“tolerance” of the assessed species, all require careful consideration when designing a study  to 

identify either drought or salt stress-responsive miRNAs in the plant species under investigation, or 

when a researcher is considering translating miRNA findings made in one species, to a second species, 

regardless of the degree of relatedness of these two species. 

6. Non-Conserved microRNAs Responsive to Drought or Salt Stress 

A further significant limitation to the use of Arabidopsis as a model species for stress-responsive 

miRNA studies is that many of the miRNAs determined “stress responsive” in the species under 

investigation, are not present in Arabidopsis. The advent of high throughput sequencing technologies 

has repeatedly highlighted that each plant species produces a population of miRNA sRNAs specific 

to that species (or across a small clade of closely related species). Such miRNAs are termed, “non-

conserved” or “species-specific” miRNAs, a discovery that further questions the use of Arabidopsis as an 

appropriate model for researchers interested in functionally characterizing miRNA-directed stress 

responses in species such as maize, wheat and rice. For example, Sunkar and colleges (2008) conducted 

RNA sequencing to produce control, drought-stressed and salt-stressed sRNA libraries. This approach 

resulted in the identification of 23 lowly abundant, previously unidentified miRNAs, and an 

additional, 40 candidate novel miRNAs. Furthermore, each of these newly identified miRNAs were 

also shown to have differing abundance across the three generated libraries [102]. Similarly, studies 

by Jiao et al. (2011) and Wei et al. (2009) identified 66 and 23 novel miRNAs in maize and wheat, 

respectively [85,134]. Although these two studies did not investigate the responsiveness of  the 

identified species-specific miRNAs to drought or salt stress, these two studies in conjunction with the 

findings of Sunkar et al.  (2008), readily highlight the shortcomings of using Arabidopsis as   a model 

to study miRNA-directed responses to drought or salt stress application in agronomically important 

cropping species [85,102,134]. Further, given the high prevalence of contemporary research to employ 

high throughput sequencing technologies, one can safely hypothesize that the continued identification 

of species-specific miRNAs, also demonstrated responsive to abiotic stress stimuli, will only further 

highlight this class of miRNA as potential central players in the future development of modified plant 

lines with resistance, or enhanced tolerance, to either drought or salt stress. This is evidenced with 

several recent next-generation sequencing studies identifying novel miRNAs that differentially 

accumulate in response to abiotic stress, such as drought, in the key cereal crops, rice and wheat 

[23,92,93]. Interestingly, of the three novel miRNAs (Osa-cand027, Osa-cand052 and Osa-cand056) 

identified as drought responsive by Berrera and colleagues (2012), published degradome analysis 

failed to identify a putative target gene(s), for any of these three novel miRNAs [93]. Given that target 

genes, such as phosphate transporters, amino acid transporters, and ATP-dependent RNA helicases, 

were identified as target genes for other novel rice miRNAs also identified by Berrera et al. (2012), 

future studies where target genes of these novel species-specific miRNAs are identified, would form 

an additional and interesting avenue of further research. 

7. Conclusions and Future Perspectives 

While not always the case, the accumulation profile of an abiotic stress-responsive miRNA can 

vary considerably across different plant species following exposure to drought or salt stress.      This 
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variation is particularly prevalent when attempting to translate research findings made in the classic 

genetic model plant species, Arabidopsis, to agronomically significant crops, such as maize, wheat or 

rice. Although Arabidopsis has long served as an exceptional model to functionally characterize the 

plant miRNA pathway, including the characterization of miRNA-directed gene expression regulatory 

responses to abiotic stress, findings made in Arabidopsis may have little, to no, biological relevance in 

an agronomically important crop species. Therefore, miRNA-directed responses to drought or salt 

stress need to be experimentally validated in the crop species under assessment prior to the researcher 

undertaking molecular modification of a specific miRNA/miRNA target gene expression module. 

Such an approach will ensure that a similar biological response is elicited in the modified species, 

while also ensuring that other agronomically important parameters, such as yield, are not adversely 

affected by this modification. 

Many researchers now regard plant phenotyping as the bottleneck when attempting to link 

genotype to phenotype for crop improvement [135,136]. Implementation of a high throughput 

phenotyping platform is therefore ideal to overcome this bottleneck as such an approach allows for a 

highly controlled environment, including; watering capabilities in combination with non-destructive 

imagery techniques that can monitor a plants response to stress at regular intervals across the course of 

plant development. Further, the parallel application of high throughput sRNA sequencing technologies 

to complement the high throughput phenotyping platform will allow researchers to identify abiotic 

stress-responsive, and potentially species-specific miRNAs, that underpin a specific crop plant’s ability 

to mount an effective response against the imposed stress; miRNAs that would otherwise remain 

elusive if the same miRNA sRNA exploration study was conducted in the long-standing genetic model 

species, Arabidopsis. 
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Abstract:  It is well established among interdisciplinary researchers that there is an urgent need     to 

address the negative impacts that accompany climate change. One such negative impact is the 

increased prevalence of unfavorable environmental conditions that significantly contribute to reduced 

agricultural yield. Plant microRNAs (miRNAs) are key gene expression regulators that control 

development, defense against invading pathogens and adaptation to abiotic stress. Arabidopsis thaliana 

(Arabidopsis) can be readily molecularly manipulated, therefore offering an excellent experimental 

system to alter the profile of abiotic stress responsive miRNA/target gene expression modules to 

determine whether such modification enables Arabidopsis to express an altered abiotic stress response 

phenotype. Towards this goal, high throughput sequencing was used to profile the miRNA landscape 

of Arabidopsis whole seedlings exposed to heat, drought and salt stress, and identified 121,  123  and 

118 miRNAs with a greater than 2-fold altered abundance, respectively. Quantitative reverse 

transcriptase polymerase chain reaction (RT-qPCR) was next employed to experimentally validate 

miRNA abundance fold changes, and to document reciprocal expression trends for the target genes of 

miRNAs determined abiotic stress responsive. RT-qPCR also demonstrated that each miRNA/target 

gene expression module determined to be abiotic stress responsive in Arabidopsis whole seedlings 

was reflective of altered miRNA/target gene abundance in Arabidopsis root and shoot tissues post 

salt stress exposure. Taken together, the data presented here offers an excellent starting platform to 

identify the miRNA/target gene expression modules for future molecular manipulation to generate 

plant lines that display an altered response phenotype to abiotic stress. 

Keywords: Arabidopsis thaliana; abiotic stress; heat stress; drought stress; salt stress; microRNAs (miRNAs); 

miRNA target gene expression; RT-qPCR 

Introduction 

Anthropogenically driven climate change is a rapidly growing concern globally, forcing 

interdisciplinary research collaborations to provide solutions that address and/or negate the numerous 

negative consequences of a changing climate, with the provision of sustainable food security the 

overarching goal of contemporary agricultural research [1–3]. Throughout the last half-century, 

agriculture has attempted to continue to achieve the food demands of an ever-growing global 

population via the unsustainable practice of clearing biodiverse terrestrial ecosystems for additional 

cultivation of traditional cropping species, an alarming practice that further contributes to the global 

carbon footprint and climate change [4,5]. Considering the capability limitation of the current 

maximum annual global crop yield to land area ratio, it is obvious that alternate strategies are now 

required if cropping agriculture is to continue to ensure food security, whilst terminating unsustainable 

farming practices, and while achieving these goals in an ever increasingly unfavorable environment [4]. 
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Lacking the mobility of metazoa, the sessile nature of a plant requires intricate and interrelated 

gene expression networks to mediate the plant’s ability to physiologically and phenotypically respond 

to its surrounding environment. Such multilayered molecular networks are especially important to a 

plant’s adaptive and/or defensive response when either abiotic or biotic stress is encountered [6,7]. 

Elucidating the gene expression cascades that underpin the ability of a plant to adapt to, or mitigate, 

the negative impact of abiotic stress is the first key step in the development of new plant lines harboring 

molecular modifications which allow the plant to display an altered response phenotype when exposed 

to abiotic stress.   The genetic model plant,  Arabidopsis thaliana (Arabidopsis),  is readily amenable     to 

molecular modification, thereby offering plant biology researchers an excellent experimental system 

to validate which introduced molecular modifications mediate the expression of abiotic stress 

tolerance phenotypes. 

Since their initial identification in Arabidopsis in 2002 [8], plant microRNAs (miRNAs), small non-

protein-coding regulatory RNAs, have been repeatedly demonstrated to be key regulators of gene 

expression across all phases of plant development [9,10], in mediating a defense response against 

invading viral, bacterial or fungal pathogens [11,12], or to direct a plant’s adaptive response to exposure 

to abiotic stress, including the stresses of heat, drought and salt stress [13,14]. Each Arabidopsis miRNA 

is processed from a stem-loop structured precursor transcript, a non-protein-coding RNA that has 

folded back upon itself to form this structure, post RNA polymerase II (Pol II)-catalyzed transcription 

from a unique MICRORNA (MIR) gene [15–17]. Like protein coding loci, the promoter regions of 

many MIR genes harbor cis-elements that contribute to the control of MIR gene expression in response 

to numerous signals external to the cell, including the signals that stem from abiotic stress [18–20]. 

Altered MIR gene expression, and therefore altered mature miRNA abundance, in turn leads to changes 

in miRNA target gene expression, with each miRNA loaded by the miRNA-induced silencing complex 

(miRISC) to be used as a sequence specificity guide to modulate target gene expression via either a 

messenger RNA (mRNA) cleavage or translational repression mechanism of RNA silencing [9,21–23]. 

To date, in Arabidopsis, numerous miRNA/target gene expression modules have been demonstrated to 

be responsive to abiotic stress, with alteration to the molecular profile of some expression modules 

further shown to assist the plant to adapt to abiotic stress due to molecular-driven changes to key 

pathways, such as the photosynthesis, sugar signaling, stomatal control and hormone signaling 

pathways [6,7]. Of particular interest is the demonstration that considerable numbers of MIR gene 

families identified as abiotic stress responsive in Arabidopsis, play a conserved functional role across 

phylogenetically diverse dicotyledonous and monocotyledonous species, including many of the major 

monocot grasses (such as Zea mays, Oryza sativa and Triticum aestivum) cultivated to provide much of 

the daily calorific intake of the world’s population [24–28]. This demonstration identifies the use of 

Arabidopsis as an ideal experimental system to molecularly modify the profile of such conserved abiotic 

stress responsive miRNA expression modules to determine if the introduced modifications enable 

Arabidopsis to display an altered response phenotype to abiotic stress. 

High throughput sequencing was therefore employed here to profile the miRNA landscape of 

wild-type Arabidopsis plants exposed to heat, drought and salt stress. Sequencing identified large 

miRNA cohorts responsive to each applied stress, with 121, 123 and 118 miRNA sRNAs determined to 

have a greater than 2.0-fold abundance change post heat, drought and salt stress treatment of Arabidopsis 

whole seedlings, respectively. For each assessed stress, a quantitative reverse transcriptase polymerase 

chain reaction (RT-qPCR)-based approach was used to experimentally confirm the abundance of  five 

miRNA sRNAs. For each miRNA experimentally validated to have altered abundance post stress 

exposure, RT-qPCR was additionally used to document reciprocal target gene expression profiles to 

further confirm each miRNA/target gene expression module as abiotic stress responsive. Sequencing, 

and the initial RT-qPCR profiling of miRNA abundance and miRNA target gene expression was 

performed on whole seedling samples, therefore RT-qPCR was next employed to confirm the 

documented whole seedling expression trends in Arabidopsis root and shoot tissues post salt stress 

exposure. This analysis showed that the initial abiotic stress responsive miRNA expression  profiles 
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identified in whole plant samples were an accurate representation of the tissue-specific profile of each 

assessed expression module. Taken together, the data presented here identifies numerous 

miRNA/target gene expression modules that could be targeted for future molecular modification   to 

determine if such modification allows Arabidopsis to display an altered response to abiotic stress. 

Furthermore, the information gathered in Arabidopsis using such a molecular approach could be 

potentially translated to an agronomically important cropping species for the future generation of 

plant lines that display an adaptive phenotypic response to abiotic stress. 

1. Results 
 

1.1. Response of Wild-type Arabidopsis Seedlings to Heat, Drought and Salt Stress 

Post germination and cultivation on standard growth media, 8 day old wild-type Arabidopsis 

seedlings (ecotype Columbia-0 (Col-0)) were exposed to a 7-day period of either heat, drought or salt 

stress. Figure 1A displays the phenotypes expressed by heat, drought and salt stressed Col-0 plants, 

compared to that of 15 day old, non-stressed wild-type Arabidopsis. The growth of drought (mannitol 

supplemented media) and salt stressed plants was significantly repressed, to differing degrees, after 

7 days of exposure to both stress treatments, as readily demonstrated by a reduction to rosette tissue 

fresh weight (Figure 1B), and rosette diameter (Figure 1C). Furthermore, salt stress treatment induced 

the accumulation of anthocyanin (Figure 1D), an antioxidant produced by plants to combat the cellular 

stress caused by reactive oxygen species [29,30], specifically in the shoot apex of salt stressed Arabidopsis 

whole seedlings (Figure 1A). Unlike the reductions observed to rosette tissue fresh weight and the 

diameter of the rosette of drought and salt stressed Col-0 plants, the 7-day heat stress treatment 

resulted in the promotion of both of these phenotypic parameters. Specifically, compared to non-

stressed control plants, the rosette leaf fresh weight (Figure 1B), and rosette diameter (Figure 1C), were 

increased by 75% and 127% respectively, in heat stressed Col-0 plants. Promotion of specific aerial tissue 

growth parameters, namely hypocotyl and rosette leaf petiole elongation, has been reported 

previously for Arabidopsis plants cultivated under conditions of elevated temperature [31,32]. Although 

promotion of aerial tissue growth suggested that the 7-day heat stress treatment had a positive 

influence on Arabidopsis development, the 177% increase in anthocyanin accumulation observed in 

parallel (Figure 1D), alternatively suggested that this treatment actually induced high levels of stress in 

Arabidopsis cells, specifically the cells of the shoot apex and rosette leaf petioles (Figure 1A). Therefore, 

to additionally demonstrate that each applied stress was influencing Arabidopsis at the molecular 

level, the expression of the well characterized stress-induced gene, ∆1-PYRROLINE-5-CARBOXYLATE 

SYNTHETASE1 (P5CS1; AT2G39800) [33–35] was quantified by RT-qPCR. This analysis revealed that 

P5CS1 transcript abundance was upregulated 3.0-, 1.7- and 45-fold in heat, drought and salt stressed 

Arabidopsis whole seedlings, respectively (Figure 1E). 

1.2. Profiling of the microRNA Landscape of Heat, Drought and Salt Stressed Arabidopsis Whole Seedlings 

Demonstrated induction of P5CS1 expression (Figure 1E), a well characterized [33–35] stress-

induced gene in Arabidopsis,  post exposure to heat,  drought and salt stress,  suggested that  all three 

applied stresses were inducing molecular responses in Arabidopsis. Therefore, total RNA was 

extracted from non-stressed plants, and from heat, drought and salt stressed Arabidopsis whole 

seedlings, and the sRNA fraction of each analyzed via high throughput sequencing to profile the 

respective miRNA landscapes (Figure 2A). In total, 333 miRNA sRNAs were identified by sequencing 

across the control and stress treatments (see Supplemental Table S1). Sequencing further revealed a 

greater than 2-fold abundance change for 121, 123 and 118 mature miRNA sRNAs for heat, drought 

and salt stressed Arabidopsis whole seedlings, respectively (Figure 2B). More specifically, heat stress 

promoted the accumulation of 90 miRNAs (miR395a abundance was increased to the greatest degree at 

89.4-fold) and repressed the abundance of 17 miRNAs (miR3932b levels showed the greatest degree of 

reduction at -19.6-fold). Exposure of wild-type Arabidopsis whole seedlings to drought stress enhanced 
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the abundance of 111 miRNAs and reduced the levels of 2 miRNAs, with the accumulation of miRNAs, 

miR851 (31.1-fold) and miR397b (-7.8-fold), determined to be influenced to the greatest degree by 

drought stress treatment. Post salt stress exposure, 86 miRNAs were determined to have a greater than 

2-fold elevated abundance (miR778 was upregulated to the greatest degree at 34.0-fold), and further,

22 miRNAs were determined to be reduced in their abundance (miR169g showed the greatest degree of

reduction at -8.7-fold). It was also of interest to document reciprocal abundance trends for an additional

5, 5 and 1 miRNA sRNAs upon comparison of each of the applied stresses, namely the heat/drought,

heat/salt and drought/salt stress comparisons, respectively. In addition, a further 4 miRNA sRNAs,

including miR169f, miR169h, miR397b and miR857, were determined to have an opposing change in

abundance upon exposure to each of the three abiotic stresses assessed (Figure 2B). These findings

indicate that the promoter regions of the encoding loci of these miRNAs harbor multiple cis-elements

that direct the changes in MIR gene expression which would be required to result in the observed

changes in the abundance of this miRNA cohort post exposure to different abiotic stresses [18–20].

A modified RT-qPCR approach [36] was next employed to experimentally validate the sequencing 

determined abundance of five miRNAs for each stress treatment. For heat stressed Arabidopsis whole 

seedlings, sequencing determined that the abundance of miRNAs, miR169, miR395 and miR396, was 

altered -7.4, 37.8 and 2.9-fold,  respectively,  compared to their abundance in non-stressed plants.  The 

altered abundance trend of all three miRNAs was confirmed by RT-qPCR  with quantified      fold 

changes of -3.2-, 2.2- and 2.9-fold for the miR169, miR395 and miR396 sRNAs, respectively (Figure 

3A–C). Although the abundance changes determined by RT-qPCR were not as dramatic as those 

determined via sequencing for miRNAs miR169 and miR395 (especially for miR395), the obtainment 

of a matching abundance trend for each quantified miRNA post heat stress exposure was highly 

encouraging. Therefore, RT-qPCR was again applied to confirm the sequencing identified abundance 

fold changes of -2.7-, 4.0- and 2.7-fold for miRNAs, miR857, miR156 and miR399, respectively (Figure 

3D–F). Fold changes of -4.3-,  3.0- and 3.2-fold were determined for the miR857,  miR156   and miR399 

sRNAs respectively, post the 7-day drought stress treatment of Arabidopsis whole seedlings by RT-qPCR. 

RT-qPCR also confirmed the sequencing identified miRNA abundance trends for salt stressed 

Arabidopsis whole seedlings. Fold changes of -2.5-, 2.9- and 3.9-fold were determined by RT-qPCR for 

miRNAs, miR169, miR399 and miR778 respectively (Figure 3G–I), compared to the abundance fold 

changes of -4.8-, 4.0- and 34.0-fold determined via sequencing for these three miRNAs in response to 

salt stress treatment. In addition, miR839 and miR855 abundance in heat, drought and salt stressed 

plants was also quantified via RT-qPCR due to sequencing indicating that the level of both of these 

miRNAs did not vary significantly post application of each stress (Figure 3J,K). RT-qPCR confirmed 

that the levels of these two miRNAs varied less than 0.5-fold post stress exposure, a finding that 

suggests that neither miRNA is abiotic stress responsive. Taken together, the data presented in Figure 

3 demonstrated that the high throughput sequencing employed here (Figure 2) was a reliable tool for 

profiling miRNA abundance changes in abiotic stressed Arabidopsis whole seedlings, and that once 

identified, RT-qPCR quantification provides a more biologically accurate reflection of the changes in 

sRNA abundance post exposure to each stress treatment. 
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Figure 1. Phenotypic and physiological consequence of heat, drought and salt stress treatment of 15-day-old 

wild-type Arabidopsis whole seedlings. (A) Phenotypes displayed by 15-day old wild-type Arabidopsis whole 

seedlings post a 7-day treatment regime with heat, drought or salt stress, compared to non-stressed seedlings 

of the same age (left panel). Scale bar = 1.0 centimeter (cm) on larger sized panels and 0.5 cm on the 

superimposed images of a single representative seedling. (B) Whole seedling fresh weight of heat, drought 

(mannitol) and salt stressed Arabidopsis compared to their non-stressed counterparts of the same age. (C) 

Rosette diameter of 15-day-old Arabidopsis whole seedlings post 7-day exposure to heat, drought (mannitol) 

and salt stress compared to the non-stressed control. (D) Anthocyanin accumulation in heat, drought 

(mannitol) and salt stressed Arabidopsis whole seedlings compared to non-stressed whole seedlings of the same 

age (15 days). (E) RT-qPCR assessment of the expression of the stress induced gene, ∆1-PYRROLINE-5-

CARBOXYLATE SYNTHETASE1 (P5CS1; AT2G39800) expression in 15-day-old Arabidopsis whole seedlings post a 7-

day heat, drought (mannitol) and salt stress treatment regime compared to the abundance of the P5CS1 

transcript in non-stressed Arabidopsis whole seedlings of the same age. (B–E) Error bars represent the standard 

deviation of four biological replicates and each biological replicate consisted of a pool of six individual plants. 

The presence of an asterisk above a column represents a statistically significantly difference between the stress 

treated sample and the non-stressed control sample (p-value: * < 0.05; ** < 0.005; *** < 0.001). 

1.3. Assessment of microRNA Target Gene Expression in Heat, Drought and Salt Stressed Arabidopsis 
Whole Seedlings 

It has been extensively documented in Arabidopsis that miRNA sRNAs direct expression 

regulation of their targeted gene(s) via either a mRNA cleavage or translational repression mode     of 

miRNA-directed RNA silencing [9,21–23]. Therefore, to identify the mode of target gene expression 

regulation directed by the miRNAs experimentally validated here to be responsive to heat, drought 

or salt stress, RT-qPCR was next employed to reveal the changes in miRNA target gene transcript 

abundance post exposure of Arabidopsis whole seedlings to these three abiotic stresses. For miRNAs, 

miR169, miR395 and miR396, the three miRNAs determined to be responsive to heat stress treatment 

via their RT-qPCR-determined, -3.2-, 2.2- and 2.9-fold change in abundance, the transcript level of  a 
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single target gene for each miRNA was demonstrated to have a reciprocally altered trend in abundance to that of 

their targeting miRNA (Figure 4A–C). Specifically, the miR169 target, NUCLEAR FACTOR Y, SUBUNIT A5 (NFYA5; 

AT1G54160) was determined to have a 32.9-fold elevation in expression in heat stressed wild-type Arabidopsis 

compared to its levels in non-stressed whole seedlings (Figure 4A). In addition, ATP SULFURYLASE1 (ATPS1; 

AT3G22890) and GROWTH REGULATING FACTOR7 (GRF7;AT5G53660), the target genes of the heat-induced 

miRNAs, miR395 and miR396, respectively, were determined to have 2.4- (Figure 4B) and 2.2-fold (Figure 4C) 

reduced expression. RT-qPCR identified similar trends in altered expression for LACCASE7 (LAC7; AT3G09220), 

SQUAMOSA PROMOTER BINDING PROTEIN-LIKE9 (SPL9;  AT2G42200) and PHOSPHATE2 (PHO2;  AT2G33770), 

the  target genes of drought responsive miRNAs, miR857, miR156 and miR399, respectively. That is, 

LAC7 expression was elevated 2.5-fold (Figure 4D) in response to the 2.7-fold reduction in miR857 

levels (Figure 3D), and SPL9 (Figure 4E) and PHO2 (Figure 4F) expression was repressed by 2.8- and 

4.5-fold respectively, in accordance with the documented 4.0- and 2.7-fold elevated abundance of the 

targeting miRNAs, miR156 (Figure 3E) and miR399 (Figure 3F), post drought stress treatment of 

Arabidopsis whole seedlings. 

Figure 2. Profiling of the miRNA landscape of heat, drought and salt stressed 15-day-old wild-type Arabidopsis 

whole seedlings.  (A) Red (up) and blue (down) shaded tiles represent a Log2 fold  change in abundance of the 

Arabidopsis miRNA sRNAs detected via high throughput sequencing  (see Supplemental Table S1 for the 

normalized read numbers used to determine fold change  values). (B) The number of miRNA sRNAs determined 

to have a greater than 2-fold change in abundance    in heat, drought and salt stressed 15-day-old wild-type 

Arabidopsis whole seedlings compared to the abundance of each detected miRNA sRNA in non-stressed control 

plants of the same age. Red colored up arrows indicate the number of miRNAs with elevated abundance under 

each assessed stress, blue colored down arrows represent the number of miRNAs with reduced abundance post 

stress treatment and green colored up/down arrows state the number of miRNA sRNAs with a differing 

abundance trend between the individual stress treatments. 
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Figure 3. Quantification of miRNA abundance via RT-qPCR analysis of 15-day-old wild-type Arabidopsis whole 

seedlings post exposure to heat, drought and salt stress treatment. (A–C) RT-qPCR assessment of miR169 (A), 

miR395 (B) and miR396 (C) abundance in heat stressed Arabidopsis whole seedlings. (D–F) RT-qPCR assessment 

of miR857 (D), miR156 (E) and miR399 (F) abundance in drought (mannitol) stressed Arabidopsis whole seedlings. 

(G–I) RT-qPCR assessment of miR169 (G), miR399 (H) and miR778 (I) abundance in salt stressed Arabidopsis 

whole seedlings. (J,K) RT-qPCR assessment of miR839 (J) and miR855 (K) abundance across heat, drought 

(mannitol) and salt stressed Arabidopsis whole seedlings. (A–K) Colored columns (green = non-stressed control; 

orange = heat stress; red = drought stress, and; blue = salt stress) represent RT-qPCR determined abundance of 

each quantified miRNA sRNA and the light (control) and dark grey (stress) shaded columns present the fold 

changes in miRNA abundance as determined via high throughput sequencing. Error bars represent the standard 

deviation of four biological replicates and each biological replicate consisted of a pool of six individual plants. The 

presence of an asterisk above a column represents a statistically significantly difference between the stress 

treated sample and the non-stressed control sample (p-value:  * < 0.05; ** <   0.005; *** < 0.001). 
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Figure 4. Determination of miRNA target gene expression via RT-qPCR analysis of 15-day-old wild-type 

Arabidopsis whole seedlings post exposure to heat, drought and salt stress treatment.  (A–C) RT-qPCR 

assessment of NFYA5 (A), ATPS1 (B) and GRF7 (C) miRNA target gene expression  in heat stressed Arabidopsis 

whole seedlings. (D–F) RT-qPCR assessment of LAC7 (D), SPL9 (E) and PHO2 (F) miRNA target gene expression 

in drought (mannitol) stressed Arabidopsis whole seedlings. (G–I) RT-qPCR assessment of NFYA5 (G), PHO2 (H) 

and SUVH6 (I) miRNA target gene expression in salt stressed Arabidopsis whole seedlings. (A–I) Colored columns 

(green = non-stressed control; orange = heat stress; red = drought stress, and; blue = salt stress) represent RT-

qPCR quantified expression of a single target gene for each miRNA assessed via RT-qPCR analysis in Figure 3. Error 

bars represent the standard deviation of four biological replicates and each biological replicate consisted of a 

pool of six individual plants. The presence of an asterisk above a column represents a statistically significantly 

difference between the stress treated sample and the non-stressed control sample (p-value:  * <   0.05; ** < 

0.005; *** < 0.001). 

Reciprocal expression trends were again observed post RT-qPCR assessment of target gene 

expression in salt stressed samples. Namely, NFYA5 transcript abundance was significantly elevated 

19.7-fold (Figure 4G) in response to the RT-qPCR documented 2.5-fold reduction in miR169 levels 

(Figure 3G). Further, the transcript abundance of PHO2 and SU(VAR)3-9 HOMOLOG6 (SUVH6; 

AT2G22740) was reduced by -2.8- (Figure 4H) and -6.6-fold (Figure 4I), respectively. Reduced PHO2 

and SUVH6 expression in salt stressed Arabidopsis whole seedlings was not a surprising observation 

considering that the abundance of their targeting miRNAs, miR399 and miR778, was determined to be 

elevated by 2.9- and 3.9-fold (Figure 3H,I), respectively. Taken together, the target gene expression 

data presented in Figure 4 indeed suggested that altered miRNA abundance in response to each 

assessed stress was in turn leading to changes in miRNA target gene transcript abundance. In addition, 

demonstration of reciprocal trends in abundance for the miRNAs determined to be abiotic stress 

responsive in Figure 3 compared to the miRNA target gene expression profiles presented in Figure 4, 
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strongly suggested that each abiotic stress responsive miRNA was regulating the expression of its 

assessed target gene via a mRNA cleavage mode of miRNA-directed RNA silencing. 

1.4. Profiling of Salt Responsive microRNA Expression Modules in Arabidopsis Root and Shoot Tissues 

To determine whether the documented alterations to abiotic stress responsive miRNA expression 

modules identified in Arabidopsis whole seedlings was an accurate indication of the changes occurring 

in specific and developmentally distinct Arabidopsis tissues, the three miRNA expression modules 

determined to be salt responsive in Arabidopsis whole seedlings (the miR169/NFYA5, miR399/PHO2 

and miR778/SUVH6 expression modules), were profiled in Arabidopsis root and shoot tissue by RT-

qPCR post exposure to salt stress. Prior to performing this molecular analysis however, the root 

architecture of wild-type Arabidopsis plants cultivated on vertically orientated control and salt stress 

growth media was assessed. It has been demonstrated previously that the major phenotypic response 

of the Arabidopsis root system to exposure to salt stress is reduced expansion of the primary root [37]. 

Figure 5A clearly shows that compared to non-stressed wild-type Arabidopsis seedlings, the primary 

phenotypic response of the root system of Col-0 plants exposed to the 7-day salt stress regime was 

inhibition of primary root elongation, with primary root length reduced by ~60% in salt stressed plants 

compared to the primary root length of non-stressed control plants (Figure 5A,B). 

Inhibition of primary root elongation, coupled with the vertically cultivated salt stressed plants 

again displaying reductions to the overall size of aerial tissue (i.e., rosette size; Figure 5A), as 

demonstrated in Figure 1A for Arabidopsis plants cultivated on horizontally orientated growth media, 

led us to next assess P5SC1 expression in the vertically cultivated salt stressed Arabidopsis root and 

shoot tissue (Figure 5C). Compared to its levels in non-stressed roots and shoots, RT-qPCR revealed 

P5CS1 expression to be significantly induced with transcript abundance elevated by 9.1- and 44.0-fold 

respectively, in salt stressed Arabidopsis roots and shoots (Figure 5C). This finding strongly suggested 

that both tissues types were indeed ‘stressed’ by the 7 days of vertical cultivation on plant growth 

media supplemented with 150 mM sodium chloride. RT-qPCR was therefore next employed to profile 

the miR169/NFYA5, miR399/PHO2 and miR778/SUVH6 expression modules in salt stressed root and 

shoot samples and revealed an opposing trend in abundance for each profiled expression module across 

both assessed tissues. For example, miR169 abundance was determined to be reduced by 1.6- and 2.2-

fold in salt stressed roots and shoots respectively (Figure 5D), while NFYA5 expression was elevated 4.6- 

and 16.5-fold in these two tissues (Figure 5E). Similar altered trends in abundance for the miR399 sRNA 

and its targeted transcript, the PHO2 mRNA, were also revealed by RT-qPCR, namely; miR399 

abundance was elevated by 3.7- and 3.0-fold in salt stressed roots and shoots (Figure 5F), and PHO2 

target gene expression was repressed accordingly in the corresponding tissues by 3.6- and 2.3-fold 

(Figure 5G), respectively. In addition, RT-qPCR revealed that the abundance of the SUVH6-targeting 

miRNA, miR778, was elevated in both salt stressed root and shoot tissue (Figure 5H). The 3.9- and 

2.1-fold elevated abundance of the miR778 sRNA in Arabidopsis roots and shoots following the salt 

stress treatment was determined to result in repressed target gene expression, with the abundance of 

the SUVH6 transcript reduced by ~2.0-fold in both assessed tissues (Figure 5I). Taken together, the 

data presented in Figure 5 confirmed that for the three miRNAs determined to be responsive to salt 

stress, via their profiling in Arabidopsis whole seedlings using a high throughput sequencing approach, 

provided an accurate reflection of the altered abundance of these three miRNAs in developmentally 

distinct tissues. 



Appendix 1  Publications 

202 
 

 
Figure 5. Phenotypic and molecular assessment of the root and shoot tissues of 15-day-old wild-type 

Arabidopsis plants post the 7-day salt stress treatment regime. (A) Root and shoot architecture of 15-day-old 

wild-type Arabidopsis seedlings post a 7-day salt stress treatment (right panel) during which the growth media 

plates were orientated for vertical growth. Scale bar = 1.0 cm. (B) Primary root length of 15-day-old Arabidopsis 

whole seedlings cultivated on vertically oriented media growth plates that contained either standard 

Arabidopsis growth media (non-stressed control) or growth media that had been supplemented with 150 mM 

sodium chloride (stress treatment). (C) RT-qPCR assessment  of the expression of the stress induced gene, 

P5CS1, expression in 15-day-old Arabidopsis root and shoot material post 7-day salt stress treatment compared 

to the abundance of the P5CS1 transcript in non-stress control plants of the same age. (D,E) RT-qPCR 

quantification of miR169 abundance (D) and NFYA5 target gene expression (E) in salt stressed Arabidopsis root 

and shoot tissues. (F,G) RT-qPCR quantification of miR399 abundance (F) and PHO2 target gene expression (G) in 

salt stressed Arabidopsis root and shoot tissues. (H,I) RT-qPCR quantification of miR778 abundance (H) and 

SUVH6 target gene expression (I) in salt stressed Arabidopsis root and shoot tissues. (B–I) Colored columns 

represent the values obtained for non-stressed control plants (green colored columns) and the salt stressed 

samples (blue colored columns). Error bars represent the standard deviation of four biological replicates and 

each biological replicate consisted of a pool of six individual plants. The presence of an asterisk above a column 

represents a statistically significantly difference between the salt stress sample and the non-stressed controls (p-

value: * < 0.05; ** < 0.005; *** < 0.001). 
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2. Discussion

In an attempt to provide sustainable food security into the future, it is essential that the complex, 

fundamental molecular networks that underpin the ability of a plant to maintain yield, particularly 

during extended periods of abiotic stress, are elucidated. This would provide the foundation for plant 

biology researchers to use a molecular approach to develop new plant lines that are readily able to 

adapt to, or mitigate the negative impacts that result from exposure to abiotic stress.  With  the miRNA 

class of sRNA demonstrated to be a key regulator of all aspects of plant development, as well as 

playing a central role in the ability of a plant to mount a defensive response against invading 

pathogens, or to mediate an adaptive response to abiotic stress, there currently remains a significant 

lack of resource datasets available for Arabidopsis to allow researchers to identify candidate miRNA 

expression modules for molecular modification as part of the future development of new plant lines 

that display adaptive phenotypes to abiotic stress. Towards this goal, here the genetic model plant 

species, Arabidopsis thaliana, was used to profile the miRNA landscape that potentially underpins,    in 

part, the physiological and phenotypic responses of Arabidopsis to exposure to the abiotic stresses, 

heat, drought and salt stress. Most notably, sRNA sequencing revealed that the abundance of 121, 123 

and 118 mature miRNA sRNAs was significantly (>2.0-fold) up- or down-regulated in response to 

heat, drought and salt stress treatment of Arabidopsis whole seedlings, respectively. The subsequent 

experimental validation of the miRNA abundance changes identified via high throughput sequencing 

by RT-qPCR, in combination with the additional use of RT-qPCR to document reciprocal trends in 

transcript abundance for each assessed miRNA target gene, was essential to confidently identify the 

miRNA expression modules responsive to each assessed stress. 

In response to heat stress, a significant reduction to miR169 abundance (-3.2-fold) was observed 

in Arabidopsis whole seedlings (Figure 3A). Reduced miR169 levels have been reported previously  for 

Arabidopsis post exposure to either drought stress or nitrogen starvation [38,39]. Further, [39] went on 

to demonstrate that reduced miR169 abundance in drought stressed Arabidopsis resulted in 

deregulated NFYA5 expression, a target gene expression trend also observed here for heat stressed 

Arabidopsis (Figure 4A). The authors also revealed that overexpression of NFYA5 in Arabidopsis resulted 

in these molecularly modified plant lines displaying reduced leaf water loss, due to reduced stomatal 

aperture, and drought stress tolerance [39]. Documentation of similar alterations to the miR169/NFYA5 

expression module in this study post heat stress treatment of Arabidopsis whole seedlings (Figure 3A, 

Figure 4A), to those previously reported for drought stressed Arabidopsis [39], suggests that these 

molecular changes are potentially in part driving the physical adaptation of Arabidopsis to both stresses, 

namely, alteration of stomatal aperture to promote water retention during exposure to such stress.   It 

is also important to note here that the expression of several of the MIR169 gene loci from which the 

miR169 precursor transcripts are transcribed were demonstrated to be induced in Arabidopsis    by 

heat stress [40]. Induction of MIR169 gene expression would be expected to result in elevated mature 

miR169 sRNA accumulation, and not reduced miR169 abundance, as observed here (Figure 3A). 

Curiously however, [40] did not report on whether MIR169 gene expression induction actually resulted 

in elevated miR169 abundance in heat stressed Arabidopsis plants. The noted reduction to miR169 

abundance reported here for heat stressed Arabidopsis plants, suggests that in Arabidopsis, heat stress 

represses MIR169 gene expression,  rather than promote transcription from these loci as reported   by 

[40]. The opposing effect of heat stress exposure on miR169 accumulation in Arabidopsis reported here 

in Figure 3A, to that previously reported [40], could potentially be the result of differences in the 

application of the stress. Specifically, in [40], two-week-old Arabidopsis plants were transferred  to 

moistened filter paper and exposed to the 40 ◦C heat stress treatment for a duration of either 3     or 6

h, whereas here, 8-day-old Arabidopsis seedlings were exposed to a prolonged 7-day heat stress 

treatment of elevated day/night (16/8 h) temperatures of 32 ◦C/28 ◦C. Nonetheless, the detection of

elevated target gene (NFYA5) expression (Figure 4A), in accordance with the documented reduction in 

the abundance of the miR169 sRNA (Figure 3A), indicates that the alterations to the miR169/NFYA5 

expression module observed here in heat stressed Arabidopsis, are biologically relevant. 
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Elevated abundance has previously been reported for miRNAs, miR395 and miR396, post 

exposure of Arabidopsis to heat stress [41,42]. Similar abundance changes for the miR395 (Figure 3B) and 

miR396 (Figure 3C) sRNAs were observed here for heat stressed wild-type Arabidopsis whole seedlings. 

In addition, elevated miRNA abundance was further demonstrated to direct enhanced miRNA-directed 

target gene expression repression, with both the miR395 and miR396 target genes, ATPS1 (Figure 4B) 

and GRF7 (Figure 4C) respectively, determined to have reduced transcript abundance in heat stressed 

Arabidopsis. Taken together, comparison of the findings reported here, to those reported previously 

for miR395 and miR396 [41,42], strongly suggest that these two miRNAs are indeed heat stress 

responsive miRNAs, and further, that enhanced miR395- and miR396-directed expression repression 

of ATPS1 and GRF7, respectively, potentially forms part of the adaptive response of Arabidopsis to 

elevated temperature. 

Here, mannitol was used as an osmoticum to stimulate osmotic stress in Arabidopsis whole 

seedlings in an attempt to replicate drought stress conditions in a tightly controlled growth 

environment (i.e., sealed plant tissue  culture  plates).  Post  stress  treatment,  miR857  abundance was 

revealed to be reduced in Arabidopsis whole seedlings via both high throughput sequencing   and RT-

qPCR (Figure 2A, Figure 3D). The miR857 sRNA has previously been demonstrated to post-

transcriptionally regulate the expression of LAC7, a laccase enzyme involved in mediating lignin 

deposition in the secondary xylem [43]. In addition to revealing reduced miR857 abundance, RT-qPCR 

showed that LAC7 expression was elevated in drought stressed Arabidopsis whole seedlings (Figure 4D). 

Considering its documented role in secondary xylem development, the observed alterations to the 

miR857/LAC7 expression module may potentially mediate an adaptive response to osmotic stress  in 

Arabidopsis, potentially directing a change to tissue architecture in response to drought stress. Unlike 

miR857, miR156 and miR399 abundance was elevated by the mannitol-induced drought stress 

treatment (Figure 3E,F). In accordance, RT-qPCR showed that the transcript abundance of SPL9 

(Figure 4E) and PHO2 (Figure 4F), the target genes of miR156 and miR399, respectively, was reduced in 

response to the elevated abundance of their targeting miRNA sRNAs. Interestingly, the miR156/SPL9 

expression module, together with the downstream gene, DIHYDROFLAVONOL-4-REDUCTASE (DFR; 

AT5G42800) have been demonstrated previously to play a role in anthocyanin metabolism [44], and 

Figure 1D shows that anthocyanin accumulation remained at its non-stressed levels in Arabidopsis plants 

cultivated on standard growth media supplemented with 200 mM mannitol, in spite of these plants 

displaying reductions to their fresh weight and rosette diameter, in addition to elevated expression of 

the stress induced gene, P5CS1 (Figure 1E). Furthermore, in Arabidopsis, both of these miRNAs 

(miR156 and miR399) have been previously demonstrated to be responsive to mannitol-induced 

drought stress [41,44], findings that when taken together with those presented here in Figures 3 and 4, 

strongly suggest that the miR156/SPL9 and miR399/PHO2 expression modules are indeed responsive 

to mannitol-induced drought stress. 

High throughput sRNA sequencing and RT-qPCR revealed miR169 abundance to be reduced by 

-4.8 and -2.5-fold respectively, post exposure to salt stress. This abundance change opposes that 

reported previously for the miR169 sRNA in rice and cotton [45,46], where miR169 accumulation was 

demonstrated to be induced by salt stress. However, the observed differences in miR169 abundance 

post salt stress exposure in rice [45], cotton [46] and Arabidopsis (Figure 3G), is most likely the   result 

of unique cis-element landscapes of the promoter regions of MIR169 loci across these three species 

[19]. In Arabidopsis, miR169 abundance has been previously demonstrated to be reduced by drought 

stress [40], conditions of limited phosphate [47], and nitrogen starvation [38]. The findings of these 

reports [38,40,47], together with those presented here, namely deregulated NFYA5 target gene 

expression in Arabidopsis whole seedlings (Figure 4G), roots and shoots (Figure 5E), due to loss of 

miR169-directed NFYA5 expression repression in these tissues, indicates that the miR169/NFYA5 

expression module potentially plays a central role in mediating the response of Arabidopsis to a range of 

abiotic stresses, potentially even forming a ‘crosstalk junction’ to link the highly complicated molecular 
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networks that are required to directed the physiological and phenotypic responses of Arabidopsis to 

abiotic stress. 

Salt stress treatment was shown to enhance miR399 sRNA abundance in Arabidopsis whole 

seedlings (Figure 3H) as well as in root and shoot tissue (Figure 5F), a previously reported finding [41]. 

Furthermore, and using a molecular approach in Arabidopsis, [48] revealed MIR399F gene expression 

to be induced by salt stress and that Arabidopsis plants modified to constitutively overexpress the 

MIR399F gene were more tolerant to salt stress than unmodified wild-type plants. Given PHO2 

targeting by miR399, and the previously documented role for phosphate in modulating root system 

architecture alterations under salt stress conditions in Arabidopsis, the elevated abundance of miR399 

shown here, in conjunction with the demonstrated reductions to the level of the PHO2 target transcript 

(Figure 4H, Figure 5G), are consistent with the proposed role of the miR399/PHO2 expression module 

in the complex phosphate-salt regulatory network in Arabidopsis tissues [49,50]. Like miR399, miR778 

has previously been classed as a phosphate responsive miRNA in Arabidopsis [47,51,52]. Here we 

demonstrate that miR778 abundance is also elevated in response to salt stress in Arabidopsis whole 

seedlings (Figure 3I), roots and shoots (Figure 5H). Accordingly, via a RT-qPCR approach, we further 

revealed that elevated miR778 abundance resulted in enhanced expression repression of the miR778 

target gene, SUVH6, in salt stressed Arabidopsis tissues (Figure 4I, Figure 5I). Interestingly, the miR778 

target, SUVH6, is involved in directing methylation of the lysine 9 residue of histone H3 (H3K9 

methylation), and further, SUVH6 expression repression via the constitutive overexpression of the 

MIR778 precursor transcript resulted in the modified Arabidopsis plants displaying moderately 

enhanced primary and lateral root growth, and elevated levels of free phosphate and anthocyanin 

accumulation in the aerial tissues of these plants when cultivated in a phosphate deficient growth 

environment [52]. These findings, together with the alterations to both the miR399/PHO2 and 

miR778/SUVH6 expression module reported here for salt stressed Arabidopsis (Figures 3 and 5),   add 

further weight to the importance of phosphate-mediated responses in Arabidopsis tissues as part of the 

adaptive response of Arabidopsis to salt stress. 

Altered miRNA abundance, and miRNA target gene expression, have been identified as key 

molecular responses to an array of abiotic stresses across an evolutionary diverse range of plant 

species [6,14,24,41,48,49]. Here we have specifically assessed alterations to the miRNA landscapes of 

heat, drought and salt stressed wild-type Arabidopsis whole seedlings and identified large miRNA 

cohorts responsive to each stress. Alteration to a select number of miRNA/target gene expression 

modules for the heat, drought and salt stress treatments were experimentally validated via an RT-qPCR 

approach. Considering that many abiotic responsive miRNAs have been demonstrated to play a 

conserved functional role across phylogenetically diverse plant species [14,24,25], it is envisaged that 

the dataset generated in this study forms a valuable resource for the wider plant biology research 

community; a resource that can be used as the starting point to identify the specific miRNA expression 

modules to be molecularly manipulated in plant species amenable to genetic modification as part of the 

future development of plant lines with an altered miRNA and/or miRNA target gene abundance that 

display a tolerance phenotype to either heat, drought or salt stress. Alternatively, for plant species that 

are not readily amenable to genetic modification, this dataset can additionally be used to identify the 

specific miRNA expression modules to be targeted for rapid high throughput screening (via RT-qPCR) 

across diverse germplasm of a specific species to select those genotypes that harbor natural alterations 

to the molecular profile of the miRNA expression module of interest. 

3. Materials and Methods 
 

3.1. Plant Material 

The seeds of wild-type Arabidopsis thaliana (Arabidopsis), ecotype Columbia-0 (Col-0), were surface 

sterilized using chlorine gas and post sterilization, seeds were plated out onto standard Arabidopsis 

plant growth media (half strength Murashige and Skoog (MS) salts) and stratified in the dark at 4◦C 
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for 48 h.  Post stratification,  sealed plates containing the surface sterilized seeds were transferred    to 

a temperature-controlled growth cabinet (A1000 Growth Chamber, Conviron® Australia) and 

cultivated for 8 days under a standard growth regime of 16 h light/8 h dark and a 22 ◦C/18 ◦C

day/night temperature. Following this 8-day cultivation period, equal numbers of Col-0 seedlings 

were transferred under sterile conditions to either fresh standard Arabidopsis plant growth media 

(control treatment), or to plant growth media that had been supplemented with 200 millimolar (mM) 

mannitol (drought stress treatment) or 150 mM of sodium chloride (salt stress treatment). Post seedling 

transfer, the non-stressed control and the drought and salt stress treatment plates were returned to 

the growth cabinet and cultivated for an additional 7-day period under standard growth conditions. 

For the heat stress treatment, 8-day-old seedlings were also transferred under sterile conditions to 

standard growth media, however the 16/8 h day/night temperature was elevated to 32 ◦C/28 ◦C  for

the duration of the 7-day stress treatment period. At the end of the 7-day treatment period, all of the 

phenotypic and molecular assessments reported here were conducted on 15 day old Arabidopsis whole 

seedlings. For the tissue specific analyses reported in Figure 5, plants were treated exactly as outlined 

above, except for the 7-day treatment period, when 8 day old seedlings were transferred and cultivated 

on control and salt stress media plates that were orientated for vertical growth. 

3.2. Phenotypic and Physiological Assessments 

All phenotypic assessments reported here were conducted on 15 day old Arabidopsis seedlings. 

The performance of wild-type Arabidopsis plants exposed to each assessed stress is therefore presented 

relative to non-stressed control plants. More specifically, each phenotypic measurement collected for 

Arabidopsis seedlings exposed to each assessed abiotic stress regime is presented as a percentage of 

the corresponding measurement determined for non-stressed control seedlings cultivated under 

standard growth conditions for the duration of the 7-day stress treatment period. Rosette diameter 

and primary root length analysis was determined via assessment of photographic images using     the 

ImageJ software. A standard 99:1 (v/v) methanol:HCl extraction protocol was used to extract 

anthocyanin from control and stress treated Col-0 plants. Post extraction, anthocyanin content was 

determined using a spectrophotometer (Thermo Scientific, Australia) at an absorbance wavelength of 

535 nanometers (A535) and using the 99:1 (v/v) methanol:HCl solution as the blank. 

3.3. Total RNA Extraction and High Throughput Sequencing of the small RNA Fraction 

Total  RNA was isolated from four biological replicates (each biological replicate contained        6 

individual plants) of 15 day old Col-0 whole seedlings cultivated under normal growth conditions for 

the duration of the experimental period, or post 7-days of heat, drought or salt stress treatment, using 

TRIzol™ Reagent (Invitrogen™) according to the manufacturer’s instructions. The quality and 

quantity of the isolated total RNA was assessed using a Nanodrop spectrophotometer (NanoDrop® 

ND-1000, Thermo Scientific, Australia) and via standard electrophoresis on a 1.2% (w/v) ethidium 

bromide-stained agarose gel to allow for RNA visualization. Next, 5.0 micrograms (µg) of each of the 

four biological replicates for each treatment, were pooled together and diluted in RNase-free water to 

obtain a final preparation of 25 microliters (µL) of total RNA at a concentration of 800 nanograms (ng) 

per µL. Samples were shipped to the Australian Genome Research Facility (AGRF; Melbourne node, 

Australia) with the AGRF performing all subsequent preparatory steps prior to sequencing the small 

RNA fraction of each sample on an Illumina HiSeq 2500 platform. 

3.4. Bioinformatic Assessment of the microRNA Landscape of Arabidopsis Whole Seedlings 

Using the Qiagen CLC Genomics Workbench (11) software, next-generation sequencing adapter 

sequences were removed prior to performing sequence quality trimming to remove any sRNA reads 

that were either shorter than 15 nucleotides (nts), or longer than 35 nts in length. Additionally, 

parameters within the CLC Genomic Workbench were applied to remove any ambiguous nucleotides 

at either the 5’ or 3’ terminus of each sequencing read (i.e., the removal of any ‘N’ nucleotides on 
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sequence ends), or to ‘trim’ low quality sequences using a modified ‘Mott trimming’ algorithm. The 

remaining sequences that aligned perfectly (i.e., zero mismatches) to known Arabidopsis miRNAs listed 

in miRBase 22 were then annotated. The values determined for the; (1) raw read count of each detected 

miRNA sRNA across the four treatments (control, heat, drought and salt); (2) Log2 fold change in 

abundance for each miRNA sRNA per stress treatment, compared to the non-stressed control values; 

(3) total number of high quality raw reads per library; (4) total number of miRNA sRNA raw reads 

per library, and; (5) percentage of the total library size that the miRNA class of sRNA represents, is 

presented in Supplemental Table S1. 

3.5. Quantitative Reverse Transcriptase Polymerase Chain Reaction Analyses 

Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) assessment of miRNA 

sRNA and miRNA target gene transcript abundance was conducted on 4 biological replicates: the 

same four biological replicates that were pooled together to perform the high throughput sequencing 

analysis of the sRNA fraction of each sample. The synthesis of miRNA-specific complementary DNA 

(cDNA) was conducted using 200 ng of DNase I treated (New England BioLabs, Australia) total RNA 

as template and 1.0 unit (U) of ProtoScript® II Reverse Transcriptase (New England BioLabs, 

Australia) according to manufacturer’s instructions. The cycling conditions for miRNA-specific cDNA 

synthesis were:  1 cycle at 16◦C for 30 min; 60 cycles of 30◦C for 30 s, 42◦C for 30 s 50◦C for 2 s, and; 1 

cycle of 85◦C for 5 min. To generate a global high molecular weight cDNA library for the quantification 

of miRNA target gene expression, 5.0 µg of total RNA was treated with 5.0 U of DNase I (New England 

BioLabs, Australia) according to manufacturer’s instructions. Post DNase I treatment, the total RNA 

was purified using an RNeasy Mini Kit according to the manufacturer’s instructions (Qiagen, 

Australia), and then 1.0 µg of this preparation was used as template for cDNA synthesis with 1.0 U of 

ProtoScript® II Reverse Transcriptase according to the manufacturer’s instructions (New England 

Biolabs, Australia) along with 2.5 µM of oligo dT(18). All single stranded cDNA preparations were next 

diluted to 50 ng/µL in RNase-free water prior to RT-qPCR quantification of miRNA sRNA abundance 

or miRNA target gene expression. The GoTaq® qPCR Master Mix (Promega, Australia) was used as the 

fluorescent reagent for all performed RT-qPCRs, and all RT-qPCRs had the same cycling conditions 

of: 1 cycle of 95◦C for 10 min, followed by 45 cycles of 95◦C for 10 s and 60◦C for 15 s. The abundance 

of each assessed miRNA sRNA and the expression of each examined miRNA target gene was 

determined using the 2−∆∆CT method with the small nucleolar RNA, snoR101, and UBIQUITIN10 

(UBI10; AT4G05320) used as the respective internal controls to normalize the relative abundance of 

each assessed transcript. All DNA oligonucleotides used for either miRNA-specific cDNA synthesis 

or the quantification of miRNA target gene expression are provided in Supplemental Table S2. For the 

synthesis of miRNA-specific cDNA of a miRNA sRNA that belongs to a multimember family, and 

where multiple family members were detected via the high throughput sequencing approach,   a 

miRNA family consensus sequence was determined and the primer designed to hybridize will all 

detected family members. 
 

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/3/58/s1, Table S1: 
Raw miRNA reads and the Log2 fold change in abundance of each Arabidopsis thaliana miRNA sRNA detected via high 
throughput sRNA sequencing, Table S2: Sequences of the DNA oligonucleotides used in this study for the synthesis of 
miRNA-specific cDNAs and the RT-qPCR based quantification of miRNA abundance or miRNA target gene expression. 
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Abstract:  Adequate phosphorous (P) is essential to plant cells to ensure normal plant growth     and 

development. Therefore, plants employ elegant mechanisms to regulate P abundance across their 

developmentally distinct tissues. One such mechanism is PHOSPHATE2 (PHO2)-directed ubiquitin-

mediated degradation of a cohort of phosphate (PO4) transporters. PHO2 is itself under tight 

regulation by the PO4 responsive microRNA (miRNA), miR399. The DOUBLE-STRANDED RNA 

BINDING (DRB) proteins, DRB1, DRB2 and DRB4, have each been assigned a specific functional role 

in the Arabidopsis thaliana (Arabidopsis) miRNA pathway.  Here, we assessed the requirement of 

DRB1, DRB2 and DRB4 to regulate the miR399/PHO2 expression module under PO4 starvations 

conditions. Via the phenotypic and molecular assessment of the knockout mutant plant lines, drb1, 

drb2 and drb4, we show here that; (1) DRB1 and DRB2 are required to maintain P homeostasis in 

Arabidopsis shoot and root tissues; (2) DRB1 is the primary DRB required for miR399 production; 

(3) DRB2 and DRB4 play secondary roles in regulating miR399 production, and; (4) miR399 appears 

to direct expression regulation of the PHO2 transcript via both an mRNA cleavage and translational 

repression mode of RNA silencing. Together, the hierarchical contribution of DRB1, DRB2 and DRB4 

demonstrated here to be required for the appropriate regulation of the miR399/PHO2 expression 

module identifies the extreme importance of P homeostasis maintenance in Arabidopsis to ensure 

that numerous vital cellular processes are maintained across Arabidopsis tissues under a changing 

cellular environment. 

Keywords: Arabidopsis thaliana; phosphorous (P); phosphate (PO4) stress; microRNA (miRNA); miR399; 

PHOSPHATE2 (PHO2); DOUBLE-STRANDED RNA BINDING (DRB) proteins DRB1; DRB2; DRB4; miR399-

directed PHO2 expression regulation; RT-qPCR 

 

1. Introduction 

Phosphorous (P) is one of the most limiting factors for plant growth worldwide [1–3], with large 

quantities of P an essential requirement for numerous processes vital to the plant cell, including energy 

trafficking, signaling cascades, enzymatic reactions and nucleic acid and phospholipid synthesis [3,4]. 

Inorganic phosphate (Pi), in the form of PO4, is the predominant form of P taken up by a plant from 

the soil, however, soil PO4 primarily exists in organic or insoluble forms that are largely inaccessible to 

plant root uptake mechanisms [1]. Therefore, due to limited soil PO4 availability, combined with the 

importance of an adequate concentration of P in plant cells to ensure normal growth and development, 

plants employ elegant mechanisms to spatially regulate P abundance across their developmentally 

distinct tissues [5,6].  Phosphorous homeostasis is therefore tightly controlled and involves both the
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remobilization of internal P stores and the increased acquisition of external PO4 [5,7]. For example, P 

limitation triggers the release of organic acids from the plant root system into the soil rhizosphere to 

chelate with metal ions to promote soluble PO4 uptake to maintain or increase intracellular P 

concentration [1,8]. In addition, the P stored in the older leaves of a plant when the plant experiences P 

stress is remobilized; this allows for (1) continued growth of actively expanding tissues, and (2) the 

promotion of new growth. Enhanced P trafficking is achieved via promoting the expression of genes 

encoding PO4 transporter proteins, and in turn, elevated PO4 transporter protein abundance generally 

ensures that the cellular P concentration is maintained irrespective of external PO4 levels [1,7]. In 

Arabidopsis thaliana (Arabidopsis), the first protein identified to be required for the maintenance of P 

homeostasis under PO4 limiting conditions was PHOSPHATE1 (PHO1) [9]. The gene encoding PHO1 

(PHO1; AT1G14040) was identified by [9] via their characterization of pho1 plants, an Arabidopsis mutant 

line demonstrated to over-accumulate P in root tissues due to defective P translocation to the shoot. 

Although the Arabidopsis PHO1 protein, and the PHO1 proteins of other plant species characterized 

to date, do not closely resemble other PO4 transporter proteins, PHO1 is indeed central to P movement 

in plants. The PHO1 protein is essential for PO4 efflux into the root vascular cylinder; the first step in 

P transportation to the upper aerial tissues [10,11]. PHOSPHATE2 (PHO2) was the second protein 

demonstrated essential for the maintenance of P homeostasis with the pho2 mutant shown to 

accumulate P to toxic levels in shoot tissues [12,13]. The PHO2 gene (AT2G33770) has since been shown 

to encode a ubiquitin conjugating enzyme24 (UBC24), with the PHO2 UBC24 proposed to direct 

ubiquitin-mediated degradation of PO4 transporters, PHOSPHATE TRANSPORTER1;4 (PHT1;4), PHT1;8 

and PHT1;9 [14]. Further, PHO2 is almost ubiquitously expressed in Arabidopsis shoot and root tissues 

[15], with the loss of PHO2-directed suppression of PHT1;4, PHT1;8 and PHT1;9 abundance in pho2 

plants leading to the enhanced translocation of P from the roots to the shoot tissue [14]. In addition to 

PHO1 and PHO2, traditional mutagenesis-based approaches have further identified other proteins 

essential to P homeostasis maintenance, including PHOSPHATE STARVATION RESPONSE1 (PHR1), 

a MYB domain transcription factor that regulates the expression of numerous P responsive genes [16,17].

More contemporary research, however, has  concentrated  on  documenting  the  regulatory 

role directed at the posttranscriptional level by small regulatory RNAs (sRNA), specifically the 

microRNA (miRNA) class of sRNA, in order to maintain P homeostasis [18,19]. The advent of high 

throughput sequencing technologies has made sRNA profiling across plant species, and under different

growth regimes, including exposure of a plant to abiotic and biotic stress, a routine experimental 

procedure in modern research [14,20,21]. Such profiling has identified a common suite of conserved 

miRNAs (miRNAs identified across multiple, evolutionary unrelated plant species) that accumulate 

differentially when mineral nutrients are lacking, including P, nitrogen (N), copper and sulphur [20,21].

Responsiveness of a single miRNA to multiple mineral nutrient stresses is not surprising considering the 

considerable overlap in the complex regulation of metal ion transport and/or uptake in plants [14,22,23].

In Arabidopsis for example, P and N uptake mechanisms are reciprocally linked to one another, therefore; 

a miRNA with enhanced accumulation during periods of P stress will usually be reduced in abundance 

during N starvation [19,24,25]. 

The miRNA, miR399, has been conclusively linked with the maintenance of P homeostasis and 

the regulation of PO4 uptake in Arabidopsis [18,19]. In Arabidopsis, the miR399 sRNA is processed from 

six precursor transcripts, namely PRE-MIR399A to PRE-MIR399F, transcribed from five genomic loci 

(MIR399A-MIR399D and MIR399E/F). The miR399 sRNA is unique amongst Arabidopsis miRNAs in that 

it acts as a mobile systemic signal upon PO4 stress [21,26]. More specifically, when P becomes limited 

in Arabidopsis shoots, MIR399 gene expression is stimulated by PHR1 [27], and following processing 

of the now abundant miR399 precursor transcripts by the protein machinery of the Arabidopsis 

miRNA pathway, the mature miR399 sRNA is transported to the roots. Here, miR399 is actively 

loaded by the miRNA-induced silencing complex (miRISC) to direct miRISC-mediated cleavage of 

PHO2, the target transcript of miR399 [7,21,27]. Reduced PHO2 protein abundance, due to elevated 

miRISC-mediated cleavage of the PHO2 transcript, in turn removes the PHO2-mediated suppression 
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of PO4 transporters, PHT1;4, PHT1;8 and PHT1;9, to ultimately promote root-to-shoot P transport in 

an attempt to maintain shoot P homeostasis in P limited conditions [28–31]. Additional regulatory 

complexity to the miR399/PHO2 expression module is offered by the non-protein-coding RNA, INDUCED 

BY PHOSPHATE STARVATION1 (IPS1) [32]. Once transcribed, IPS1 acts as an endogenous target 

mimic (eTM) of miR399 activity [33].  Specifically, the miR399 target site harbored by  IPS1 contains a 

three nucleotide mismatch bulge across miR399 nucleotide positions 10 and 11: the position at 

which the catalytic core of miRISC, ARGONAUTE1 (AGO1), catalyzes the cleavage of miRNA target 

transcripts [34]. The bulge that forms at this position once miR399-directed AGO1 binds IPS1, renders 

IPS1 resistant to AGO1-catalyzed cleavage, thereby effectively sequestering away miR399 activity [33]. 

Three of the five members of the Arabidopsis DOUBLE-STRANDED RNA BINDING (DRB) protein 

family, including DRB1, DRB2 and DRB4, have been assigned functional roles in the Arabidopsis miRNA 

pathway [35–39]. Both DRB1 and DRB4 form functional partnerships with DICER-LIKE (DCL) proteins, 

RNase III-like endonucleases that cleave molecules of double-stranded RNA (dsRNA). More specifically, 

the DRB1/DCL1 partnership processes stem-loop structured molecules of imperfectly dsRNA that form 

post miRNA precursor transcript folding [35–37], and the DRB4/DCL4 partnership is central for the 

processing of a small subset of miRNA precursor transcripts that fold to form stem-loop structures with 

high levels of base-pairing due to the almost perfect complementarity of the nucleotide sequences of 

the stem-loop arms [39]. More recently, DRB2 has also been assigned a functional role in the Arabidopsis 

miRNA pathway due to its demonstrated antagonism and/or synergism with the roles of both DRB1 

and DRB4 in sRNA production [37,40]. Here, we therefore assessed the requirement of DRB1, DRB2 

and DRB4 in the regulation of the miR399/PHO2 expression module, both under non-stressed growth 

conditions and when wild-type Arabidopsis plants (ecotype Columbia-0 (Col-0)) and the drb1, drb2 and 

drb4 mutant lines are exposed to PO4 starvation. More specifically, we aimed to determine; (1) the 

contribution of DRB1, DRB2 and/or DRB4 to miR399 production; (2) the mode of silencing directed 

by miR399 to regulate PHO2 expression, and; (3) whether either DRB1, DRB2 or DRB4 are required 

for P homeostasis maintenance. Phenotypic and molecular assessment of Col-0, drb1, drb2 and drb4 

plants post exposure to a 7-day period of PO4 starvation, revealed that DRB1 and DRB2 are required 

for P homeostasis maintenance. Further, DRB1 was established as the primary DRB protein required to 

regulate miR399 production. However, DRB2 and DRB4 were demonstrated to play a secondary role in 

miR399 production regulation. Furthermore, miR399 appears to regulate the expression of its targeted 

transcript, PHO2, via both the canonical mechanism of plant miRNA-directed target gene expression 

repression, target mRNA cleavage, and via the alternative mode of target gene expression regulation, 

translational repression. Taken together, the hierarchical contribution of DRB1, DRB2 and DRB4 to 

the regulation of the miR399/PHO2 expression module in Arabidopsis shoots and roots identifies the 

extreme importance of maintaining P homeostasis to ensure that numerous vital cellular processes are 

maintained across Arabidopsis tissue types and under a changing cellular environment. 

2. Results 

2.1. The Phenotypic and Physiological Response to PO4 Stress in the Shoot Tissues of Arabidopsis Plant Lines 
Defective in DRB Protein Activity 

To determine the consequence of loss of DRB activity on P homeostasis maintenance in 15-day 

old Arabidopsis plants post a 7-day period of PO4 starvation, a series of phenotypic and physiological 

parameters were assessed in Col-0, drb1, drb2 and drb4 shoots. The severe developmental phenotype 

of the drb1 mutant has been reported previously [36,41,42]. Figure 1A clearly reveals the reduced size 

of the drb1 mutant at 15 days of age, compared to Col-0 plants, when both Arabidopsis lines are 

cultivated on standard growth media (P+  media).   The retarded development of the drb1 mutant    is 

further evidenced in Figure 1B where the fresh weight of 8-day old Col-0 and drb1 seedlings is 

presented. Specifically, prior to seedling transfer to either P+ or P− media, the fresh weight of an 8-day 

old drb1 seedling (13.5 ± 1.0 mg) is 53.4% less than that a Col-0 seedling (29.0 ± 3.5 mg). Compared to 

drb1, the drb2 and drb4 mutants display mild developmental phenotypes [37,42] as evidenced by those 
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displayed by 15-day old drb2 and drb4 plants cultivated on P+ growth media (Figure 1A), and by the 

fresh weights of 8-day old drb2 (26.8 ± 4.2 mg) and drb4 (22.9 ± 1.4 mg) seedlings. Although the drb1 

mutant displayed the most severe phenotype, drb1 development appeared to be the least affected by 

the 7-day PO4 stress treatment. The fresh weight of P− drb1 plants (35.5 ± 1.0 mg) was only reduced by 

21.6% compared to P+ drb1 plants (45.3 mg ± 1.5 mg) (Figure 1C). The development of Col-0, drb2 and 
drb4 plants was negatively impacted to a similar degree by the 7-day PO4 stress treatment, with their 

fresh weights reduced by 36.6%, 39.1% and 36.3%, respectively (Figure 1C). Determination of rosette 

area revealed largely similar trends across the drb mutant lines analyzed, that is, drb1 rosette area was 

reduced by 29.3%, while the rosette development of P− drb2 and P− drb4 plants was reduced by 48.0% 

and 38.7%, respectively (Figure 1D). Interestingly, the observed reductions to the rosette area of P− 

drb1, P− drb2 and P− drb4 plants was considerably less than the 60.1% reduction to the rosette area of 

P− Col-0 plants (11.2 ± 1.7 mm2) compared to P+ Col-0 plants (28.1 ± 5.5 mm2) (Figure 1D). 
 

Figure 1. The aerial tissue phenotypes displayed by 15-day old Arabidopsis plant lines Col-0, drb1, drb2 and drb4 

post exposure to a 7-day period of PO4 starvation. (A) The aerial tissue phenotypes expressed by non-stressed 

(top row of panels) and PO4-stressed (bottom row of panels) 15-day old Col-0, drb1, drb2 and drb4 plants. Scale 

bar = 1cm. (B) Quantification of the shoot mass of 8-day old Col-0, drb1, drb2 and drb4 seedlings germinated and 

cultivated under standard growth conditions. (C) The shoot mass of non-stressed and PO4-stressed 15-day old 

Col-0, drb1, drb2 and drb4 plants. (D) The rosette area of
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non-stressed and PO4-stressed 15-day old Arabidopsis lines, Col-0, drb1, drb2 and drb4. (E) Anthocyanin 

accumulation in the shoot tissues of 15-day old Col-0, drb1, drb2 and drb4 plants cultivated under standard 

growth conditions, or for 7-days under PO4 starvation. (F and G) Chlorophyll a (F) and chlorophyll b (G) 

abundance in the aerial tissues of non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. (B-G) Error 

bars represent the standard deviation of four biological replicates and each biological replicate consisted of a 

pool of twelve individual plants. The presence of an asterisk above a column represents a statistically significant 

difference either between non-stressed Col-0 plants and each assessed drb mutant post cultivation under either 

a non-stressed or stressed growth regime (B) or between the non-stressed and PO4-stressed sample of each 

plant line (C-G) (p-value:  * <  0.05; ** < 0.005; *** < 0.001). 

 
Anthocyanin,  chlorophyll a and chlorophyll b content of Col-0,  drb1,  drb2 and drb4 shoots   was 

also determined. Phosphate starvation has been previously shown to elevate the levels of 

PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1/MYB75), PAP2 (MYB90) and MYB113, three 

MYB domain transcription factors that in turn stimulate the expression of a cohort of genes required 

for anthocyanin production in vegetative tissues [19,43]. These reports, in combination with the readily 

observable pigmentation that accumulated in the rosette leaves of P− Col-0, P− drb2 and P− drb4 plants 

(Figure 1A), identified anthocyanin as an ideal metric to further assess the response of each drb mutant 

to PO4 starvation. The anthocyanin content of non-stressed Col-0, drb1, drb2 and drb4 shoots was 

similar (Figure 1E). However, when PO4  is limited, an approximate 2.0-fold increase in anthocyanin 

accumulation was detected for P− Col-0 shoots. Further promotion of anthocyanin accumulation was 

determined for PO4-stressed drb2 and drb4 plants, with anthocyanin content elevated 3.7- and 2.8-fold 

in P− drb2 and P− drb4 plants, respectively (Figure 1E). As readily observable in Figure 1A, anthocyanin 

accumulation was not promoted in the shoot tissue of P− drb1 plants. However, spectrophotometry 

revealed abundance changes for both chlorophyll a and chlorophyll b in the shoot tissue of P−    drb1 

plants. Specifically, chlorophyll a (Figure 1F) and chlorophyll b (Figure 1G) abundance was elevated by 

2.1- and 2.8-fold in P− drb1 shoots, compared to P+ drb1 shoots. In PO4-stressed Col-0, drb2 and drb4 

shoots, the chlorophyll a level remained largely unchanged compared to the non-stressed counterpart 

of each plant line (Figure 1F). Chlorophyll b accumulation however, was determined to be promoted in 

Col-0 and drb4 shoots, by 1.8- and 2.0-fold, by the 7-day PO4 starvation period (Figure 1G). 

2.2. Molecular Profiling of the miR399/PHO2 Expression Module in the Shoot Tissues of Arabidopsis Plant 
Lines Defective in DRB Protein Activity 

The results presented in Figure 1 strongly indicated that each drb mutant was responding 

differently to the applied stress and when this finding is considered together with the documented roles 

of DRB1, DRB2 and DRB4 in the Arabidopsis miRNA pathway [35–39], including the demonstrated 

antagonism between DRB1 and DRB2 [37] and between DRB2 and DRB4 [40] in miRNA production, 

the miR399/PHO2 expression module was next profiled via a RT-qPCR-based approach. RT-qPCR 

profiling was conducted in an attempt to determine if the observed differences in the response of each 

drb mutant line to PO4 stress was a result of dysfunction of the miR399/PHO2 expression module. 

In Arabidopsis shoots, PHR1 promotes MIR399 gene expression when PO4 supplies become limited, 
resulting in elevated miR399 abundance [27]. Therefore, RT-qPCR was first used to assess PHR1 
expression in control and PO4-stressed Col-0, drb1, drb2 and drb4 shoots (Figure 2A). PHR1 expression 
was only mildly elevated by 1.5-, 1.6- and 1.7-fold in P+ drb1, P+ drb2 and P+ drb4 shoots respectively, 
compared to its levels in non-stressed Col-0 shoots (Figure 2A). RT-qPCR further revealed that PO4 
stress only induced mild elevations to PHR1 expression in P− Col-0 (1.00 to 1.22 relative expression) 
and P− drb2 shoots (1.62 to 1.74 relative expression) (Figure 2A). This result was not unexpected in view 
of the previous report of only mild PHR1 expression induction in PO4-stressed Arabidopsis [17]. 
Interestingly, PHR1 expression was reduced by 19.6% and 31.2% in P− drb1 and P− drb4 shoots, 
respectively (Figure 2A), and not mildly elevated as expected.
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Figure 2. Molecular profiling of the miR399/PHO2 expression module in the aerial tissues of non-stressed and PO4-

stressed Col-0, drb1, drb2 and drb4 plants. (A) RT-qPCR assessment of the expression of the PO4 responsive 

transcription factor PHR1 in the aerial tissues of non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. 

(B to F) RT-qPCR profiling of miR399 precursor transcript abundance in the aerial tissues of non-stressed and 

PO4-stressed Col-0, drb1, drb2 and drb4 plants, including precursors PRE-MIR399A (B), PRE-MIR399C (C), PRE-

MIR399D (D), PRE-MIR399E (E) and PRE-MIR399F (F). (G) Quantification of miR399 abundance in the aerial 

tissues of non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. (H) Assessment of the expression 

of the non-cleavable decoy of miR399 activity, IPS1, via RT-qPCR in the aerial tissues of non-stressed and PO4-

stressed Arabidopsis lines, Col-0, drb1, drb2 and drb4. (I) RT-qPCR analysis of the expression of the miR399 target 

gene, PHO2, in the aerial tissues of non-stressed and PO4-stressed Arabidopsis lines, Col-0, drb1, drb2 and drb4. 

(A–I) Error bars represent the standard deviation of four biological replicates and each biological replicate 

consisted of a pool of twelve individual plants. Due to the vastly different levels of each assessed transcript, the 

relative expression value for each plant line/growth regime is provided above the corresponding column. The

presence of an asterisk above a column represents a statistically significant difference between non-stressed

Col-0 plants and each of the assessed drb mutant lines, post cultivation under either a standard or stressed 

growth regime (p-value: * < 0.05; ** < 0.005; *** < 0.001).
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The miR399 sRNA is processed from six structurally distinct precursor transcripts (PRE-MIR399A to 

PRE-MIR399F), transcribed from five genomic loci (MIR399A to MIR399D and MIR399E/F) in 

Arabidopsis. RT-qPCR only failed to detect PRE-MIR399B expression in Col-0 shoots. RT-qPCR did 

however clearly reveal that PO4 stress induced the expression of the five detectable miR399 precursor 

transcripts by 4.0-, 88.3-, 3204-, 37.3- and 92.9-fold in the shoots of P− Col-0 plants (Figure 2B–F). Of the 

three members of the Arabidopsis DRB protein family analyzed here, Figure 2B–F clearly show that 

DRB1 is the primary DRB protein required to regulate miR399 production in Arabidopsis shoots with 

the abundance of PRE-MIR399A, PRE-MIR399C, PRE-MIR399D, PRE-MIR399E and    PRE-MIR399F 

elevated by 2.3-, 10.1-, 12.8-, 5.5- and 14.6-fold, respectively, in P+ drb1 shoots. The primary role of 

DRB1 in regulating miR399 production in Arabidopsis shoots was further highlighted for PRE-MIR399A, 

PRE-MIR399C, PRE-MIR399D and PRE-MIR399F via additional elevations to their respective expression 

levels, specifically 45.7-, 234.6- 3743- and 178.9-fold increases to transcript abundance in P- drb1 shoots 

(Figure 2B–D,F). 

Failure to detect the PRE-MIR399A precursor by RT-qPCR in P+ drb2 shoots, and a similar degree 
of over-accumulation of this precursor in P− Col-0 (4.0-fold) and P− drb2 shoots (4.6-fold), indicated 
that DRB2 is not required to regulate miR399 production from this precursor (Figure 2B). Wild-type-like 
accumulation of PRE-MIR399C (1.1-fold) and PRE-MIR399D (1.2-fold) in P+ drb2 shoots, and a lower 
degree of over-accumulation of these two precursors in P− drb2 shoots, compared to P− Col-0 shoots, 
indicated that DRB2 plays a secondary role in regulating miR399 production from these two precursors 
(Figure 2C,D). A similar level of expression of PRE-MIE399E in PO4-stressed drb1 and drb2 shoots 
suggested that both DRB1 and DRB2 are required for miR399 production from this precursor (Figure 2E). 
However, lower transcript abundance (0.5 relative expression) in P+ drb2 shoots, compared to relative 
expression levels of 1.0 and 5.5 in P+ Col-0 and P+ drb1 shoots, respectively (Figure 2E), again indicated 
that under standard growth conditions, DRB2 plays a secondary role in regulating miR399 production 
from the PRE-MIR399E precursor. The abundance of the PRE-MIR399F transcript is also reduced in P+ 

drb2 shoots compared to its levels in P+ Col-0 shoots, and further, the degree of over-accumulation of 
PRE-MIR399F is less in P− drb2 shoots compared to its levels in P− Col-0 shoots (Figure 2F). When these 
expression trends are considered together with those documented for P+ and P− drb1 shoots, they again 
indicate a secondary role for DRB2 in regulating miR399 production from this precursor. 

As demonstrated for P+ drb2 shoots, the PRE-MIR399A transcript remained below the detection 

sensitivity of RT-qPCR in P+ drb4 shoots (Figure 2B). RT-qPCR did however, reveal PRE-MIR399A 

expression to be elevated by 5.2-fold in P− drb4 shoots, a similar degree of transcript elevation to that 

observed in P− Col-0 shoots (4.0-fold increase) (Figure 2B). This indicates that DRB4 is not involved in 

regulating miR399 production from this precursor. Comparison of the RT-qPCR generated expression 

trends for PRE-MIR399C, PRE-MIR399D and PRE-MIR399E in P+ and P− drb4 shoots, to those of P+ 

Col-0, P− Col-0, P+ drb1 and P− drb1 shoots, revealed a secondary role for DRB4 in regulating miR399 

production from these three precursor transcripts (Figure 2C–E). DRB4 also appears to play a role   in 

regulating miR399 production from the PRE-MIR399F transcript, with PRE-MIR399F abundance 

reduced by 40% in P+ drb4 shoots (Figure 2F). RT-qPCR also revealed that the expression of this 

precursor transcript was elevated to a relative expression level of 60.8 in PO4-stressed drb4 shoots; a 

lower degree of relative expression than observed in either P− Col-0 (92.9 relative expression) or  P− 

drb1 (178.9 relative expression) shoots (Figure 2F). This finding suggests that in the absence of DRB4 

activity, miR399 is more efficiently processed from the PRE-MIR399F precursor transcript. 

RT-qPCR was next applied to quantify miR399 abundance in the shoot material of non-stressed or 
PO4-stressed Col-0, drb1, drb2 and drb4 plants. This analysis revealed that in spite of the considerable 

variation in precursor transcript abundance in the shoot tissues of P+  Col-0, P+  drb1, P+  drb2 and P+ 

drb4 plants, miR399 levels remained largely unchanged (Figure 2G). This was an especially surprising 

finding for control drb1 plants, with the PRE-MIR399A, PRE-MIR399C, PRE-MIR399D, PRE-MIR399E 

and PRE-MIR399F transcripts demonstrated to over-accumulate by 4.0-, 10.1-, 12.8-, 5.5- and 14.6-fold 

in P+ drb1 shoots, compared to their respective levels in P+ Col-0 shoots. However, miR399 abundance 
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was only reduced by 10% in P+ drb1 shoots. Similarly, although the expression level of the five miR399 

precursors varied considerably in P+ drb2 and P+ drb4 shoots, miR399 abundance was only elevated by 

10% and 20%, respectively (Figure 2G). Enhanced miR399 accumulation in P+ drb2 and P+ drb4 shoots 

did however further identify that both of these DRB proteins are required to correctly regulate miR399 

abundance in Arabidopsis shoots. The degree of alteration to miR399 abundance was demonstrated to 

be higher in the shoot tissues of the four assessed plant lines when these lines were cultivated on PO4 

deplete media. Specifically, RT-qPCR revealed 2.9-, 2.6-, 2.5- and 2.0-fold enhancement to miR399 

abundance in PO4-stressed Col-0, drb1, drb2 and drb4 shoots, respectively (Figure 2G). 

The mild alteration to miR399 abundance quantified by RT-qPCR in non-stressed and PO4-stressed 

shoots (Figure 2G) led us to next assess the expression of IPS1, the eTM of miR399 [32–34]. Due to IPS1 

being a PO4 stress-induced gene, it was unsurprising to only observe mild (P+ drb2 and P+ drb4 shoots) 

to moderate differences (P+ drb1 shoots) in IPS1 transcript abundance in the shoot tissue of non-stressed 

Col-0, drb1, drb2 and drb4 plants (Figure 2H). Further, and as expected, RT-qPCR showed that PO4 stress 

induced the expression of IPS1, with IPS1 transcript abundance elevated by 75.7-, 7.1-, 20.8- and 16.4-

fold in the shoot tissues of PO4 stressed Col-0, drb1, drb2 and drb4 plants, respectively (compared to the 

non-stressed counterpart of each plant line). 

Next, the expression of the target gene of miR399, PHO2, was determined by RT-qPCR to largely 

remain at wild-type levels (P+ Col-0 shoots) in the shoot tissues of P+ drb1, P+  drb2 and P+  drb4  plants 

(Figure 2I). This was an unsurprising result considering that RT-qPCR also revealed only mild changes 

to miR399 abundance across the three drb mutant lines assessed when each plant line was cultivated 

on standard Arabidopsis culture media (Figure 2G). RT-qPCR also revealed that elevated miR399 

abundance in P− Col-0, P− drb2 and P− drb4 plants, promoted miR399-directed expression repression 

of PHO2, with the abundance of the PHO2 transcript reduced by 50%, 40% and 60% in the shoot tissues 

of these three plant lines, respectively (Figure 2I). In P− drb1 shoots however, the level of the PHO2 

transcript was increased by 50% (Figure 2I). Elevated PHO2 expression in P− drb1 shoots, a tissue 

where miR399 abundance was also demonstrated to be elevated, indicated that in the absence of DRB1 

activity, miR399-directed mRNA cleavage-mediated regulation of PHO2 expression is lost. 

2.3. The Phenotypic and Physiological Response to PO4 Stress of the Root System of Arabidopsis Plant Lines 
Defective in DRB Protein Activity 

The unique phenotypic (Figure 1) and molecular (Figure 2) response displayed by drb1, drb2 and 

drb4 shoots to PO4 starvation led us to next repeat these assessments on the root system of each mutant 

background. As reported for the aerial tissue phenotypes expressed by the drb1, drb2 and drb4 mutants 

(Figure 1), Figure 3A again clearly displays the severe developmental phenotype expressed by the drb1 

mutant as well as the comparatively mild phenotypes that result from the loss of either DRB2 or DRB4 

activity in drb2 and drb4 plants, respectively. The severity of the developmental phenotypes expressed 

by the three drb mutants assessed in this study is further evidenced when the fresh weight of the root 

system of 8-day old seedlings cultivated on standard growth media was determined. Specifically, the 

fresh weight of the root system of 8-day old drb2 and drb4 seedlings, 7.95 ± 0.20 mg and 8.00 ± 0.15 mg 

respectively, was equivalent to the fresh weight of the root system of Col-0 plants, 8.25 ± 0.45 mg 

(Figure 3B). However, the fresh weight of the root system of 8-day old drb1 plants, 4.25 ± 0.15 mg, was 

approximately 50% less than that of an 8-day old Col-0 seedling (Figure 3B). 
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Figure 3. The root system phenotypes displayed by 15-day old Arabidopsis plant lines Col-0, drb1, drb2 and 

drb4 post exposure to a 7-day period of PO4 starvation. (A) The root system phenotypes expressed by non-

stressed (top row of panels) and PO4-stressed (bottom row of panels) 15-day old Col-0, drb1, drb2 and drb4 

plants. Scale bar = 1cm. (B) Quantification of the root mass of 8-day old Col-0, drb1, drb2 and drb4 seedlings 

cultivated under standard growth conditions. (C) The root mass of non-stressed and PO4-stressed 15-day old 

Col-0, drb1, drb2 and drb4 plants. (D) The primary root length of non-stressed and PO4-stressed 15-day old 

Arabidopsis lines, Col-0, drb1, drb2 and drb4. (E) The number of lateral roots formed from the primary root of 

15-day old Col-0, drb1, drb2 and drb4 plants cultivated under standard growth conditions, or post the 7-day PO4 

starvation period. (B–E) Error bars represent the standard deviation of four biological replicates and each 

biological replicate consisted of a pool of twelve individual plants. The presence of an asterisk above a column 

represents a statistically significant difference either between non-stressed Col-0 plants and each assessed drb 

mutant post cultivation under either a non-stressed or stressed growth regime (B) or between the non-stressed 

and PO4-stressed sample of each plant line (C-E) (p-value: * < 0.05; ** < 0.005; *** < 0.001). 

Figure 3C shows that at the completion of the 7-day PO4 starvation period, the fresh weight of 15-day 

old P− Col-0 roots (29.0 ± 3.0 mg) was only reduced by 2.0 mg compared to P+ Col-0 roots (31.0 ± 3.5 mg), 

a mild 6.5% reduction. The fresh weight of the root system of PO4 stressed drb1, drb2 and drb4 plants all 

showed a much greater reduction when compared to their non-stressed counterparts (Figure 3C). That is, 

the fresh weight of the root system of 15-day old P− drb1 (7.5 ± 0.15 mg), P− drb2 (23.0 ± 2.5 mg) and P− 

drb4 plants (17.5 ± 0.75 mg) was reduced by 25.0%, 25.8% and 18.6%, respectively (Figure 3C). 
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 Inhibition of primary root length is one of the main phenotypic responses of Arabidopsis to PO4 

stress [2,44], and accordingly, Figure 3A,D clearly show that the primary root length of 15-day old  P− 

Col-0 plants (23.4 ± 2.8 mm) was significantly reduced by 51.2% compared to non-stressed P+ Col-0 

plants (48.1 ± 3.1 mm) (Figure 3D). Although primary root length is already severely inhibited due to 

detrimental consequences of the loss of DRB1 activity on Arabidopsis development, the 7-day stress 

treatment caused a 46.7% reduction to the primary root length of P− drb1 plants (10.4 ± 3.1 mm) 

compared to P+ drb1 plants (19.5 ± 5.9 mm) (Figure 3D). Interestingly, PO4 stress impacted primary root 

development to a much lower degree in both the drb2 and drb4 mutant backgrounds. Namely, primary 

root length was reduced by 20.3% and 10.3% in P− drb2 (40.5 ± 4.0 mm) and P− drb4 (41.8 ± 6.2 mm) 

plants respectively, compared to the primary root length of P+ drb2 (50.8 ± 5.0 mm) and P+ drb4 (46.6 ± 

2.9 mm) plants (Figure 3D). 

In parallel with inhibition to primary root length, promotion of lateral root development is a 

commonly reported phenotypic response of Arabidopsis plants exposed to PO4 stress [2,44]. It was 

therefore unsurprising to document a 44% increase in the number of lateral roots that formed on 15-

day old P− Col-0 plants (4.9 ± 0.4) compared to P+ Col-0 plants (3.4 ± 0.3) (Figure 3E). Interestingly, this 

phenotypic response to PO4 stress appeared completely defective in the drb1 mutant background 

with both P+ drb1 (4.0 ± 0.2) and P− drb1 (3.9 ± 0.2) plants forming approximately the same  number 

of lateral roots. Unlike the drb1 mutant, lateral root development was promoted by ~61% in the drb2 

mutant background with P− drb2 plants forming 8.2 ± 0.7 lateral roots compared to P+ drb2 plants 
which formed 5.1 ± 0.8 lateral roots. Lateral root formation was also induced by PO4 stress in the drb4 

mutant with the number of lateral roots increased by 44% in P− drb4 plants (2.6 ± 0.1) compared   to 

their number in P+ drb4 plants (1.8 ± 0.2). 

2.4. Molecular Profiling of the miR399/PHO2 Expression Module in the Root System of Arabidopsis Plant Lines 
Defective in DRB Protein Activity 

Due to its demonstrated role in inducing MIR399 gene expression in PO4 depleted conditions [27], 

RT-qPCR was initially used to profile PHR1 expression in PO4-stressed Col-0, drb1, drb2 and drb4 roots 

(Figure 4A). This analysis revealed that compared to the root system of each plant line’s non-stressed 

counterpart, PHR1 expression remained remarkably constant in P− Col-0, P− drb1, P− drb2 and P− drb4 

roots (Figure 4A). Although RT-qPCR revealed that PHR1 expression remained constant in the roots of 

control and PO4-stressed plants, RT-qPCR was next applied to profile the expression of the six MIR399 

precursor transcripts in the roots of P+ and P− plants. Of the six miR399 precursors, RT-qPCR only 

allowed for expression quantification of three miR399 precursors, namely PRE-MIR399A, PRE-MIR399C 

and PRE-MIR399D in Arabidopsis roots (Figure 4B–D). In P− Col-0 roots, RT-qPCR clearly revealed 

that PO4 stress induced the expression of the miR399 precursors, PRE-MIR399A, PRE-MIR399C and 

PRE-MIR399D, by 4.0-, 40.6- and 1546-fold, respectively (Figure 4B–D). When compared to P+ Col-0 

roots, the moderate 2.3- and 3.6-fold elevation in the abundance of PRE-MIR399A and PRE-MIR399C in 

P+ drb1 roots, identified DRB1 as the primary DRB required for miR399 production regulation from these 

two precursor transcripts in the roots of wild-type Arabidopsis plants (Figure 4B,C). The primary role of 

DRB1 in PRE-MIR399A and PRE-MIR399C processing in non-stressed Col-0 roots is further evidenced 

by the wild-type equivalent accumulation of these two precursors in P+ drb2 and P+ drb4 roots, and by 

the highest degree of PRE-MIR399A and PRE-MIR399C precursor transcript over-accumulation in P− 

drb1 roots (Figure 4B,C). Considering this result, it was therefore of considerable interest to observe 

the greatest degree of PRE-MIR399D over-accumulation, an 8.2-fold increase, in P+ drb4 roots and not 

in P+ drb1 roots (4.3-fold increase) (Figure 4D). This finding suggests that in non-stressed wild-type 

Arabidopsis roots, DRB4 is the primary DRB responsible for regulating miR399 production from this 

precursor transcript. In addition, and under PO4 stress conditions, the PRE-MIR399D transcript 

increased in its abundance to relative expression values of 829, 849 and 1271 in drb1, drb2 and drb4 roots, 

respectively (Figure 4D). Although these determined increases in precursor transcript abundance are 

all highly significant, they are not as significant as the 1546 relative expression value obtained for the 
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PRE-MIR399D transcript in P− Col-0 roots. A lower degree of precursor transcript over-accumulation 

in each assessed drb mutant background, compared to the expression induction observed in wild-type 

roots, indicated that all three DRB proteins potentially play a role in fine-tuning the regulation of 

miR399 production from the PRE-MIR399D precursor in PO4-stressed Arabidopsis roots (Figure 4D). 
 

Figure 4. Molecular profiling of the miR399/PHO2 expression module in the root system of non-stressed and PO4-

stressed Col-0, drb1,  drb2 and drb4 plants.  (A) RT-qPCR  assessment of the expression of  the PO4 responsive 

transcription factor PHR1 in the roots of non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. (B–

D) RT-qPCR profiling of miR399 precursor transcript abundance in the root system of non-stressed and PO4-

stressed Col-0, drb1, drb2 and drb4 plants, including precursors PRE-MIR399A (B), PRE-MIR399C (C) and PRE-

MIR399D (D). (E) Quantification of miR399 abundance in the roots of non-stressed and PO4-stressed Col-0, drb1, 

drb2 and drb4 plants. (F) Assessment of IPS1 transcript abundance in the roots of non-stressed and PO4-stressed 

Arabidopsis lines, Col-0, drb1, drb2 and drb4. (G) RT-qPCR analysis of PHO2 expression, the target gene of 

miR399, in the root system of non-stressed and PO4-stressed Arabidopsis lines, Col-0, drb1, drb2 and drb4. (A–

G) Error bars represent the standard deviation of four biological replicates and each biological replicate 

consisted of a pool of twelve individual plants. Due to the vastly different level of each assessed transcript, the 

relative expression value for each plant line/growth regime is provided above the corresponding column. The 

presence of an asterisk above a column represents a statistically significant difference between non-stressed 

Col-0 plants and each of the assessed drb mutant lines, post cultivation under either a standard or stressed 

growth regime (p-value: * < 0.05; ** < 0.005; *** < 0.001). 
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Post-establishment of highly variable expression profiles for PRE-MIR399A, PRE-MIR399C and 

PRE-MIR399D in non-stressed drb1, drb2 and drb4 roots (Figure 4B–D), miR399 abundance reductions 

of 30%, 50% and 30% in P+ drb1, P+ drb2 and P+ drb4 roots, respectively, was expected (Figure 4E).

Quantification of miR399 abundance, 2.5-, 1.8-, 2.6- and 2.0-fold elevations, respectively, in the root 

tissues of PO4-stressed Col-0, drb1, drb2 and drb4 plants, revealed that the considerable induction to 

PRE-MIR399A, PRE-MIR399C and PRE-MIR399D expression (Figure 4B–D), did not however, result in 

an overly altered miR399 accumulation profile (Figure 4E). 

Failure to establish a strong correlation between precursor transcript expression and miR399 

abundance in either control or PO4-stressed Col-0, drb1, drb2 and drb4 roots, led us to next assess IPS1 

expression in this tissue (Figure 4F). IPS1 transcript abundance remained relatively unchanged in the 

root tissues of non-stressed Col-0 and drb2 plants (Figure 4F). Interestingly, IPS1 expression was 

reduced by 60% in P+ drb1 and P+ drb4 roots (Figure 4F). Significant induction of IPS1 expression was

observed in PO4-stressed drb1, drb2 and drb4 roots, 331-, 696- and 618-fold elevations, respectively. 

Interestingly, RT-qPCR demonstrated that IPS1 expression was promoted to its greatest degree, 1076-

fold, in PO4-stressed Col-0 roots (Figure 4F). 

The expression of the miR399 target gene, PHO2, was next quantified by RT-qPCR in non-stressed 

and PO4-stressed Col-0, drb1, drb2 and drb4 roots (Figure 4G). In P+ drb1 and P+ drb2 roots, RT-qPCR

revealed PHO2 expression to be elevated and reduced by 20%, respectively, and in P+ drb4 roots, PHO2

expression was reduced by 30%. Elevated PHO2 expression in P+ drb1 roots was expected considering
the slight reduction to miR399 abundance observed in this tissue (Figure 4E). However, the reduced 

PHO2 transcript levels in P+  drb2 and P+  drb4 roots was a surprise finding considering that  miR399

abundance was also reduced in these two mutant lines by 50% and 30%, respectively (Figure 4E). PHO2 

expression was demonstrated by RT-qPCR to be elevated by 1.9-, 1.6-, 4.5- and 5.1-fold in PO4-stressed 

Col-0, drb1, drb2 and drb4 roots, respectively (Figure 4G). This finding also formed an unexpected result 

considering that PO4 starvation induced the accumulation of the miR399 sRNA in all four assessed 

plant lines (Figure 4E). 

2.5. Correct Inorganic Phosphate Partitioning Between the Shoot and Root Tissue of Arabidopsis Requires 
DRB1 and DRB2 

The molecular profiling of alterations to the miR399/PHO2 expression module in the shoot and

root tissue of Arabidopsis Col-0, drb1, drb2 and drb4 plants under PO4 stress, in combination with each 

plant line displaying a unique phenotypic response to this stress, led us to next assess Pi partitioning 

in the aerial tissue and root system of P+ and P− Col-0, drb1, drb2 and drb4 plants. In the shoot  tissues

of 15-day old plants cultivated in PO4 replete conditions, Pi content was only altered in the drb2 

mutant background, with the Pi content of P+ drb2 shoots (13.8 µmol/gFW) reduced by 27.4%

compared to the Pi content of P+ Col-0 shoots (19.0 µmol/gFW) (Figure 5A). When cultivated in PO4-

stress conditions however, only the Pi content of P− drb1 shoots (1.15 µmol/gFW) differed to that of

P− Col-0 shoots (1.75 µmol/gFW); a 34.3% reduction (Figure 5A). In non-stressed roots, the Pi content

of P+ drb1 (11.4 µmol/gFW) and P+ drb2 (9.8 ± 0.8 µmol/gFW) roots was determined to be elevated by

58.3% and 37.5% respectively, compared to P+ Col-0 roots (7.2 µmol/gFW) (Figure 5B). As

demonstrated for non-stressed drb1 and drb2 roots, the Pi content of P− drb1 (1.84 µmol/gFW) and P−

drb2 (0.65 µmol/gFW) roots also differed to that of PO4-stressed Col-0 roots (1.25 µmol/gFW), elevated

and reduced by 47.2% and 48%, respectively (Figure 5B). 
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Figure 5. Pi content and PO4 transporter gene expression in the shoot and root tissue of 15-day old Arabidopsis 

plant lines Col-0, drb1, drb2 and drb4 cultivated under either a standard growth regime or post-exposure to a 

7-day period of PO4  starvation.  (A,B) Comparison of the Pi content of the shoots and roots (B) of 15-day old 

non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. (C) Pi content shoot (light blue) to root (dark 

blue) ratio of 15-day old Col-0, drb1, drb2 and drb4 plants cultivated under standard growth conditions. (D) Pi 

content shoot (light gold) to root (dark gold) ratio of 15-day old Col-0, drb1, drb2 and drb4 plants post 7-days of 

PO4 starvation. (E,F) Quantification of PHT1;4 expression in the shoot (E) and root (F) tissues of 15-day old Col-

0, drb1, drb2 and drb4 plants cultivated under standard growth conditions or post a 7-day period of PO4 

starvation. (G,H) RT-qPCR assessment of PHT1;8 transcript abundance in the shoots (G) and roots (H) of 15-day 

old Col-0, drb1, drb2 and drb4 plants cultivated under either standard or PO4 stress conditions. (I,J) PHT1;9 

expression in the shoot (I) and root (J) material of non-stressed or PO4-stressed Col-0, drb1, drb2 and drb4 plants 

at 15 days of age. (A,B,E–J) Error bars represent the standard deviation of four biological replicates and each 

biological replicate consisted of a pool of twelve individual plants. Due to the vastly different levels of each 

assessed transcript, the relative expression value for each plant line/growth regime is provided above the 

corresponding column. The presence of an asterisk above a column represents a statistically significant 

difference between the non-stressed and PO4-stressed sample of each plant line (A,B) or between non-stressed 

Col-0 plants and each drb mutant line, post cultivation under either a standard or stressed growth regime (E–

J) (p-value: * < 0.05; ** < 0.005; *** < 0.001). 
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 The reduced Pi content of P+  drb2 shoots (Figure 5A), together with the elevated Pi contents    

of P+ drb1 and P+ drb2 roots (Figure 5B), suggested that Pi partitioning was potentially defective in 

these two mutant backgrounds. We therefore next determined the Pi content ratio of the shoot and 

root of non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. Figure 5C clearly shows that 

Pi partitioning between the shoot and root tissue of P+ drb1 and P+ drb2 plants is defective, even when 

these two mutant lines are cultivated on standard Arabidopsis growth media. Under PO4 stress 

conditions, defective Pi partitioning is even more readily evident in the drb1 mutant background which 

showed a 0.38:0.62 shoot to root Pi content ratio, compared to the shoot to root Pi content ratio of 

0.58:0.42 for P− Col-0 plants. Although not as striking as determined for P+ drb2 plants, the altered 

shoot to root Pi content ratio (0.65:0.35) of PO4-stressed drb2 plants again indicated that Pi partitioning 

is defective in this mutant background (Figure 5D). 

Altered shoot to root Pi content ratios in drb1 and drb2 plants strongly suggested that Pi partitioning 

is defective in these two mutant backgrounds. Considering that PO4 transporters, PHT1;4, PHT1;8 and 

PHT1;9, are known targets of PHO2-mediated ubiquitination [7,14], together with our demonstration 

in Figures 2 and 4 that the miR399/PHO2 expression module is altered to differing degrees in the shoot 

and root tissues of each of the three assessed drb mutants, RT-qPCR was next applied to profile PHT1;4, 

PHT1:8 and PHT1:9 expression in non-stressed and PO4-stressed Col-0, drb1, drb2 and drb4 plants. RT-

qPCR revealed that PO4 starvation promoted PHT1;4, PHT1:8 and PHT1:9 expression by 9.1-, 39.6- 

and 4.3-fold in Col-0 shoots (Figure 5E,G,I), and by 1.2-, 2.6- and 1.4-fold in Col-0 roots, respectively 

(Figure 5F,H,J). In non-stressed drb1 shoots, the abundance of the PHT1;4, PHT1:8 and PHT1:9 

transcripts were only mildly altered compared to their respective expression levels in P+ Col-0 shoots, 

returning 1.4-, 1.6- and 2.1-fold changes in expression. A similar mild degree of expression alteration 

was observed for P+ drb1 roots. Specifically, compared to P+ Col-0 roots, the PHT1;4, PHT1:8 and 

PHT1:9 transcripts returned fold changes in abundance of 0.6, 1.0 and 0.7, respectively. The expression 

of these three PO4 transporters was significantly induced by the 7-day stress period, returning 

abundance fold changes of 24.5 (PHT1;4), 359.2 (PHT1:8) and 242.5 (PHT1:9), respectively (Figure 

5E,G,I), in P− drb1 shoots. In spite of the significant induction of PHT1 gene expression in P− drb1 shoots, 

PHT1;4, PHT1:8 and PHT1:9 levels were reduced (0.7-fold), elevated (2.0-fold) and unchanged (1.0-

fold), respectively (Figure 5F,H,J) in the root system of PO4-stressed drb1 roots. As demonstrated for 

P+ drb1 shoots, RT-qPCR again revealed that PHT1;4, PHT1:8 and PHT1:9 expression was mildly 

altered in P+ drb2 shoots by 0.8-, 1.0- and 3.4-fold, respectively. In non-stressed drb2 roots however, the 

expression of all three PO4 transporters was reduced by 40%, 50% and 60%, respectively, compared to 

their expression levels in non-stressed Col-0 roots. Furthermore, Figure 5E–J clearly show that the 7-

day PO4 starvation period induced the expression of these three PO4 transporter encoding genes  in 

both the P− drb2 shoot and root samples, compared to their expression levels in non-stressed drb2 

shoot and roots. Considering that Pi content of non-stressed and PO4-stressed drb4 shoots and roots 

was determined to be the same as that of the corresponding tissues in P+ and P− Col-0 plants, it was 

unexpected to observe such varied differences in PO4 transporter expression across both assessed 

tissues/growth conditions. For example, in P+ drb4 roots, PHT1;4, PHT1;8 and PHT1;9 levels were each 

reduced by 60%, compared to P+ Col-0 roots (Figure 5F,H,J), yet the Pi content of non-stressed Col-0 

and drb4 roots was identical (Figure 5B). 
 

3. Discussion 

A lack of available P in the soil is a key limitation for plant growth globally [3,45] and as a 

consequence of P limitation, land plants have evolved highly complex regulatory mechanisms to 

control both the uptake of external P from the soil, primarily in the form of PO4 (Pi), as well as the 

remobilization of internal stores of P during periods of low external PO4 availability [46]. These 

elaborate P responsive mechanisms allow a plant to attempt to (1) maintain growth and development 

and (2) regulate cellular P content, regardless of external P concentration [1,2,7]. More contemporary 

research has focused on the regulatory role played by a suite of PO4  responsive miRNA sRNAs that 
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either initiate or maintain PO4 signaling pathways across the plant kingdom [4,20]. Central to this PO4

responsive miRNA cohort, is miR399, with the miR399 sRNA required to regulate the abundance of 

the PHO2 transcript, to in turn regulate the level of the PHO2 protein, an E2 ubiquitin conjugase that 

mediates the ubiquitin-directed turnover of a group of PO4 transporter proteins [7,14,47]. The DRB 

family members, DRB1, DRB2 and DRB4, have each been ascribed a specific functional role in the 

Arabidopsis miRNA pathway [35–40,48,49]. Therefore, we sought to document the involvement of 

these three DRBs in the production of the PO4 responsive miRNA, miR399, and to determine the mode 

of action directed by the miR399 sRNA during PO4 starvation to regulate PHO2 abundance in the drb1, 

drb2 and drb4 mutant backgrounds. Specifically, we attempted to determine what effect an altered

miR399/PHO2 expression module profile would have on the response of drb1, drb2 or drb4 mutant

plants to the imposed stress in order to establish the contribution of either DRB1, DRB2 and/or DRB4

to the maintenance of P homeostasis in Arabidopsis. 

3.1. DRB1 is Required to Maintain Phosphorous Homeostasis in Arabidopsis 

Here, it was discovered that the maintenance of P homeostasis is impaired in the drb1 loss-of-

function mutant.   The most compelling evidence for this was the documented alteration      of the 

shoot to root Pi content ratio in both non-stressed (Figure 5C) and PO4-stressed drb1 plants (Figure 

5D), relative to wild-type Arabidopsis (P+ or P− Col-0 plants). Specifically, the shoot Pi content was

reduced to a much greater degree in PO4-stressed drb1 plants than the observed reduction to Pi 

content in P− Col-0 shoots. Furthermore, Pi was demonstrated to over-accumulate in the roots of both 

P+ and P− drb1 plants (Figure 5A,B), compared to the Pi content of the corresponding tissue, and

growth regime, of Col-0 plants. The maintenance of appropriate P content in plant tissues is essential 

for the production of macromolecules, energy trafficking and for numerous signaling pathways [1,2,46].

Therefore, alterations to the P content of the shoot and root tissues of drb1 plants indicated that in the 

absence of functional DRB1, P partitioning is impaired. Assessment of the expression of PO4

transporters, PHT1;4, PHT1;8 and PHT1;9, revealed that the abundance of each transporter was highly 

elevated by 24.5- 359.2- and 242.5-fold respectively, in the shoot tissue of P− drb1 plants. Phosphate 

transporter expression was also demonstrated to be altered in both P+ (PHT1;4 reduced by 1.7-fold

and PHT1;9 reduced by 1.5-fold) and P− (PHT1;4 reduced by 1.5-fold and PHT1;8 elevated by 2.0-fold) 

drb1 roots, expression alterations that when taken together indicated that incorrect Pi partitioning in 

drb1 plants potentially results from defective PO4 transport from the root system to the aerial tissue in 

this mutant background. 

Defective root to shoot PO4 transport in the drb1 mutant was further evidenced by the unique 

phenotypic response displayed by the drb1 shoot to PO4  stress.  Specifically, the fresh weight of   the 

shoot of 15-day old P− drb1 plants was only reduced by 21.6% compared to its non-stressed 

counterpart (Figure 1C). The rosette area of P− drb1 plants was also demonstrated to only be reduced 

by 29.3% post the 7-day PO4 stress treatment (Figure 1D). Both responses were comparatively mild 

compared to the 36.6% and 60.1% reductions to fresh weight and rosette area respectively, documented 

for Col-0 shoots post the application of PO4 stress. In addition, anthocyanin failed to change in 

abundance in the shoot tissues of P− drb1 plants compared to the shoots of non-stressed P+ drb1 plants

(Figure 1E). Anthocyanin production is a general response to a range of abiotic stresses, including 

PO4 starvation [19,50]. The impaired ability of drb1 shoots to produce anthocyanin in response to PO4 

stress may implicate DRB1, and the functional partnership DRB1 forms with DCL1, in the induction 

of PO4 responsive gene expression pathways. Considering these mild responses displayed by drb1 

shoots, it was therefore surprising to observe that chlorophyll a and b overaccumulation was promoted 

to the greatest extent in the aerial tissues of drb1 plants starved of PO4. Altered chlorophyll content 

in P+ drb1 shoots indicated that (1) drb1 shoots are indeed negatively impacted by the imposed PO4

stress, and (2) that DRB1 may potentially mediate a PO4-directed role in regulating photosynthesis in 

Arabidopsis chloroplasts. 
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 Considering the well-established role of the DRB1/DCL1 functional partnership in the 
production of the majority of miRNAs that accumulate in Arabidopsis tissues, it was unsurprising to 
observe that the miR399 precursors, PRE-MIR399A, PRE-MIR399C, PRE-MIR399D, PRE-MIR399E and 

PRE-MIR399F, over-accumulated to the greatest extent in P+  drb1 shoots (Figure 2A–E). In addition, 
precursors PRE-MIR399A, PRE-MIR399C, PRE-MIR399D and PRE-MIR399F were further 
demonstrated to be most highly abundant in the shoot tissues of PO4-stressed drb1 plants. The 

enhanced abundance of miRNA precursor transcripts in the drb1 mutant background is most likely 
the result of inefficient precursor transcript processing by DCL1 in the absence of DRB1 functional 
assistance, with DRB1 accurately positioning DCL1 on each miRNA precursor to direct accurate 
processing [48,49]. In spite of the readily observable evidence of inefficient miR399 precursor 

transcript processing in P+ drb1 shoots, miR399 levels were only reduced by 10% (Figure 5G). 
Similarly, although miR399 precursor transcript abundance was elevated to a much greater degree in 

P− drb1 shoots due to a combination of (1) MIR399 gene expression induction in response to PO4 
starvation, and (2) inefficient precursor transcript processing in the absence of DRB1 activity, miR399 
abundance was again demonstrated to be only mildly elevated by 2.3-fold in the shoots of PO4-

stressed drb1 plants (Figure 5G). Further, the abundance of the miR399 target transcript, PHO2, was 

only mildly elevated by 1.2-fold in response to the 10% reduction in miR399 levels in P+ drb1 shoots 
(Figure 2I). Surprisingly, PHO2 transcript abundance was elevated by 1.5-fold in response to the 2.3-

fold elevation in miR399 accumulation    in P− drb1 shoots, and not reduced as expected. However, in 

P+ Col-0 shoots, and as expected, the 2.9-fold enhancement to miR399 abundance led to a 50% 
reduction in PHO2 expression (Figure 5G,I). Therefore, elevated PHO2 abundance in response to 

enhanced miR399 levels in P− drb1 shoots, readily demonstrates that miR399-directed PHO2 transcript 
cleavage, to regulate PHO2 expression, is defective in the absence of DRB1 activity. 

Altered PO4 transporter expression in drb1 roots indicated that the response of the root system 

of the drb1 mutant to PO4 stress would differ to that of the root system of wild-type Arabidopsis. 

Accordingly, the fresh weight of PO4-stressed drb1 roots was reduced by 25.0% compared to the mild 

6.5% reduction to the fresh weight of P− Col-0 roots, a 3.8-fold enhancement to the severity of this 
phenotypic response (Figure 3C). It was therefore curious to observe a similar degree of reduction to 

primary root length in P− drb1 (46.7%) and P− Col-0 (51.2%) plants (Figure 3D). A greater degree of 

reduction to the fresh weight of P− drb1 roots, compared to P− Col-0 roots, could be partially explained 
by the observation that the induction of lateral root formation by PO4 stress was completely defective 

in P− drb1 roots, compared to a 44.0% increase in lateral root number in P− Col-0 roots (Figure 3D). 
Considering that the measurement of fresh weight is largely assessing the moisture content of a plant, 

the observed reduction to fresh weight of P− drb1 roots could potentially be indicating that under PO4 

stress conditions, DRB1 is somehow involved in regulating the moisture content of the root system of 
Arabidopsis. However, this was not assessed in this study with the mechanism driving the enhancement 
of fresh weight reductions requiring further investigation in the future. 
 Similar to its establishment as the primary DRB protein required to regulate miR399 production 
from the PRE-MIR399A, PRE-MIR399C, PRE-MIR399D, PRE-MIR399E and PRE-MIR399F precursors 
in the aerial tissues of non-stressed Arabidopsis plants, DRB1 was again demonstrated to be the primary 
DRB protein required to regulate miR399 production from the PRE-MIR399A and PRE-MIR399C 
precursor transcripts in the Arabidopsis root system with both precursors demonstrated to accumulate 

to the greatest degree in P+ and P− drb1 roots (Figure 4B,C). Reduced PRE-MIR399A and PRE-MIR399C 

processing efficiency in the absence of DRB1 activity, reduced miR399 abundance by 30% in P+ drb1 
roots (Figure 4E), and in turn, this moderate reduction to miR399 levels led to a mild elevation (1.2-fold) 

in the expression of the miR399 target gene, PHO2 (Figure 4G). As documented in P− drb1 shoots, the 

1.8-fold elevation to miR399 levels in P− drb1 roots, resulted in a moderate elevation to PHO2 
transcript abundance (1.6-fold), and not a reduction in target gene expression as would be expected 
for a miRNA that regulates the expression of its targeted genes solely via a mRNA cleavage mode of 
RNA silencing. However, considering that a similar miRNA/target gene expression profile of elevated 
miR399 abundance (2.5-fold), together with enhanced PHO2 expression (1.9-fold)
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was also observed in PO4-stressed Col-0 roots, this curious finding indicates that miR399-directed PHO2 

transcript cleavage may not be the predominant mechanism of target gene expression regulation 

directed by the miR399 sRNA in the Arabidopsis root system. Alternatively, elevated PHO2 expression 

in P+ Col-0 and P+ drb1 roots when miR399 abundance is also elevated may result from the enhanced 

expression of the eTM of miR399 activity, IPS1. In P− Col-0 shoots for example, where elevated miR399 

abundance was demonstrated to direct enhanced expression repression of the PHO2 transcript (Figure 

2G,I), IPS1 abundance was elevated by 75.7-fold,  compared to its abundance in P+  Col-0 shoots 

(Figure 2H).    In PO4-stressed roots, however, IPS1 expression was elevated to a much greater degree, 

by 1076-fold (Figure 4F). This 14.2-fold greater promotion to IPS1 expression in P− Col-0 roots, than 

that observed in P− Col-0 shoots, would be expected to sequester a higher amount of miR399, which 

in turn, could have led to the observed elevation in PHO2 expression in P− Col-0 roots in the presence 

of 2.5-fold greater abundance of the PHO2 targeting miRNA, miR399. 
 

3.2. DRB2 is Required to Maintain Phosphate Homeostasis in Arabidopsis 

As documented for the drb1 mutant, P homeostasis was determined to be defective in the drb2 

mutant. Specific to drb2 plants however, was the 27.8% reduction to the Pi content of non-stressed 

drb2 shoots (Figure 5A). Of the four Arabidopsis plant lines assessed in this study, drb2 was the only 

line determined to have a reduced aerial tissue Pi content when cultivated under standard growth 

conditions. Furthermore, in P+ drb2 shoots, PHT1;4 (Figure 5E) and PHT1;8 (Figure 5G) expression was 

determined to be reduced and elevated by 1.2- and 3.4-fold respectively, compared to the expression of 

these two PO4 transporters in P+ Col-0 shoots.  In addition, Pi was determined to over-accumulate  by 

36.1% in P+ drb2 roots. In P+ drb2 roots, PHT1;4, PHT1;8 and PHT1;9 expression was reduced by 1.7-, 

2.0- and 2.4-fold respectively, compared to their expression levels in P+  Col-0 roots.      Together, (1) 

reduced Pi content of P+ drb2 shoots, (2) elevated Pi content in P+ drb2 roots, and (3) reduced PO4 

transporter gene expression in P+ drb2 roots, indicated that PO4 root to shoot transport is defective in 

non-stressed drb2 plants. Based on this finding, it was curious to observe a similar Pi content in P− 

drb2 shoots and P− Col-0 shoots (Figure 5A), especially considering the document enhancement to 

PHT1;4 and PHT1;9 expression in P− drb2 shoots, with the expression of these two PO4 transporters 

elevated by 2.8- and 7.0-fold respectively, compared to the degree of expression induction observed in 

P− Col-0 roots (Figure 5E,I). However, and as demonstrated for P+ drb2 shoots and roots, the Pi content 

of the root system of PO4-stressed drb2 plants was altered, reduced by 48% compared to the Pi content 

of P− Col-0 roots. Interestingly, RT-qPCR revealed similar degrees of elevated PHT1;8 (Figure 5H) and 

PHT1;9 (Figure 5J) expression in PO4-stressed Col-0 and drb2 roots with only the PHT1;4 transcript 

returning a slight difference in its expression in P− Col-0 roots (elevated by 1.2-fold compared to P+ 

Col-0 roots) and P− drb2 roots (reduced by 1.1-fold compared to P+ Col-0 roots). The PO4 transporters, 

PHT1;1 and PHT1;4, have been demonstrated to be responsible for the import of more than half of the 

Pi that is taken up from the soil [51]. It therefore seems unlikely that the mild 10% reduction to PHT1;4 

transcript abundance documented in PO4-stressed drb2 roots, is the sole cause of the considerable 

reduction to the Pi content of the root system in the drb2 mutant background. 

Considering that the Pi content of PO4-stressed Col-0 and drb2 shoots was determined to be 

similar, it was unsurprising to document a similar degree of reduction to fresh weight of the shoot 

tissues of P− Col-0 (36.6%) and P− drb2 (39.1%) plants (Figure 1C). Rosette area was also decreased by 

a similar degree in P− Col-0 (60.1%) and P− drb2 (48.0%) plants (Figure 1D). However, compared to 

PO4-stressed Col-0 shoots, anthocyanin accumulated to considerably higher levels in the aerial tissues 

of drb2 plants when exposed to PO4  stress (Figure 1E). The induction of anthocyanin production is   a 

well-characterized response to PO4  starvation [19,50].  Therefore, the considerable enhancement  of 

anthocyanin accumulation in P− drb2 shoots, compared to the shoot tissues of PO4-stressed Col-0 

plants, suggests that this P-responsive pathway is hyperactivated in the absence of DRB2 activity, 
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as well as potentially implicating DRB2 in mediating a regulatory role in a range of other P-responsive 

pathways in Arabidopsis aerial tissues that were not assessed in this study. 

We have previously demonstrated a role for DRB2 in the production stage of the Arabidopsis miRNA 

pathway with the abundance of specific miRNA cohorts altered in the drb2 mutant background [37]. 

More specifically, DRB2 can either be antagonistic or synergistic to DRB1 function in the DRB1/DCL1

partnership for the production of specific miRNAs, resulting in miRNA abundance either being 

enhanced (antagonistic) or reduced (synergistic) in drb2 plants [37,38]. Reduced precursor transcript 

abundance in non-stressed drb2 shoots, indicated that DRB2 plays a secondary role in regulating 

miR399 production from the PRE-MIR399A, PRE-MIR399E and PRE-MIR399F precursors, potentially via 

antagonism of DRB1 function (Figure 2B,E,F). The antagonism of DRB2 on the DRB1/DCL1 partnership

becomes more readily apparent via the profiling of miR399 precursor transcript expression in P− drb2 

shoots, with lower degrees of expression induction observed for the PRE-MIR399C, PRE-MIR399D, 

PRE-MIR399E and PRE-MIR399F precursors (Figure 2C–F). Reduced precursor transcript abundance 

in P− drb2 shoots, compared to the respective abundance of each precursor in either P− Col-0 or P−

drb1 shoots, indicates that in the absence of DRB2 activity, precursor transcript processing efficiency is

enhanced due to more precursor transcript being freely available to enter the canonical DRB1/DCL1

production pathway. 

As demonstrated in P+ drb1 shoots, significantly altered precursor transcript abundance in P+

drb2 shoots, failed to have a strong influence on the accumulation of miR399, with miR399 levels only 

mildly elevated by 10% in P+ drb2 shoots, compared to P+ Col-0 shoots (Figure 5G). However, DRB2

antagonism was still evidenced by this mild increase to miR399 abundance compared to the 10% 

reduction in miR399 levels observed in P+ drb1 shoots. The antagonism of DRB2 on miR399 production

was further evidenced by the enhanced expression repression of PHO2 in P− drb2 shoots (Figure 2I). 

The abundance of miR399 was elevated by 2.7-fold in P− drb2 shoots, and therefore, a further degree of 

reduced PHO2 expression in P− drb2 shots, compared to P− drb1 shoots where miR399 levels were 

elevated by 2.3-fold and PHO2 expression was enhanced by 1.5-fold, clearly demonstrated enhanced 

DRB1-mediated, miR399-directed, PHO2 transcript cleavage in the absence of DRB2 antagonism. 

Similarly, it is important to note here that IPS1 transcript abundance was enhanced to a much lower 

degree in P− drb2 shoots (27.1-fold) compared to IPS1 abundance induction in either PO4-stressed Col-

0 (75.7-fold) or drb1 (85.4-fold) shoots. This unexpected observation again indicated that in the absence 

of DRB2 activity, miR399-directed target transcript cleavage was enhanced. Although IPS1 has been 

identified as a non-cleavable eTM of miR399 activity, the IPS1 expression trends presented in Figure 

5H suggest that miR399 may well be capable of directing miRISC-catalyzed cleavage of the IPS1 

transcript in addition to solely being sequestered by IPS1. 

Compared to the mild 6.5% reduction to the fresh weight of P− Col-0 roots, the negative response of 

the root system of the drb2 mutant to PO4 stress was considerably more pronounced at 25.8% (Figure 

3C). Considering that the correct regulation of Pi content is dysfunctional in both control and PO4-

stressed drb2 roots, differing responses to PO4 stress in drb2 roots, compared to P− Col-0 roots, was not

surprising. Similarly, inhibition of the primary root length of P−  drb2 plants at 20.3% was comparatively 

mild compared to the severe 51.2% inhibition to the primary root length observed for P− Col-0 plants 

(Figure 5D). The degree of lateral root induction also differed between PO4-stressed Col-0 and drb2

roots (Figure 5E), specifically; lateral root formation was enhanced by ~44% in P− Col-0 plants, and in 

PO4-stressed drb2 plants, lateral root formation was further promoted by 17% with P− drb2 plants

developing ~61% more lateral roots than their non-stressed counterparts. When these phenotypic 

responses of the root system of PO4-stressed drb2 plants are considered together, including a lower 

degree of primary root length inhibition (2.5-fold less than P− Col-0 plants), and a more pronounced 

enhancement to lateral root formation (1.4-fold more than P− Col-0 plants), it was highly surprising 

that the fresh weight of P− drb2 roots was reduced by a 4.0-fold greater degree than documented for P−

Col-0 roots. Similar levels of expression of PRE-MIR399A in both non-stressed
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and PO4-stressed Col-0 and drb2 roots revealed that DRB2 does not play a role in regulating 

miR399 processing from this precursor transcript (Figure 4B). Reduced expression of PRE-MIR399C in 

P+ drb2 roots (compared to P− Col-0 and P− drb1 roots) and a lower level of precursor over-accumulation

in P− drb2 roots (compared to P− drb1 roots), identified DRB2 as playing a secondary role in regulating 

miR399 production from this precursor transcript in the Arabidopsis root system (Figure 4C) via 

antagonism of DRB1 function. The expression trend of PRE-MIR399D in P− drb2 roots additionally 

identified a secondary role for DRB2 in regulating miR399 production from the third miR399 precursor 

transcript detected in the root system of the four Arabidopsis plants lines assessed in this study. However, 

for the PRE-MIR399D precursor, DRB2 appears to be antagonistic to the DRB4/DCL4 partnership, and

not to the canonical DRB1/DCL1 partnership demonstrated to be required for the production of the

majority of Arabidopsis miRNAs. DRB2 has been demonstrated previously to be antagonistic to DRB4 

function in the DRB4/DCL4 partnership for the production of a small subset of newly evolved

Arabidopsis miRNAs processed from precursor transcripts that fold to form highly complementary 

stem-loop structures [39,40]. Considering that in P+ drb2 roots, PRE-MIR399A and PRE-MIR399D

remained at their approximate wild-type levels, and that the PRE-MIR399C precursor was reduced in 

its abundance by 1.7-fold, a finding that initially indicated that this precursor is more efficiently

processed by DRB1/DCL1 in the absence of DRB2 activity, the 2.0-fold reduction to miR399 abundance

alternatively indicated that MIR399C gene expression may in fact be reduced in PO4-stressed drb2 

roots. It was therefore curious to observe PHO2 expression to be reduced by 1.3-fold in P+ drb2 roots,

and not elevated in response to reduced miR399 abundance as expected. However, this observation 

is potentially demonstrating that in spite of being reduced  in abundance, this lower level of miR399 

directs more efficient cleavage of the PHO2 transcript in  the absence of DRB2 activity. In P− drb2 roots,

miR399 abundance was determined to be elevated by 2.6-fold compared to its abundance in P− Col-0 

roots (Figure 4E). As observed in P+ drb2 roots, PHO2 expression scaled in accordance with elevated

miR399 abundance, with PHO2 expression increased by 4.5-fold in PO4-stressed drb2 roots.  It is 

interesting to note here that PHO2 expression scaled  with miR399 abundance in six out the eight root 

tissue samples molecularly assessed by RT-qPCR in this study. We have previously demonstrated that 

DRB2-dependent miRNAs direct a translational repression mode of miRNA-directed target gene 

expression repression [52], and scaling of miRNA target transcripts together with their targeting 

miRNA, has been previously reported for miRNA sRNAs that direct a translational repression mode 

of target gene expression regulation [52–54]. 

3.3. DRB4 is Required For miR399 Production in Arabidopsis Roots 

Profiling of PO4 transporter expression in the shoots and roots of P+ and P− drb4 plants revealed

considerable alteration to PHT1;4, PHT1;8 and PHT1;9 transcript abundance across both assessed tissues 

and growth regimes (Figure 5E–J). However, in spite of these documented differences in PO4 transporter

gene expression in drb4 shoots and roots, the Pi content of non-stressed and PO4-stressed drb4 tissues 

remained at levels comparable to P+ and P− Col-0 shoots and roots (Figure 5A,B). Considering this

finding, it was unsurprising that the developmental progression of Col-0 and drb4 plants was impeded 

to the same extent when cultivated in the absence of PO4 for a 7-day period. Specifically, the fresh 

weight of both P− Col-0 and P− drb4 shoots was reduced by ~36% compared to their non-stressed 

counterparts of the same age (Figure 1C). In addition, anthocyanin, chlorophyll a and chlorophyll b 

were all elevated to the same degree in PO4-stressed Col-0 and drb4 shoots, compared to their respective 

non-stressed counterparts. It was therefore surprising that the rosette area of P− drb4 plants was  only 

reduced by 38.7% compared to the more severe 60.1% reduction observed for P− Col-0 plants. 

Although an unexpected finding, this result clearly indicated that some of the responses of the drb4 

mutant to PO4  starvation differ to those of wild-type Arabidopsis.

Considering the well-established role of the DRB4/DCL4 partnership in trans-acting siRNA

(tasiRNA) [55,56] and p4-siRNA [40] production, and for the processing of a small number of newly 

evolved miRNAs from their highly complementary precursor transcripts [39], it was highly surprising 
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to additionally establish the widespread involvement of DRB4 in regulating the production of the 

highly conserved miRNA, miR399, in Arabidopsis shoots (Figure 2). Specifically, DRB4 was determined 

to play a secondary role to DRB1 in regulating the efficiency of miR399 production from all five 

precursors detectable by RT-qPCR in non-stressed Arabidopsis shoots. As demonstrated for DRB2, the 

involvement of DRB4 in miR399 production in Arabidopsis shoots is most likely via antagonism of the 

canonical DRB1/DCL1 partnership. Antagonism of the DRB1/DCL1 partnership by DRB4 was again 

demonstrated by the accumulation profiles of precursors, PRE-MIR399C, PRE-MIR399D, PRE-MIR399E 

and PRE-MIR399F, in the shoot tissues of PO4-stressed drb4 plants (Figure 2C–F). Although precursor 

transcript abundance was highly variable in drb4 shoots, miR399 levels were only mildly elevated 

by 1.2- and 2.4-fold in P+ drb4 and P− drb4 shoots, respectively (Figure 2G). Surprisingly, in spite 

of the 20% elevation to miR399 levels in P+ drb4 shoots, PHO2 expression was elevated to a similar 

degree (30% increase), and not reduced as expected (Figure 5I). In P− drb4 shoots, however, the 2.4-fold 

elevated abundance of the miR399 sRNA was determined, as expected, to reduce the expression of 

PHO2 by 2.5-fold. This result clearly indicated that in the absence of DRB4 activity in Arabidopsis 

shoots, the efficiency of DRB1-mediated, miR399-directed cleavage of the PHO2 transcript is enhanced. 

The fresh weight of P− drb4 roots was reduced by 18.6% compared to the fresh weight of P+ drb4 roots, 

a 2.9-fold further enhancement of this phenotypic response to PO4 stress, compared to the mild 

response of P− Col-0 roots (6.5% fresh weight reduction compared to P+ Col-0 roots). The response of 

the primary root of the drb4 mutant to PO4 stress also differed to that of wild-type roots. Namely, the 

length of P− drb4 primary root was only reduced by 10.3% compared to the significant 51.2% reduction 

to the length of the primary root of P− Col-0 plants (Figure 3D). Although lateral root development 

was induced to the same degree (44%) in the root system of PO4-stressed Col-0 and drb4 plants, the 

considerable differences observed for the fresh weight of the drb4 root system, and the lack of inhibition 

to primary root length in P− drb4 plants, clearly revealed that the drb4 mutant background is defective 

in some of its responses to PO4  starvation, compared to the responses of the Col-0 root system to 

this stress. 

At the molecular level, the wild-type-like expression of the PRE-MIR399A precursor in the roots 

of non-stressed and PO4-stressed drb4 plants indicated that DRB4 does not play a role in regulating 

miR399 production from this precursor in Arabidopsis roots. Expression analysis of PRE-MIR399C did 

however identify a secondary role for DRB4 in regulating miR399 production from this precursor, 

potentially via antagonism of DRB1 function (Figure 4C). Of particular interest stemming from 

miR399 precursor transcript profiling in non-stressed and PO4-stressed Arabidopsis roots is the 

unexpected finding that DRB4 appears to be the primary DRB required to regulate miR399 production 

from the PRE-MIR399D precursor (Figure 4D), with the abundance of the PRE-MIR399D precursor 

over-accumulating to its highest levels in both P+ and P− drb4 roots. Curiously, assessment of the stem-

loop folding structures of the six precursors from which the miR399 sRNA is liberated does not readily 

distinguish the PRE-MIR399D structure from the folding structures of the other five miR399 precursor 

transcripts. Therefore, the establishment of a role for DRB4 in regulating miR399 processing efficiency 

from its precursor transcripts was a highly unexpected finding, a finding that requires additional 

experimentation in the future to identify the precursor transcript-based sequence and/or structural 

features that recruits the involvement of DRB4 to the miR399/PHO2 expression module. 

The elevated abundance of the PRE-MIR399C and PRE-MIR399D precursors in P+ drb4 roots 

indicated reduced precursor transcript processing efficiency in the absence of DRB4.  Accordingly,     a 

30% reduction to miR399 accumulation was observed in P+ drb4 roots (Figure 4E). Surprisingly, this 

1.4-fold reduction to miR399 levels in P+ drb4 roots led to a 2.0-fold reduction to PHO2 expression 

(Figure 4G). This result suggested that although miR399 levels were reduced in non-stressed drb4 

roots, the reduced amount of the miR399 sRNA was actually directing enhanced PHO2 expression 

repression via unimpeded DRB1-mediated, miR399-directed, PHO2 cleavage. However, enhanced 

miR399-directed PHO2 cleavage appeared to be lost in PO4-stressed drb4 roots with both miR399 and 

PHO2 levels elevated by 2.0- and 5.1-fold, respectively (Figure 4E,G). Therefore, when taken together, 
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although miR399-directed PHO2 cleavage appeared to be enhanced in P+ drb4 roots, the scaling of 

PHO2 expression together with miR399 abundance in PO4-stressed drb4 roots, potentially suggests that 

in a cell type with altered physiology, and where DRB4 function is defective, the miR399 sRNA changed 

from directing an mRNA cleavage mode of RNA silencing, to directing a translational repression mode 

of RNA silencing. 

3.4. DRB1, DRB2 and DRB4 Are Required to Regulate the miR399/PHO2 Expression Module in Arabidopsis 
Shoots and Roots 

Here we demonstrate that the phenotypic and molecular response to PO4 starvation were unique to 

each drb mutant background assessed due to the hierarchical contribution of DRB1, DRB2 and DRB4 to 

the regulation of the miR399/PHO2 expression module. Specifically, the molecular profiling of miR399 

precursor transcript expression identified DRB1 as the primary DRB required for efficient miR399 

production from each precursor in non-stressed and PO4-stressed shoots and roots. Deregulated 

miR399 precursor transcript processing efficiency in the absence of DRB1 activity was demonstrated to 

result in defective P homeostasis maintenance, altering the shoot to root ratio of Pi content in the drb1 

mutant background. The maintenance of P homeostasis was also defective in drb2 plants, with the Pi 

content shoot to root ratio altered in this mutant background, both under standard growth conditions 

and in conditions of PO4 starvation. An altered Pi content in drb2 tissues appeared to result from 

defective PO4 transport between the root system and aerial tissues in the absence of DRB2 function. 

Further, DRB2 was determined to play a secondary role to DRB1 in regulating miR399 production 

from the profiled PRE-MIR399 precursor transcripts. The secondary role of DRB2 in regulating miR399 

production from the assessed PRE-MIR399 precursor transcripts was revealed to most likely be via 

antagonism of DRB1 function.  DRB4 was also determined to play a secondary role in regulating   the 

miR399/PHO2 expression module in Arabidopsis shoots and roots, and as demonstrated for the 

secondary role of DRB2 in providing additional regulatory complexity to this expression module, 

DRB4 also appeared to be antagonistic to the primary functional role of DRB1 in regulating miR399 

precursor transcript processing efficiency. Furthermore, DRB4 also appeared to be the primary DRB 

required for miR399 production from the PRE-MIR399D precursor in non-stressed and PO4-stressed 

Arabidopsis roots. When taken together, the hierarchical contribution of DRB1, DRB2 and DRB4 to the 

regulation of the miR399/PHO2 expression module documented here, readily demonstrates the crucial 

importance of maintaining P homeostasis in Arabidopsis tissues to ensure the maintenance of a wide 

range of cellular processes to which P is essential. 

4. Materials and Methods 
 

4.1. Plant Material and Phosphate Stress Treatment 

The T-DNA insertion knockout mutant lines used in this study, including the drb1 (drb1-1; 

SALK_064863), drb2 (drb2-1; GABI_348A09) and drb4 (drb4-1; SALK_000736) mutants, have been 

described previously [42]. The seeds of these three drb mutant lines, and of wild-type Arabidopsis 

(ecotype Columbia-0 (Col-0)) plants, were sterilized using chlorine gas and post-sterilization, seeds 

were plated out onto standard Arabidopsis plant growth media (half-strength Murashige and Skoog 

(MS) salts), and stratified for 48 h at 4 ◦C in the dark.  Post-stratification, the sealed plates were 

transferred to a temperature-controlled growth cabinet (A1000 Growth Chamber, Conviron® Australia) 

and cultivated for an 8-day period under a standard growth regime of 16 h light / 8 h dark, and a 

day/night temperature of 22 ◦C / 18 ◦C. Post this initial 8-day cultivation period, equal numbers of 
Col-0, drb1, drb2 and drb4 seedlings were transferred under sterile conditions to either fresh standard 

Arabidopsis plant growth media that contained 1.0 mM of PO4 (P
+ plants; non-stressed controls) or to 

Arabidopsis plant growth media where the PO4  had been replaced with an equivalent molar amount 

(1.0 mM) of potassium chloride (KCl) (P− plants; PO4 stress treatment). Post seedling transfer, the P+ 

and P− plates for each plant line were returned to the temperature-controlled growth cabinet for  an 
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additional 7-day cultivation period. For the tissue-specific analyses performed here, namely the root 

tissue assessments, additional Col-0, drb1, drb2 and drb4, 8-day old seedlings were treated exactly as 

outlined above, except for the 7-day treatment period, where P+ and P− plates were orientated for 

vertical growth. Unless stated otherwise, all the phenotypic and molecular analyses reported here 

were conducted on 15-day old plants. 

4.2. Phenotypic and Physiological Assessments 

The fresh weight of 8-day old Col-0, drb1, drb2 and drb4 whole plants germinated and cultivated 

on standard Arabidopsis plant growth media was initially determined to establish the effect of loss of 

DRB1, DRB2 or DRB4 activity on Arabidopsis development. The fresh weight of 15-day old Col-0, drb1, 

drb2 and drb4 plants was also determined to establish the effect of the 7-day PO4 stress treatment on 

the development of each plant line. The area of the rosette and the length of the primary root of 15-day 

old Col-0, drb1, drb2 and drb4 plants was determined via the assessment of photographic images using 

the ImageJ software. The same photographic images were also used to establish the number of lateral 

roots formed by P+ and P− Col-0, drb1, drb2 and drb4 plants post the 7-day stress treatment period. 

A standard methanol:HCl (99:1 v/v) extraction method was applied to extract anthocyanin from 

P+ and P− plants, and post extraction, anthocyanin content was determined using a spectrophotometer 

(Thermo Scientific, Australia) at an absorbance wavelength of 535 nanometers (A535). The 99:1 (v/v) 

methanol:HCl extraction buffer was used as the blanking solution and the A535 of each sample was 

next divided by the fresh weight of the sample to calculate the relative anthocyanin content per gram 

of fresh weight (A535/g FW). 

For chlorophyll a and b content quantification, rosette leaves of 15-day old P+  and P− Col-0, 

drb1, drb2 and drb4 plants were sampled and incubated in 80% acetone for 24 h in the dark. Post 

incubation, rosette leaf tissue was clarified via centrifugation at 15,000 × g for 7 min at room temperature. 

The resulting supernatants were immediately transferred to a spectrophotometer and the absorbance 

of these solutions assessed at wavelengths 646 nm (A646) and 663 nm (A663) using 80% acetone as  the 

blanking solution. The chlorophyll a and b content of each sample was then determined using the 

Lichtenthaler’s equations exactly as outlined in [57], and these initially determined values were 

subsequently converted to micrograms per gram of fresh weight (µg/g FW). 

The shoot and root tissue of 15-day old P+ and P− Col-0, drb1, drb2 and drb4 plants were carefully 

separated from each other and then ground into a fine powder under liquid nitrogen (LN2). One 

milliliter (1.0 mL) of 10% acetic acid (v/v in H2O) was added to the ground powder and the powder 

thoroughly resuspended via vigorous vortexing. The resulting resuspension was then centrifuged at 

15,000 × g for 5 min at room temperature, and post centrifugation, 700 µL of the resulting supernatant 

was mixed with an equivalent volume of Ames Assay Buffer (6 parts 0.5% ammonium molybdite (v/v in 
H2O) to 1 part of 2.5% sulphuric acid (v/v in 10% acetic acid)) and incubated at room temperature for 

1 h in the dark. The absorbance of each solution was determined using a spectrophotometer at 

wavelength 820 nm (A820) and the Pi content (µmol/gFW) of each sample subsequently determined via 

the construction of a Pi standard curve. 
 

4.3. Total RNA Extraction for Quantitative Molecular Assessments 

For each molecular assessment reported here, total RNA was extracted from four biological 

replicates (each biological replicate contained tissue sampled from eight individual plants) of 15-day 

old P+ and P− Col-0, drb1, drb2 and drb4 plants using TRIzolTM Reagent according to the manufacturer’s 

(InvitrogenTM) instructions. The quality of the extracted total RNA was visually assessed via a standard 

electrophoresis approach on a 1.2% (w/v) ethidium bromide stained agarose gel and the quantity of 
total RNA extracted determined using a NanoDrop spectrophotometer (NanoDrop® ND-1000, Thermo 

Scientific, Australia). 

For the synthesis of a miR399-specific complementary DNA (cDNA), 200 nanograms (ng) of total 

RNA was treated with 0.2 units (U) of DNase I (New England Biolabs, Australia) according to the 
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manufacturer’s instructions. The DNase I-treated total RNA was next used as template for cDNA 

synthesis with 1.0 U of ProtoScript®  II Reverse Transcriptase (New England Biolabs, Australia) and 

the cycling conditions of 1 cycle of 16 ◦C for 30 min; 60 cycles of 30 ◦C for 30 s, 42 ◦C for 30 s, and 50 ◦C 

for 2 s, and; 1 cycle of 85 ◦C for 5 min. 

A global, high molecular weight cDNA library for gene expression quantification was constructed 

via the initial treatment of 5.0 µg of total RNA with 5.0 U of DNase I according to the manufacturer’s 

protocol (New England Biolabs, Australia). The DNase I-treated total RNA was next purified using 

an RNeasy Mini Kit (Qiagen, Australia) and 1.0 µg of this preparation used as template for cDNA 

synthesis along with 1.0 U of ProtoScript® II Reverse Transcriptase (New England Biolabs, Australia) 
and 2.5 mM of oligo dT(18), according to the manufacturer’s instructions. 

All generated, single-stranded cDNAs were next diluted to a working concentration of 50 ng/µL 

in RNase-free H2O prior to their use as a template for the quantification of the abundance of either 

the miR399 sRNA or of gene transcripts. In addition, all RT-qPCRs used the same cycling conditions 

of 1 cycle of 95 ◦C for 10 min, followed by 45 cycles of 95 ◦C for 10 s and 60 ◦C for 15 s, and the 

GoTaq®qPCR Master Mix (Promega, Australia) was used as the fluorescent reagent for all performed 
RT-qPCR experiments. miR399 abundance and gene transcript expression was quantified using the 

2−∆∆CT method with the small nucleolar RNA, snoR101, and UBIQUITIN10 (UBI10; AT4G05320) used 
as the respective internal controls to normalize the relative abundance of each assessed transcript. 
The sequence of each DNA oligonucleotide used in this study either for the synthesis of a miR399-specific 
cDNA, or to quantify transcript abundance via RT-qPCR is provided in Supplemental Table S1. 

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/5/124/s1, Table S1: 
Sequences of the DNA oligonucleotides used in this study for the synthesis of miRNA-specific cDNAs and the RT-qPCR based 
quantification of miRNA abundance, miRNA target gene expression, or the assessment of standard gene expression. 
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A.2  Solutions and Mediums 

A.2.1 Solutions  

 All reagents used to make the following solutions (A.2.1.1- A.2.1.8) were sourced from 

Sigma-Aldrich, Australia. All autoclaving was conducted in a Pratika B20 (20L) Basic steriliser, 

Siltex, Australia.  

 

A.2.1.1  MS Macro (20X) 

NH4NO3  33 g 

KNO3   38 g 

KH2PO4  3.4 g 

MgSo4.7H2O  7.4 g 

CaCl2.2H2O  8.8 g 

Make up to 1000 mL with MQ-H2O. Store at 4°C. 

 

A.2.1.2  MS Micro (100X) 

MnSO4.4H2O  11.15 g  

Na2MoO4.2H2O 0.125 g 

H3BO3   3.11 g 

ZnSO4.7H2O  4.3 g 

CuSO4.5H2O  0.0125 g 

CoCl2.6H2O  0.0125 g 

KI   0.115 g 

Make up to 500 mL with MQ-H2O. Store at 4°C. 

 

A.2.1.3  MS Vitamins (100X) 

Nicotinic acid  0.05 g 

Pyridoxine HCL 0.05 g 

Thiamine HCL 0.01 g 

Glycine  0.2 g 

Make up to 1000 mL with MQ-H2O. Store at 4°C. 
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A.2.1.4 MS Iron + EDTA (200X)

Na2EDTA 6.7 g 

FeCl3.6H2O 5.4 g 

Make up to 1000 mL with MQ-H2O. Store at 4°C. 

A.2.1.5 0.5 M EDTA (pH 8.0) 

EDTA 186 g 

Add 800 mL of MQ-H2O. Gradually add NaOH pellets and stir to dissolve EDTA powder. Make 

up to 1 L with MQ-H2O and autoclave. Store at 22°C. 

A.2.1.6 10X TBE 

TRIS powder 108 g 

Boric acid 55 g 

0.5 M EDTA 40 mL 

Make up to 1000 mL with MQ-H2O and autoclave. Store at 22°C. 

A.2.1.7 0.1 M CaCl2 (*or 0.1 M CaCl2 +15% glycerol) 

CaCl2 1.10 g 

Dissolve CaCl2 in 100 mL of MQ-H2O and filter sterilise. Stored at 22°C. *Note to produce 0.1 

M CaCl2 +15% glycerol, mix 85 mL of 0.1M CaCl2 with 15 mL of 100% glycerol, Store at 22°C. 

A.2.1.8 Tris-EDTA (TE) buffer (1X)

0.5M EDTA 1 mL 

1M Tris-HCl 200 µL 

Make up to 100mL with MQ-H2O. Store at 22°C. 
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A.2.2 Mediums 

All reagents used to make the following mediums (A.2.1.1- A.2.1.4) were sourced from 

Sigma-Aldrich, Australia. All autoclaving was conducted in a Pratika B20 (20L) Basic steriliser, 

Siltex, Australia. 

A.2.2.1 Murashige and Skoog (MS) Plant Growth Medium 

MS Macro  50 mL 

MS Micro 1 mL 

MS Vitamins  10 mL 

MS iron + EDTA 5 mL 

Sucrose 30 g 

Myoinositol  0.1 g 

Make up to 800 mL with MQ-H2O. Adjust pH to 5.7 with 1M KOH. Make up to 1 L with MQ-

H2O. Add 8 g of Bacto agar and autoclave.  

A.2.2.2 Luria-Bertani (LB) Liquid Medium 

Tryptone 10 g 

Yeast extract 10 g 

NaCl  5 g 

Make up to 1000 mL with MQ-H2O. Adjust pH to 7.0 with 1M NaOH and autoclave. *Note: to 

make solid media add 15 g Bacto agar prior to autoclaving. 

A.2.2.3 Yeast Extract Peptone (YEP) Liquid Medium 

Yeast extract 10 g 

Peptone 10 g 

NaCl  5 g 

Make up to 1000 mL with MQ-H2O. Adjust pH to 7.0 with 1M NaOH and autoclave. 
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A.2.2.4  Super Optimal Broth with Catabolite Repression (SOC) 

   Liquid Medium  

Yeast extract  5 g 

Tryptone  20 g 

NaCl   0.584 g 

KCl   0.186 g 

MgSO4   2.4 g 

Make up to 1000 mL with MQ-H2O. Adjust pH to 7.5 with 1M NaOH and autoclave. After 

medium is cooled below 50°C add 20 mL of filter sterilised glucose (20%) solution.
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A.3.1 PCR and qPCR Cycling Conditions 

A.3.1.1  Genotyping PCR 
Table A.3.1  PCR cycling conditions used for genotyping PCRs. *Optimal annealing temperatures 
(X°C) 

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 95 2 

2-35 1 94 0.5 

 2 X* 0.5 

 3 68 0.75 

36 1 68 5 

 2 16 5 

 
A.3.1.2  cDNA Synthesis 
Table A.3.2  PCR cycling conditions used to synthesis cDNA. 

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 50 60 

1 1 70 20 

 
A.3.1.3   miRNA-Specific cDNA Synthesis 
Table A.3.3  PCR cycling conditions used to synthesis miRNA-specific cDNA. 

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 16 30 

2-35 1 30 0.5 

 2 42 0.5 

 3 50 0.25 

36 1 85 5 

 2 16 5 
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A.3.1.4  quantitative PCR  
Table A.3.4  qPCR cycling condition. *Temperature of the melt cycle is increase 1°C every minute, 
beginning at 72°C and completing at 94°C.  

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 95 10 

2-46 1 95 0.16 

 2 60 0.25 

47 1 72-94* 23 

 
A.3.1.5  Colony PCR screen  
Table A.3.5  PCR cycling conditions for screening for +/- bacterial colonies. 

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 95 5 

2-35 1 95 0.5 

 2 59 0.6 

 3 68 1 

36 1 68 5 

 2 4 5 

 
 A.3.1.6  Amplification of Gene Fragments PCR 
Table A.3.6  PCR cycling conditions used for amplifying gene fragments for cloning.  

Cycle Number Step Number Temperature (°C) Time (min) 

1 1 95 2 

2-35 1 95 0.5 

 2 59 0.5 

 3 68 3 

36 1 72 10 

 2 16 5 
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A.4.1 Primer Sequences 
All primers were ordered from Integrated DNA Technologies (IDT; Coralville, Iowa) and 
resuspended in TE buffer (1X; Appendix 2.1.8).  

A.4.1.1 Genotyping Related Primers 
Table A.4.1  The nucleotide sequence of all primers used in this study pertaining to the 
genotyping of Arabidopsis DRB-KO mutant plant lines investigated. 

Primer Name Primer Sequence (5'-3') 

DRB1 TDNA FP CTTCTTGGAAATTGGATTGCAGTG 

DRB1 TDNA RP GCCCCCTAACGTATTCTCACAGC 

DRB2 TDNA FP GCTAAACCCTCCAACGATTTTCC 

DRB2 TDNA RP GAGATCTCAGCACCGACCCTAATAAG 

DRB4 TDNA FP CCCTAGATCATTGAGTCTGACCAATTC 

DRB4 TDNA RP CAACTTTAGCAGCGCTCATTTCAGCCAAC 

GABI CGCTGCGGACATCTACATTTTTG 

SALK GATGGTTCACGTAGTGGGCCATCGC 

A.4.1.2 Cloning Related Primers 
Table A.4.2  The nucleotide sequence of all primers utilised in the molecular cloning 
methodologies of this study.  

Primer Name Primer Sequence (5'-3') 

MIM399 FP CTCGAGAGACTGCAGAAGGCTGATT 

MIM399 RP GGATCCCCTCACACAAAGAACACAC 

miR399C-SL FP CTCGAGGTCCATGAATAACCAACCAGC 

miR399C-SL RP AAGCTTGCCAGAGAGACCAATTCTCTATC 

pBART genotype FP CATCGAGACAAGCACGGTCA 

pBART genotype RP AAACCCACGTCATGCCAGTT 
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A.4.1.3   qPCR Related miRNA Primers 
Table A.4.3  The nucleotide sequence of all primers used in this study pertaining to SL-RT-qPCR 
analyses of miRNAs.  

microRNA Primer Primer sequence (5'-3') 

miR156 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGCTC 

SL-FOR CGCCTGACAGAAGAGAGTGAGCAC 

miR160 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGGCAT 

SL-FOR GCCTGGCTCCCTGTATGCC 

miR163 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATCGAA 

SL-FOR GCGCTTGAAGAGGACTTGGAACTTCG 

miR167 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAGATC 

SL-FOR CGCTGAAGCTGCCAGCATGATCTA 

miR169 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGGCAA 

SL-FOR AGTGAGCCAAGGATGACTTGCCG 

miR319 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGGAG 

SL-FOR GCTTGGACTGAAGGGAGCTCCTT 

miR395 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGTTC 

SL-FOR GCGCTGAAGTGTTTGGGGGAACTC 

miR396 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGTTC 

SL-FOR GCGCGTTCCACAGCTTTCTTGAAC 

miR397 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCATCAA 

SL-FOR GCGCTCATTGAGTGCATCGTTGATG 

miR399 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGGGC 

SL-FOR GCATGCCAAAGGAGATTTGCCCTG 

miR400 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGACT 

SL-FOR GCGCGGGCGTATGAGAGTATTATAAGTCAC 

miR408 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCATGCT 

SL-FOR ACGACAGGGAACAAGCAGAGCATG 

miR773 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGACA 

SL-FOR GGCGTTTGCTTCCAGCTTTTGTCTC 

miR778 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGGTGT 

SL-FOR GGCGTGGCTTGGTTTATGTACACCG 

miR839 SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGGAAC 
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A.4.1.4 qPCR Related mRNA Primers 
Table A.4.4  The nucleotide sequence of all primers used in this study pertaining to RT-qPCR 
analyses of target gene mRNAs and miRNA production machinery investigated.  

GENE (Locus Number) Primer Primer sequence (5'-3') 

DCL1 (AT1G01040) 
FP AATGGGCATCAGCCGTTTACGAGA 

RP AAATCTCTTTGCATGAGCCGGTCC 

DRB1 (AT1G09700) 
FP ATGACCTCCACTGATGTTTCC 

RP TGCTAATTCCCGGAGAGC 

DRB2 (AT1G09700) 
FP ATGTATAAGAACCAGCTACAAGAGTTG 

RP CAGCAGCAGAGTGTTCAGC 

DRB4 (AT3G62800) 
FP AAATGGGAACTCGAACCAGA 

RP CCACCTTGGAAGAAGGTTGA 

PXMT1 (AT1G66700) 
FP ACGTCTTTGTATTCTCCCCTATCC 

RP TGATGATACTATGGAAGCTTGTTTG 

SUVH6 (AT2G22740) 
FP TTGCAGTTGCAAAACCGAGG 

RP TCCTTCACCAAACTCTCGGC 

PHO2 (AT2G33770) 
FP ACCGTTTCTCATCAAGGCGT 

RP GTGCCCGTCCACCATAAGAA 

LAC3 (AT2G30210) 
FP CCGTTCGACAACACAACCAC 

RP GACTGGGAAAACAGGAGCGA 

SL-FOR AGCGTACCAACCTTTCATCGTTCCC 

miR855 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTCCTT 

SL-FOR GGCGGAGCAAAAGCTAAGGAAAAGG 

miR857 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATACAC 

SL-FOR GGCGGCGTTTTGTATGTTGAAGGTG 

miR858 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGGTC 

SL-FOR GGCGTTTCGTTGTCTGTTCGACCTT 

miR869.2 
SL-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTCAAC 

SL-FOR GCGCCTCTGGTGTTGAGATAGTTGAC 

snoR101 
FP CTTCACAGGTAAGTTCGCTTG 

RP AGCATCAGCAGACCAGTAGTT 
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NFYA5 (AT1G54160) 
FP ACCAAATCCAAAGCACCAAAGT 

RP AGGCATTGAGTTTCCCCAAGA 

GRF7 (AT5G53660) 
FP CATCCCCCACCGTTAGATCG 

RP TGCTTCCATGCTTCCGACAT 

ATPS1 (AT3G22890) 
FP ATCTCCGGCACTAAGATGCG 

RP ACCTGGGCACATAAAACCGT 

LAC2 (AT2G29130) 
FP TGGGTTGTTTTGGACGGTGA 

RP GGCGTTGGATCGGTCATAGT 

PPR1 (AT1G06580) 
FP GATTGCGTTAACGGCGAAGG 

RP CTCGGGAATTGCAAATGCGT 

DNMT2 (AT4G14140) 
FP TGCATGTTTTGTGTAACAAGGTGT 

RP ACCGTTGCTTCAGGATGGTT 

SPL9 (AT2G42200) 
FP TTTTGGCCCGATGACGGTTA 

RP AATACCCAAGGCGGGTTCAG 

LAC7 (AT3G09220) 
FP ACACACCTTCAACGTACAAAACT 

RP ACCCTCCTTGACGCGTATTG 

UBQ (AT4G05320) 
FP GGCCTTGTATAATCCCTGATGAATAAG 

RP AAAGAGATAACAGGAACGGAAACATA 

P5CS1 (AT2G39800) 
FP GTTTTTGAATCCCGACCTGA 

RP TTACCCCCAACAGTCTCTGG 

GRF1 (AT2G22840) 
FP CGTCGCATAAACAAGCCTCG 

RP ATTTCAGCTCTTCGGGCCAA 

GRF2 (AT4G37740) 
FP CTTGGCCTGAAGAGCTGACA 

RP GTGTGTGGAGGAAGGGGATG 

GRF3 (AT2G36400) 
FP CCATACGAGTCCCACATCGG 

RP CTGAGCTCATGGGGCTTGAA 

GRF8 (AT4G24150) 
FP GCTGCTGTGACTGTAGCAGA 

RP CTCATGCCATTGAGCTTCGC 

GRF9 (AT2G45480) 
FP CTCACATGAGAATGCCGGGT 

RP ATCAGAAACTCGGGGCAGTG 

https://www.arabidopsis.org/servlets/TairObject?id=129803&type=locus
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A.5.1 Transgene Sequences 
Table A.5.1  Transgene sequences used in this study. Some transgenes were ordered as gBlock 
gene fragments from Integrated DNA Technologies (IDT; Coralville, Iowa). The other transgene 
fragments were amplified from Arabidopsis (Col-0) genomic DNA with appropriate primer pairs as 
indicated. 

Transgene/ Length Sequence (5' to 3') 

MIM396 GGTACCCTCGAGAAGTTCAAGAACTAAGCTGTGGAATGCATCTTTGA
GAGAGATTAGCATCCCTATGTGTGGATTTTGCTTGCACGAGTGTGCA
CAGTTCAAGAACTAAGCTGTGGAAAAGCTTGGTACC 

miR396-SL 

GGTACCCTCGAGACCATCTCTTATCTTGAATCTTGATGAATCCCTAG
GCTAGGCAGGCATTTGCATATCCACCCCTCTTCTTGGAGCTCAATCT
TCCTCGTTCTAGCTCTTTCTGTTTTCCCTTTTCCGATCTGATCACCTG
GGGTAATTGCATGTCTATTGGATCTACATGAGTAGATGGCCCTCTTT
GCGATCTTCCACAGCTTTCTTGAACTGCTGCGTGAATTCGAAGTGGC
AGAACAGATTGCTTGGGTTCAGCCGGAGATCTACCGATCGAGCAGT
TCAATAAAGCTGTGGGAAATTGCAAAGAGAGACCAATTGATCAGCGT
TCTGCATCGGAGAAGATTATGTGGTGCCCGGAGGCACGGATGGGC
GAGCAAAATGATGGATCTATATCATCTGTGCGCTGCATCACAACAAG
GTACAATTTTCTTTCTGGTTAGGTTTATGAATGTACGTATATATGTGT
AAAGCTTGGTACC 

MIM399 (IPS1) Primer pairs listed in Table A.4.2 

miR399c-SL Primer pairs listed in Table A.4.2 

A.5.2 Competent Cells 
Table A.5.2  Competent cell host lines used in this study. 

Strain Reference 

Escherichia coli- DH5α Hanahan, 1983 

Agrobacterium- AGL1 Lazo et al., 1991 
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A.5.3 Plasmind DNA Vectors 
Table A.5.3  Plasmid DNA vectors used in this study. 

Plasmid Plasmid Features of Interest Reference 

pGEM-T Easy 
• Linearised plasmid
• Thymine overhangs
• Ampicillin resistance

Promega, Australia 

pART7 

• Ampicillin resistance
• 35S promoter
• OcsT terminator
• Necessary restriction digest sites:

- BAMHI, HINDIII, NOTI, XHOI

Gleave, 1992 

pBART 
• Spectinomycin resistance
• Necessary restriction digest sites:

- NOTI

Gleave, 1992 

A.5.4 Antibiotics and Herbicides 
Table A.5.4  Working antibiotic concentration. Used for transformant selection in liquid culture and 
on agar media petri dishes used in this study. *Timentin was used to prevent agrobacterium 
contamination during putative transformant seedling selection. 

Antibiotic Working Concentration (µg/mL) 

Ampicillin 100 

Spectinomycin 50 

Rifampicin 50 

Timentin* 150 

Table A.5.5 Working herbicide concentration. Used for in planta selection of mutant Arabidopsis 
lines . 

Herbicide Working Concentration (µg/mL) 

Glufosinate ammonium (PPT) 10 
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A.6.1 RT-PCR Based Genotyping of DRB knockout  
  Plant Lines  

 

Figure A.6.1: Genotyping of wild-type Arabidopsis plants and drb knockout insertion mutant 
lines. PCR-based genotyping with gene-specific primer pairs that flank the respective DRB1 (A), DRB2 
(C) and DBR4 (E) T-DNA insertions. A subsequent PCR-based assessment using T-DNA left border-
specific primers with either the gene-specific forward or reverse primer (depending on the orientation 
of the T-DNA insert) was conducted to confirm the presence of the respective T-DNA insertions in the 
DRB1 (B), DRB2 (D) and DRB4 (F) loci. PCRs were run for 35 cycles and visualised on a 1.0% agarose 
gel. For each gDNA sample assessed by PCR genotyping, an ACTIN PCR was also conducted and 
used as an internal control (G). 
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A.6.2  sRNA Sequencing Raw Read Count 
Table A.6.1  Raw miRNA reads and the Log2 fold change in abundance of each Arabidopsis miRNA sRNA detected via high throughput sRNA 
sequencing.  

 
Arabidopsis Line/ Treatment 

 
Col-0  drb1 drb2 drb4 

miRNA  Control  Heat Mannitol Salt Control  Heat Mannitol Salt Control  Heat Mannitol Salt Control  Heat Mannitol 

MIR156a 4901 4496 17203 8912 756 1790 1146 619 3952 1950 9649 6512 2986 5806 8833 

MIR156b 3224 4990 13996 8087 1115 3996 2657 1395 3566 2422 7559 5595 2344 6929 6742 

MIR156c 3939 4160 15082 7661 407 942 636 415 3487 1929 8144 5870 2448 5596 7535 

MIR156d 3060 3399 11644 6657 260 862 416 432 3143 1759 5970 5476 1818 5692 5499 

MIR156e 1757 1725 8646 3752 204 666 382 236 1895 960 4274 3188 1081 3157 3789 

MIR156f 1855 1727 8812 3762 203 670 354 235 1911 965 4345 3190 1107 3160 3853 

MIR156g 52 100 219 86 10 40 14 13 64 39 113 59 34 161 84 

MIR156h 8 45 16 6 1 35 0 3 11 30 9 23 4 53 7 

MIR156i 2 0 4 2 1 2 2 4 1 0 6 5 0 5 7 

MIR156j 7 5 35 8 1 10 1 0 22 16 36 20 5 26 34 

MIR157a 4512 6652 25207 9606 395 1758 673 331 6075 3300 11971 7097 3630 12635 12061 

MIR157b 4513 6643 25214 9604 397 1755 669 329 6079 3304 11978 7092 3631 12632 12059 

MIR157c 1814 3447 8181 4911 811 2237 763 544 3484 2137 4844 4431 1522 5232 4222 

MIR157d 37 68 179 112 13 52 7 6 64 93 104 127 33 215 92 

MIR158a 93924 111812 271986 185555 32968 30686 11547 19931 126789 80557 128641 171339 63599 209875 123113 

MIR158b 873 8904 2830 2519 589 3301 383 507 1573 5933 1482 2186 802 16338 1519 

MIR159a 25272 41137 95303 44185 1066 4088 2021 1027 22853 17067 52199 37521 9841 41865 40234 

MIR159b 28317 42855 85495 44948 3155 10173 4416 1984 24978 19279 46982 37196 10879 44647 36917 
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MIR159c 2292 4746 11472 4839 159 924 352 163 3148 2915 7183 5647 1297 6189 5073 

MIR160a 204 438 710 351 129 233 198 56 285 189 326 232 100 493 281 

MIR160b 234 380 646 267 64 106 85 25 301 204 343 242 135 485 355 

MIR160c 401 1125 1339 1325 194 592 289 217 579 494 724 681 295 1329 699 

MIR161 92819 85868 153129 117690 11295 15816 6458 6479 72918 36252 54170 59276 37486 99385 54548 

MIR162a 8042 6261 12887 10759 223 219 190 91 13584 2898 5995 6984 5226 7767 5898 

MIR162b 8248 7003 13248 10919 231 241 172 86 14012 3476 6199 7140 5386 9085 6040 

MIR163 1569 1256 2573 619 392 345 201 123 775 557 1383 482 640 1298 1181 

MIR164a 94 460 364 193 48 216 153 33 159 250 283 249 67 592 260 

MIR164b 677 1498 752 341 164 393 203 60 654 1045 590 429 570 1665 643 

MIR164c 175 473 578 337 65 171 111 30 219 237 385 403 106 614 376 

MIR165a 3567 5693 8410 4668 308 420 511 161 3223 1725 4093 3281 1673 5830 4018 

MIR165b 4401 5898 9193 5033 446 561 713 196 3556 1678 4953 3584 1867 5301 4553 

MIR166a 4806 5665 10678 6513 1768 2940 3070 1176 3964 1975 4650 4125 1943 6431 4099 

MIR166b 3882 4509 8799 5290 1583 2600 2720 1050 3137 1507 3681 3188 1563 5055 3303 

MIR166c 3167 3336 6779 3761 1224 2090 2484 902 2312 1136 3018 2471 1165 3575 2625 

MIR166d 3101 3266 6670 3687 1198 2035 2437 882 2263 1081 2912 2396 1132 3483 2535 

MIR166e 4640 4929 9798 5461 1766 2919 3508 1270 3319 1658 4625 3484 1867 5166 4056 

MIR166f 4546 4681 9353 5298 1732 2843 3487 1256 3194 1572 4466 3372 1778 4860 3883 

MIR166g 4539 4650 9325 5287 1725 2828 3473 1258 3183 1549 4447 3365 1772 4824 3871 

MIR167a 3229 5956 9467 5473 1552 3780 2047 1341 4108 2725 5540 5160 2597 8277 5337 

MIR167b 2896 5285 8521 4959 1510 3527 1852 1261 3791 2519 4965 4739 2299 7521 4641 

MIR167c 1326 961 3071 1628 366 220 221 184 1076 326 1478 1154 544 886 1542 

MIR167d 1890 2843 5913 3631 849 1657 1297 878 2136 1110 3332 2865 1486 4511 3444 

MIR168a 2566 5231 5921 5026 2008 6271 3746 1878 2490 2310 2794 3620 2017 7787 3575 
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MIR168b 1322 2397 4133 3046 856 2568 1823 995 1632 1148 1945 2286 905 3532 2281 

MIR169a 40 23 51 30 5 21 12 9 23 6 16 20 47 37 51 

MIR169b 33 9 28 11 0 0 0 0 17 7 17 10 45 38 58 

MIR169c 1 0 2 0 0 0 0 0 0 0 1 2 1 1 2 

MIR169d 211 13 375 28 3 3 1 2 139 5 191 39 43 38 166 

MIR169e 207 24 293 10 0 1 2 0 152 4 142 20 37 47 155 

MIR169f 263 24 538 76 1 3 4 1 253 7 327 68 46 24 171 

MIR169g 214 13 378 23 3 2 1 3 138 3 187 39 44 28 162 

MIR169h 14 2 31 2 0 0 1 0 13 0 18 7 12 1 12 

MIR169i 19 6 49 18 1 0 0 0 12 5 19 12 8 2 22 

MIR169j 4 1 12 2 0 2 1 0 7 3 2 2 3 2 10 

MIR169k 4 1 10 2 0 0 0 0 5 0 8 4 2 0 5 

MIR169l 8 0 11 1 0 0 0 0 4 1 2 2 4 3 1 

MIR169m 7 2 17 0 0 1 0 0 8 0 9 5 1 2 8 

MIR169n 6 1 10 1 0 0 0 1 6 3 2 0 4 2 3 

MIR170 256 380 481 312 75 153 44 47 197 159 223 253 153 482 296 

MIR171a 405 572 793 547 179 429 180 115 321 237 369 442 243 700 462 

MIR171b 102 205 165 82 14 7 2 3 120 75 71 59 64 254 105 

MIR171c 122 162 132 99 41 40 4 8 116 62 55 62 81 148 64 

MIR172a 68 207 59 49 33 55 7 9 94 137 42 57 56 282 41 

MIR172b 91 326 93 118 42 97 12 18 149 189 70 106 96 473 64 

MIR172c 6 12 8 5 6 26 1 4 9 8 8 10 5 31 5 

MIR172d 13 11 15 10 14 12 2 4 14 9 8 10 7 31 5 

MIR172e 24 131 48 55 14 45 4 4 53 68 31 54 32 217 27 

MIR173 19410 15084 28368 18831 982 590 167 329 16821 5634 9506 8284 9825 18347 11446 
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MIR1886 52 70 75 85 3 1 0 1 63 43 52 48 31 96 57 

MIR1888a 74 55 125 49 37 27 6 13 86 28 52 35 67 125 81 

MIR1888b 48 44 52 58 19 30 4 11 33 20 24 40 55 189 50 

MIR2111a 2 67 9 28 20 440 13 18 1 62 5 18 2 55 5 

MIR2111b 3 47 8 43 6 257 6 21 3 40 6 12 4 53 8 

MIR2112 2 10 10 10 0 3 0 1 8 9 6 14 2 42 11 

MIR2933a 94 134 115 84 109 195 123 150 159 137 142 221 38 64 48 

MIR2933b 70 108 84 63 85 143 89 98 128 110 107 139 30 52 38 

MIR2934 0 0 0 0 0 2 0 0 0 0 0 0 0 1 0 

MIR2936 32 39 52 43 35 40 70 39 38 30 40 79 31 50 50 

MIR2937 3 1 6 4 1 4 2 2 2 6 4 0 2 6 1 

MIR2938 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 

MIR2939 1 1 1 0 1 0 0 0 1 0 8 2 1 0 0 

MIR319a 2287 2714 3403 2090 900 1112 476 207 2396 1700 1718 1630 1064 3743 1329 

MIR319b 1187 2961 2168 1630 466 1678 239 203 1485 1987 1117 1370 621 4992 859 

MIR319c 8729 2906 11432 4893 387 273 108 74 4788 1085 3573 1953 3293 2970 3867 

MIR3434 245 439 420 301 13 23 8 4 306 240 198 202 794 2716 847 

MIR3440b 11 24 24 27 10 42 3 14 13 9 14 20 28 78 39 

MIR390a 520 839 955 725 180 553 269 109 859 328 475 542 391 1219 528 

MIR390b 331 599 537 503 158 463 236 92 517 206 265 344 225 772 343 

MIR391 82 203 468 146 31 12 49 7 62 71 99 53 81 261 268 

MIR3932a 56 17 48 54 15 10 2 8 41 10 13 18 135 37 89 

MIR3932b 2516 110 1408 1153 110 19 14 19 1566 64 456 476 1910 334 1059 

MIR3933 0 4 29 1 0 3 0 0 0 1 18 0 0 20 23 

MIR393a 53 172 170 75 16 47 5 19 61 101 86 71 33 400 88 
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MIR393b 784 3644 2076 1707 810 2117 307 592 948 1549 878 1005 659 4880 1251 

MIR394a 101 260 324 180 87 305 87 64 115 137 177 177 61 317 174 

MIR394b 118 280 379 205 159 305 117 68 130 138 188 181 85 328 208 

MIR395a 29 2217 82 521 9 3137 7 7 105 1938 43 484 46 3097 39 

MIR395b 36 350 42 177 4 567 2 8 71 179 19 156 34 508 19 

MIR395c 36 344 41 173 3 558 2 9 73 175 20 157 33 511 20 

MIR395d 17 1166 39 390 4 2310 3 3 54 864 14 236 33 1485 21 

MIR395e 29 2206 79 518 7 3131 7 7 105 1919 41 482 52 3096 40 

MIR395f 28 338 31 166 3 541 2 7 75 178 14 142 32 494 17 

MIR396a 4316 10849 12785 8549 1078 2830 897 1127 6480 5104 7623 8694 2750 13108 6324 

MIR396b 7784 19808 21346 12346 5840 16645 5372 6067 9630 9106 12862 10322 4293 25977 10211 

MIR397a 7 56 11 30 21 46 1 16 20 36 2 28 28 91 4 

MIR397b 8 41 1 20 21 36 1 6 16 23 1 29 20 75 2 

MIR398a 457 1080 717 664 185 187 91 41 624 495 169 354 494 958 274 

MIR398b 10077 25333 14693 17800 3865 4955 2461 1387 14688 11030 3513 11560 11924 22151 5971 

MIR398c 10072 25318 14698 17763 3841 4919 2464 1372 14678 11015 3503 11522 11906 22089 5953 

MIR399a 386 3263 1306 2997 104 2773 66 268 210 2390 326 1109 317 2373 605 

MIR399b 322 485 999 550 96 298 40 35 237 283 215 290 120 402 311 

MIR399c 341 529 1020 579 98 252 34 30 240 300 231 317 126 425 305 

MIR399d 8 140 33 58 1 98 0 0 12 110 18 48 9 98 20 

MIR399e 4 9 11 10 0 11 0 0 1 11 4 6 3 7 3 

MIR399f 25 119 56 94 7 136 4 7 18 104 30 66 18 119 44 

MIR400 758 213 636 479 86 30 4 34 383 91 186 156 173 175 173 

MIR401 43 92 65 40 75 118 62 35 165 136 117 109 28 71 42 

MIR402 42 205 124 84 2 4 0 2 55 99 75 68 34 412 85 
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MIR403 7799 9768 15811 12392 2337 1749 727 1768 10312 5567 9493 11498 4762 13501 8714 

MIR404 40 55 35 21 46 94 29 55 65 51 51 33 12 20 19 

MIR405a 88 109 127 81 105 187 142 106 173 102 158 125 34 64 70 

MIR405b 24 20 34 14 18 23 16 15 25 14 40 22 5 13 16 

MIR405d 11 11 25 5 10 19 5 7 22 10 20 16 11 12 6 

MIR406 95 39 64 37 124 72 9 53 121 54 69 40 19 26 20 

MIR407 115 90 125 81 137 115 50 97 192 78 147 111 37 49 46 

MIR408 2242 15808 4828 12273 2436 23384 4377 4180 4322 7522 1791 8881 2657 21889 2475 

MIR413 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

MIR414 4 6 7 1 3 9 3 4 5 4 9 8 1 11 5 

MIR415 0 0 1 0 0 0 0 0 1 0 1 0 1 2 0 

MIR416 14 17 21 8 13 21 10 10 17 24 6 4 4 3 15 

MIR419 1 0 1 1 0 0 1 2 0 0 0 1 0 1 0 

MIR4221 12 33 12 7 0 1 0 0 11 17 7 7 10 51 11 

MIR4227 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

MIR4228 82 178 77 93 56 408 156 76 58 118 73 52 71 344 80 

MIR4239 1 3 6 0 0 3 5 3 0 3 4 6 1 4 1 

MIR4240 0 0 0 0 0 0 0 0 0 2 0 0 0 8 0 

MIR4243 1 0 3 0 4 3 0 0 0 1 0 0 0 1 0 

MIR4245 475 452 537 424 98 22 7 44 514 306 307 249 331 463 315 

MIR426 3 6 0 2 2 0 0 1 1 1 0 0 4 0 1 

MIR447a 488 666 890 649 27 83 15 45 510 354 504 440 442 1469 792 

MIR447b 59 62 89 48 9 12 0 9 65 36 36 30 59 218 71 

MIR447c 1 3 11 6 5 1 1 3 3 2 7 2 2 9 6 

MIR472 221 517 637 539 53 186 64 47 257 261 333 415 199 779 351 
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MIR5012 37 85 136 89 2 2 1 0 80 58 72 71 75 248 151 

MIR5013 2 0 5 0 1 1 6 1 3 1 5 4 0 0 0 

MIR5014a 63 17 46 16 36 25 11 17 57 26 34 20 26 67 32 

MIR5014b 254 73 222 76 204 85 26 61 313 78 151 86 197 70 132 

MIR5015 1 1 3 1 1 0 0 0 3 3 5 8 1 10 4 

MIR5016 2 0 1 1 1 0 0 0 0 1 0 1 1 7 1 

MIR5017 1 0 5 1 0 1 0 0 1 0 1 1 1 7 1 

MIR5018 0 2 2 0 1 1 0 0 0 0 0 2 4 1 1 

MIR5019 0 5 1 1 0 0 0 1 0 4 2 1 1 11 0 

MIR5020a 35 4 30 30 24 18 9 14 24 13 17 15 14 10 21 

MIR5020b 106 13 37 22 14 28 10 10 43 16 27 18 238 11 174 

MIR5020c 4 4 5 3 7 14 6 6 12 5 2 7 8 5 15 

MIR5021 3 0 0 0 0 0 0 0 1 0 0 0 0 2 
 

MIR5023 1 3 2 7 1 1 1 0 0 0 4 1 1 5 5 

MIR5024 45 93 113 90 20 50 11 9 52 46 57 46 258 895 425 

MIR5025 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

MIR5026 4861 2392 6738 22173 9107 8700 1360 9490 4701 1214 2524 8311 24465 25334 22457 

MIR5027 10 5 21 9 2 2 6 3 9 3 13 3 10 9 7 

MIR5028 4 115 17 17 0 6 1 2 3 45 13 17 4 200 13 

MIR5029 8 13 10 11 18 23 7 15 31 14 18 23 8 13 2 

MIR5595a 171 290 231 202 46 37 4 40 141 116 85 110 100 413 127 

MIR5628 5 3 25 7 5 5 2 2 8 2 13 6 18 22 41 

MIR5629 26 99 46 83 21 207 15 34 25 46 23 55 181 1429 335 

MIR5630a 8 5 5 5 5 2 1 4 4 5 4 1 5 5 4 

MIR5630b 11 1 2 2 4 3 1 4 6 3 2 5 5 8 1 
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MIR5631 1 2 6 4 3 3 0 0 2 1 5 2 3 2 5 

MIR5632 7 20 6 27 1 12 0 5 5 15 5 10 53 245 99 

MIR5633 10 14 16 14 4 11 2 7 14 9 10 19 11 7 5 

MIR5634 5 8 6 5 0 0 1 0 5 2 15 0 3 14 4 

MIR5635a 592 492 697 308 562 626 304 401 799 535 765 493 265 498 390 

MIR5635b 411 249 354 218 413 317 163 224 576 276 369 309 160 193 176 

MIR5635c 203 164 237 141 234 212 148 162 309 172 290 201 77 148 128 

MIR5635d 394 312 439 254 422 436 240 276 551 301 442 315 178 332 231 

MIR5636 7 5 11 4 0 1 0 3 6 0 5 9 1 12 4 

MIR5637 28 76 122 130 7 78 10 21 53 41 53 110 50 225 122 

MIR5638a 13 12 38 14 20 20 16 8 21 15 20 15 9 24 39 

MIR5638b 4 8 11 7 9 9 6 3 13 17 6 7 7 12 14 

MIR5639 6 13 6 3 5 21 5 3 20 11 12 9 33 91 51 

MIR5640 64 60 99 48 17 19 15 21 65 24 28 26 64 175 102 

MIR5641 21 20 47 41 16 31 9 15 24 25 19 29 8 34 20 

MIR5642a 3830 4683 4376 5711 3571 5929 4609 4923 4936 4291 3826 5505 3522 5893 3625 

MIR5642b 961 1383 1467 2233 1011 2321 1545 1893 2039 1521 1413 2806 680 1891 933 

MIR5643a 166 161 145 95 177 165 35 62 337 173 177 134 42 118 49 

MIR5643b 153 74 93 47 143 124 35 47 246 86 110 81 32 46 30 

MIR5644 696 237 481 267 600 164 168 196 612 151 303 189 120 71 101 

MIR5645a 461 234 418 214 470 272 126 297 597 191 398 271 268 237 325 

MIR5645b 405 189 318 164 442 240 104 223 546 165 332 196 152 131 155 

MIR5645c 73 61 52 69 70 103 22 47 89 67 67 52 75 113 127 

MIR5645d 243 136 191 113 266 187 102 138 322 109 198 133 111 98 130 

MIR5645e 90 86 93 62 122 84 63 69 155 79 109 83 118 153 217 
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MIR5645f 315 188 301 164 301 238 95 196 415 176 315 231 168 155 175 

MIR5646 2 0 0 2 1 4 1 0 1 4 2 2 0 0 0 

MIR5647 35 99 59 64 32 170 21 36 46 76 47 56 36 219 55 

MIR5648 4 2 5 1 0 2 0 0 5 4 2 2 5 20 16 

MIR5649a 3 0 4 0 1 0 0 2 0 0 2 0 0 1 1 

MIR5649b 2 1 3 0 2 0 0 2 2 0 0 0 0 2 1 

MIR5650 127 41 149 90 6 5 0 2 66 16 39 35 439 238 501 

MIR5651 91 97 200 94 43 79 11 30 136 71 98 93 42 100 63 

MIR5652 300 166 735 420 53 15 16 55 273 108 362 354 30 40 115 

MIR5653 1219 1143 1599 911 1423 2310 1908 1040 2066 1049 1559 1390 422 776 751 

MIR5654 292 363 693 334 264 499 309 265 263 174 519 238 140 437 352 

MIR5655 4 55 8 15 2 51 1 5 6 40 0 8 5 259 16 

MIR5656 26 26 51 44 14 19 6 6 33 11 28 36 119 417 238 

MIR5657 41 89 68 69 82 66 56 63 53 87 37 40 68 143 73 

MIR5658 1 2 2 2 0 9 2 1 1 1 1 5 1 4 2 

MIR5659 89 34 71 37 79 45 45 29 126 27 91 39 9 19 29 

MIR5660 3 4 2 0 0 5 4 3 3 2 2 5 1 13 5 

MIR5661 1 5 3 1 0 5 3 1 2 5 2 1 3 9 2 

MIR5662 492 183 356 196 382 182 106 142 543 125 305 167 116 76 117 

MIR5663 87 138 178 156 1 9 4 5 74 77 76 109 168 437 300 

MIR5664 41 60 49 24 58 86 13 54 25 59 30 12 10 118 41 

MIR5665 290 133 266 138 297 119 83 119 352 131 240 144 108 74 93 

MIR5666 2 2 3 0 6 2 1 1 1 4 2 2 1 1 2 

MIR5995b 55 54 32 31 35 28 2 28 36 28 20 22 24 72 30 

MIR5996 623 320 491 879 221 313 41 242 561 212 325 686 6586 3953 7732 
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MIR5997 6 2 13 6 0 3 0 2 11 3 5 11 51 35 42 

MIR5998a 0 4 1 0 0 0 0 0 0 2 1 1 0 2 0 

MIR5998b 1 4 1 0 0 0 0 2 0 3 1 0 0 2 1 

MIR5999 0 0 3 0 1 0 0 0 2 0 0 1 1 0 1 

MIR771 4 2 97 14 0 0 0 0 17 9 42 5 12 10 23 

MIR773a 230 203 1068 802 50 36 102 72 301 115 545 645 271 389 787 

MIR773b 6 26 58 43 14 29 9 10 24 37 27 20 30 76 78 

MIR774a 0 1 4 3 0 0 0 0 1 1 1 1 1 6 1 

MIR775 495 1190 1528 771 49 67 30 16 637 668 858 480 410 2115 765 

MIR776 1 0 1 2 3 5 1 1 2 2 5 1 0 2 0 

MIR777 0 0 1 2 1 2 0 0 0 0 0 0 0 1 2 

MIR778 1 13 7 32 0 19 0 2 1 19 3 22 3 59 16 

MIR779 205 730 577 349 12 16 6 10 328 388 316 311 187 1064 339 

MIR780 6 6 12 3 1 1 0 1 9 2 13 3 4 8 9 

MIR781a 92 155 152 212 3 7 0 1 73 109 77 179 129 441 200 

MIR781b 75 160 146 167 2 11 1 4 73 110 76 134 119 426 172 

MIR782 0 0 0 0 0 2 0 0 1 1 0 0 0 0 0 

MIR8121 66 99 91 60 102 134 46 82 99 79 129 77 20 63 44 

MIR8165 72 39 100 39 91 49 85 58 124 28 119 53 35 12 34 

MIR8166 202 146 224 112 154 242 100 97 194 128 214 154 55 74 81 

MIR8167a 115 60 118 64 79 76 86 60 140 52 98 80 32 28 42 

MIR8167b 115 62 113 65 77 85 80 62 139 46 103 75 29 25 53 

MIR8167c 108 61 114 72 78 79 81 65 140 55 93 73 36 33 49 

MIR8167d 112 56 116 74 83 77 90 60 144 47 87 80 29 26 44 

MIR8167e 116 66 119 76 90 71 83 61 138 44 97 88 36 31 48 



 

265 
 

MIR8167f 119 64 118 63 77 70 82 58 139 48 91 81 30 35 59 

MIR8168 34 52 54 22 30 36 13 33 56 19 18 36 8 35 13 

MIR8169 278 101 153 76 161 122 48 81 268 140 154 72 46 42 25 

MIR8170 24 12 37 22 4 1 2 3 19 4 10 11 35 20 19 

MIR8171 138 99 106 93 137 148 105 53 136 110 128 66 28 56 65 

MIR8172 383 221 372 198 344 281 84 219 516 228 374 279 109 111 128 

MIR8173 128 255 131 96 122 310 80 84 138 147 89 53 5 28 9 

MIR8174 112 48 75 31 62 30 24 15 87 35 44 21 25 12 25 

MIR8175 173 133 211 217 119 330 228 187 120 147 127 230 125 203 115 

MIR8176 41 63 44 81 49 87 116 65 31 48 46 90 17 47 60 

MIR8177 99 42 89 31 108 51 37 39 160 33 86 42 30 21 44 

MIR8178 97 68 62 67 73 59 10 37 59 45 27 42 2374 4309 1582 

MIR8179 7 8 14 12 0 5 0 1 4 6 3 10 43 137 83 

MIR8180 285 303 311 179 395 397 227 263 517 318 396 378 148 185 156 

MIR8181 0 6 1 3 1 2 3 0 0 1 1 5 2 1 4 

MIR8182 6 6 14 10 0 0 0 0 5 3 2 10 1 6 6 

MIR8183 18 37 42 20 12 16 8 9 11 12 7 3 12 39 12 

MIR8184 0 4 1 4 1 0 0 0 0 3 0 0 1 9 1 

MIR822 714 612 1582 1822 2145 1139 890 2352 860 348 934 1537 397 602 490 

MIR823 160 331 376 507 30 100 12 49 161 155 209 325 79 492 177 

MIR824 303 1122 1093 916 36 94 25 19 283 629 737 922 145 1045 565 

MIR825 125 109 176 92 11 9 8 6 129 46 86 61 68 159 109 

MIR826a 7 8 6 32 0 1 0 0 5 3 3 3 1 41 4 

MIR826b 0 0 0 1 0 0 0 0 0 3 0 0 0 2 0 

MIR827 318 929 738 1338 157 1292 46 403 410 704 305 1065 295 1298 323 
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MIR828 1 9 1 4 2 0 0 0 2 10 4 16 0 3 0 

MIR829 168 1001 309 337 27 81 10 26 242 653 195 293 178 1669 289 

MIR830 8 6 6 6 3 7 1 1 2 2 1 4 9 6 1 

MIR831 43 20 74 337 17 23 3 30 38 8 29 54 23 65 32 

MIR832 0 0 0 0 0 0 0 0 0 1 0 0 0 2 0 

MIR833a 76 96 205 216 45 63 27 52 59 28 150 160 262 449 745 

MIR833b 18 16 41 51 15 15 2 6 25 7 18 32 63 156 132 

MIR834 0 1 2 1 0 0 0 0 3 0 0 0 0 4 0 

MIR835 86 200 225 301 85 189 51 263 97 111 118 174 197 822 380 

MIR836 70 41 67 32 3 5 1 0 42 6 22 11 41 43 46 

MIR837 69 109 223 131 11 27 5 13 103 93 142 180 723 2305 2421 

MIR838 22 64 60 43 2 9 3 4 23 41 41 40 18 110 32 

MIR839 25 24 37 30 31 35 38 69 18 19 31 32 35 128 78 

MIR840 117 408 450 570 491 2660 737 1675 163 220 230 343 19 152 44 

MIR841a 243 192 330 500 131 257 52 164 264 87 155 377 1312 2319 1838 

MIR841b 238 107 202 214 90 118 43 60 177 103 112 183 888 1193 1032 

MIR842 12 24 39 39 15 29 16 12 11 12 30 24 4 28 18 

MIR843 70 33 113 59 61 25 28 24 118 31 45 41 98 89 95 

MIR844 31 39 63 44 10 10 5 4 16 21 37 22 9 56 27 

MIR845a 559 333 774 1638 583 190 162 336 412 144 304 364 820 1885 508 

MIR845b 15 48 16 42 7 5 5 19 2 17 4 20 10 121 3 

MIR846 1717 2750 4303 2159 504 395 81 209 2007 1685 2376 2078 821 3511 2299 

MIR847 18 154 66 13 2 7 3 1 41 42 37 18 24 257 49 

MIR848 407 370 358 385 29 56 4 9 265 164 171 185 225 367 194 
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MIR849 16 20 18 28 15 10 4 7 15 17 15 17 14 55 15 

MIR850 314 156 521 1142 671 422 928 732 402 78 277 606 321 647 399 

MIR851 2 2 61 0 0 3 5 1 23 4 24 2 15 8 48 

MIR852 42 70 57 173 3 23 2 8 27 33 29 99 140 323 265 

MIR853 39 90 72 37 1 1 0 2 48 48 21 23 25 147 29 

MIR854a 13 16 19 45 23 18 12 50 71 31 43 102 15 12 19 

MIR854b 16 17 24 49 31 18 6 43 89 31 45 97 15 30 12 

MIR854c 20 12 19 43 19 13 6 39 63 21 36 97 13 20 10 

MIR854d 16 22 15 41 35 13 7 38 89 35 39 111 13 18 7 

MIR854e 14 20 25 51 25 16 10 48 86 29 42 110 18 22 11 

MIR855 52 39 63 46 85 57 20 28 105 50 56 59 33 29 23 

MIR856 3 1 2 3 1 3 0 0 4 4 1 0 2 1 2 

MIR857 11 161 4 107 27 135 0 42 18 100 6 121 12 257 7 

MIR858a 79 389 301 146 101 224 34 73 82 274 162 194 46 376 181 

MIR858b 4 44 27 13 7 43 2 12 7 23 10 13 3 51 15 

MIR859 5 57 17 34 0 4 0 1 8 35 10 26 2 80 15 

MIR860 11 20 22 28 5 10 4 5 19 6 7 11 94 309 181 

MIR861 67 50 103 57 32 79 53 35 45 19 42 28 34 83 56 

MIR862 25 13 51 27 9 9 5 0 25 8 27 23 187 406 208 

MIR863 5829 1569 5875 12391 698 326 60 678 4425 710 2356 5764 13158 11890 15795 

MIR864 2 48 5 4 0 7 0 1 7 26 2 3 3 80 3 

MIR865 197 309 315 73 232 298 46 78 189 191 125 84 76 410 135 

MIR866 102 558 335 920 117 517 57 575 105 350 130 319 112 2150 158 

MIR868 0 2 8 7 0 0 1 0 2 3 3 5 1 8 2 

MIR869 398 68 247 87 4 6 4 3 216 7 80 8 445 91 344 
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MIR870 14 15 21 6 36 31 5 16 12 11 7 11 10 15 11 

Library size 30635847 26189325 30060261 28816378 25029006 26815937 26700561 27130057 25439093 23104941 25889615 27181829 

Total # 

reads 

463778 604592 1101705 750255 130824 236083 105033 100664 497031 312417 526700 558189 

% of Library 1.5 2.3 3.7 2.6 0.5 0.9 0.4 0.4 2.0 1.4 2.0 2.1 
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A.6.3  Developmental and Reproductive Phenotype of 
  Col-0 Plants, and miR396 and miR399 Altered 
  Plants  

 
Figure A.6.2  Developmental and reproductive phenotype of Col-0 plants, and miR396 and 
miR399 altered plants. The representative phenotype of (A) Col-0 (B) MIM396 (C) MIR396 (D) 
MIM399 and (E) MIR399, at 25 d of age (prior to plant bolting), with the scale bar indicative of 1 cm. (F) 
The average rosette area of each plant line at 10, 15, 20 and 25 d of age is shown. (G) The 
representative phenotype of the main inflorescence stem is presented for Col-0, MIM396, MIR396, 
MIM399 and MIR399 (left to right) at 40 d of age, with the scale bar indicative of 2 cm. 
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