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ABSTRACT

MicroRNAs contribute to enhanced salt adaptation of the autopolyploid Hordeum

bulbosum compared to its diploid ancestor

By Beibei Liu

Several studies have shown that autopolyploid species can tolerate abiotic stresses better
than their diploid ancestor. However, the underlying molecular mechanism is poorly
understood. Whole genome duplication can result in the expansion of miRNA families,
and the innovative miRNA-target interaction is vital for adaptive response to various
environments. The new microRNAs which were induced by genome duplication, also
associated with stress response, and the distinctive microRNA networks in tetraploid and
diploid Hordeum bulbosum by using high-throughput sequencing. Five miRNAs affected
by genome doubling were involved in salt stress response. Of these, miR528b-3p was only
detected in the tetraploid plants, and down - regulated in salt stress tetraploid plants relative
to that in tetraploid check (CK). Moreover, it was found that miR528b-3p was not only
involved in DNA replication and repair but also affected salt stress response. Finally,
distinguished microRNAs-targets regulatory networks in both diploid and tetraploid plants
were discovered.

July 2017
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Chapter 1 Introduction

1.1 Preamble

Polyploid organisms contain more than two complete sets of chromosomes, which
can be classified as allopolyploid via merging two or more distinct genomes or
autopolyploid by multiplying a single genome. Hybrid vigor, like taller stems and larger
leaves, is a feature of allopolyploid which has been studied by many researchers.
Autopolyploid is more common than once thought, but has received little attention
compared with allopolyploid, because autopolyploid is often associated with poorer yield,
smaller leaves, etc. However, several studies illustrated that autopolyploid organisms have
a stronger ability to tolerate environmental stresses compared to its diploid progenitors,
including drought, salt and cold stresses. Moreover, it is reported that genome doubling has
a great influence on stress tolerance. Nevertheless, the molecular mechanism of how
genome doubling may help autopolyploids to tolerate adverse environmental stresses is

poorly understood.

MicroRNA are endogenous ~ 21 nucleotides (nt) small RNAs which play an
important role in regulating gene expression by targeting mRNA for cleavage or inhibition
of translation at the post-transcriptional level. There are two reasons for studying
microRNAs in autopolyploid. First of all, microRNAs have been closely associated with
stress response, and many stress-related microRNASs have been identified in various plants.
Furthermore, it is suggested that genome duplication can retain known or induce new

microRNA which could develop new microRNA mechanisms, and the innovative



microRNAs-target interactions are important for adaptive response to various
environmental conditions, in addition to maintaining a constant set of microRNAs for basic
biological functions. Therefore, it is entirely possible that genome duplication could induce
new or maintain known microRNA to help autopolyploid tolerate environmental stress

better than its diploid ancestor.

Investigating the microRNA mechanism in autopolyploid species is important in
several respects. Firstly, understanding why autopolyploid could tolerate salt stress better
than its diploid progenitor could help us better appreciate the significance of the
autopolyploid from molecular and evolutionary aspects. Secondly, a better and more
comprehensive knowledge of the complex mechanisms involved in the salt stress responses
allows for the identification of novel points to engineer the plants, finding a better way to
improve stress tolerance. Therefore, this thesis attempts to investigate diploid and
tetraploid barley have different ability to tolerate salt stress by analyzing the microRNA

sequencing data.
1.2 Objectives of the thesis

The objectives of this thesis are to compare the different ability to tolerate salt stress
between diploid and tetraploid barley, and by analyzing the microRNA sequencing data to
investigate the reason why autopolyploid and diploid has different ability to tolerate salt
stress. Finally, to identify the distinct microRNA regulatory mechanisms between diploid

and tetraploid barley under salt stress.



More specifically, this thesis attempts to investigate why diploid and tetraploid

Hordeum bulbosum have different ability to tolerate salt stress from a microRNAs respect:

e Compare the ability of diploid and tetraploid barley to tolerate salt stress;

e |dentify the salt stress-related miRNAs in diploid and tetraploid barley, respectively;

e Discover the differentially expressed microRNAs due to genome duplication;

e Determine the microRNAs which are not only affected by genome duplication, but
also involved in salt stress response;

e Identify the distinct microRNAs-target mechanisms in diploid and tetraploid barley

under salt stress.



Chapter 2 Literature Review

2.1 Polyploidy

2.1.1 The widespread occurrence of polyploidy in plants

Polyploid species contain more than two complete sets of chromosomes, including
allopolyploid via merging two or more distinct genomes and autopolyploid by multiplying
a single genome (Fig. 1).! Polyploidy is widespread in the plant kingdom, especially in
angiosperm; almost 70% of angiosperm are polyploid.2 Many polyploid species are
important crops such as autopolyploid - alfalfa and potato, allopolyploid - wheat, oat,
cotton and coffee, etc.® It is also reported that the ancestors of most flowering plants are
ancient polyploidy which have undergone one or more whole genome duplications.* In
addition, monocots and dicots are derived from whole-genome duplication and ancestral

chromosome fusion events, therefore, almost all modern species are paleopolyploid.®
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Figure 1. These two graphs illustrate the formation of allopolyploid and autopolyploid
(cite from “Chen.K, 2007)° .

2.1.2 The significance of polyploidy

The prominence of polyploidy indicates that polyploidy have some evolutionary or
adaptive advantages over their diploid progenitors which are mainly manifested in
phenotypic and physiological aspects.? From the phenotypic aspect, it was suggested that
polyploidization could cause hybrid vigor compared to the diploid counterparts, such as
increased biomass, larger leaves and taller stem, etc.* From a physiological perspective,

polyploidy plays an important role in the evolution of plants, and is considered as the



determinant of the invasiveness of plants, since genome doubling can alter genetic make-
up, physiology and ecology within only one or a few generations which can help polyploidy
species survive in strongly fluctuating environments or promote colonization in new
environment.”® Many studies have also demonstrated that polyploidy has a stronger ability
to tolerate stresses compared to its progenitor, and polyploidy has been regarded as an
efficient way to improve environmental stress tolerance in plants.® However, the reason

why polyploidy have such advantages is poorly known.
2.2 Allopolyploid

2.2.1 The research on hybrid vigor

Hybrid vigor, including larger leaves, taller stem and greater yield, is a typical
feature of allopolyploid which has attracted muh attention. Significant effort and time have
been devoted towards investigating the molecular mechanism of hybrid vigor. It was
suggested that the change of gene expression patterns, involving non-additive gene
expression, uniparental gene expression, tissue and developmental stage specific gene
expression, underlie the phenotypic and physiological differences between allopolyploid
and its diploid ancestor.”® Non-additive gene expression refers to gene expression that
does not equal to the middle parent value (MPV) (1 + 1 = 2; alternatively, 0.5 Parent 1 +
0.5 Parent 2 = 1),%° uniparental gene expression means that only one parental gene is
activated or repressed, while the tissue- and developmental- specific gene expression refers

to the genes which are expressed in particular tissues or at certain developmental stages.*
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2.2.2 The genome-wide gene expression research in allopolyploid

With the increasing utilization of Next Generation sequencing (NGS) which can
help us to detect the gene expression change of a whole genome in one shot, genome-wide
gene expression has been studied in many allopolyploids, including Arabidopsis, Cotton,
Senecio and Wheat. Large scale gene expression changes were observed in these
allopolyploids compared to their diploid progenitors, including 16% differentially
expressed genes in wheat allohexaploid,®®* 30-70% in cotton allotetraploid, 30-60% in
Senecio allohexaploids,® and 5-38% in Arabidopsis allotetraploids.! It was found that
these differentially expressed genes encoding transcripts and regulatory factors may
reprogram gene expression networks and induce non-additive phenotypes in allopolyploids,
and eventually might partially contribute to the growth vigor in hybrids and allopolyploids
compared with those of its diploid progenitors, and these phenotypes might also improve
allopolyploid’s survival ability.l® Recent molecular studies have also shown that altered
patterns of gene expression might confer upon the polyploidy a broader phenotypic range

than that of their progenitors.*!

2.2.3 The driving force for gene expression change in allopolyploid

The generation of polyploidy is followed by genetic change (chromosomal
rearrangements and gene loss) and epigenetic changes (DNA methylation and histone
modifications), which could lead to reprograming of gene expression patterns.’® Genetic
changes, mainly including chromosomal rearrangements and gene loss, means the DNA
sequence variation induces the phenotypic or physiological differences, while epigenetic

changes, mainly involving DNA methylation and histone modifications, refer to the
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alteration of phenotype, morphological or molecular without changing the DNA sequence
(Fig. 2).1* Both DNA methylation and histone modifications are very common ways to
regulate the gene expression on a transcriptional level. DNA methylation can not only
silence the genes, but also silence the transposable element, and histone modification is
another way to modify the gene expression. Histone is the primary packing structure of the
DNA so the modification of histones can alter the chromatin state, and thus the
transcriptional state of genes, finally affecting gene expression.* Thus, in allopolyploid,
the genetic and epigenetic changes due to whole-genome duplication could alter the gene
expression patterns which might help allopolyploid to develop some non-additive

phenotypes compared to its diploid progenitor.
Genetics Epigenetics

' ‘ DMA Methylation
Mutation in DMNA ncRNA Interactions

z £ SEQUENCE Histone Modifications

} \

Phenotype Phenotype

(Google)

Figure 2. This graph displays the genetic and epigenetic mechanisms which can alter the
gene expression pattern.



2.2.4 Influence of genome duplication and hybridization on gene expression
Although it is reported that genetic and epigenetic changes could alter gene
expression which could induce hybrid vigor in allopolyploid compared to its diploid
parents, it is little known about whether the genetic and epigenetic changes are caused by
hybridization or polyploidization. Because in allopolyploid, two processes--hybridization
and genome duplication are involved (Fig. 1). It was reported that hybridization has a
greater influence than genome doubling on gene expression change, in other words,
genome duplication has a less effect on gene expression alteration'®1>16  However, it
was identified that autopolyploid also has some differentially expressed genes relative to
their diploid progenitors, which was only due to genome duplication rather than
hybridization.'® Currently, the significance of genome doubling per se is still unclear, and
it is difficult to distinguish the effects of hybridization and genome duplication in
allopolyploid. Therefore, a preferred way to understand the role of whole genome

duplication is to study autopolyploid whose formation only requires genome doubling.

2.3 Autopolyploid
2.3.1 Effects of genome duplication in autopolyploid

Autopolyploid is more common than once thought, but has received little attention
compared with allopolyploid, because autopolyploid is often associated with poorer yield,
smaller leaves, etc.!” Although there is a long-term interest in polyploidy, the significance

of genome duplication is unclear. At present, there are two contradicting theories around

9



the significance of whole genome duplication (WGD). One theory suggests that
autopolyploid is an evolutionary dead end because most genome duplication events have
occurred near the tips of evolutionary tree of life, that is, polyploidization is often followed
by extinction.'® The second asserts that autopolyploid is a major driving force in evolution,
because ancient WGDs occurred in plants and animals resulting in some particularly

species-rich groups. 18 1°

Although the influence of WGD on speciation is controversial, it is widely believed
that genome doubling is tightly associated with environmental change,?® and genome
doubling can help plants develop a stronger ability to adapt to various environmental
stresses.!” Two examples can aptly illustrate this point. Firstly, there was a burst of genome
duplication at the end of the Cretaceous period corresponding closely with the Cretaceous-
Tertiary mass extinction which indicates that there is an association between genome-wide
duplication and environmental stress/fluctuation.?! Similar observations have been made
for present-day polyploidy, which are often encountered in unstable and stressful
environments such as the overabundance of recently formed polyploidy in the arctic, in
particular of high-level polyploidy.?? The successful range expansion and radiation have
been demonstrated in various natural autopolyploid which indicates that genome doubling
may represent an evolutionary advantage.’® Recent studies have illustrated that
autopolyploid has a stronger ability to cope with abiotic stresses than its diploid
counterparts such as: the tetraploid Brassica rapa L, Citrus?* and Black locust® can deal
with salt stress better than their respective diploid progenitors, while the tetraploid Isatis

indigotica ® and Dendranthema nankingense (Nakai) Tzvel?® are capable to tolerate the

10



abiotic stresses better than their respective diploid ancestors. Therefore, genome doubling
might play a critical role in the evolution of autopolyploid adapting to adverse environment
conditions, which is in accordance with the discovery that genome doubling has a greater

influence on stress tolerance than hybridization.?®

2.3.2 Genome-wide gene expression research in autopolyploid

How whole genome duplication could help autopolyploid tolerate the adverse
environmental conditions better than its diploid ancestor is poorly understood. In
allopolyploid, large scale gene expression changes due to genetic and epigenetic alterations
can account for why allopolyploids develop some phenotypic and physiological differences
from its diploid ancestors. Although allopolyploid and autopolyploid share the property of
duplicated genomes, the difference in their composition (Fig. 1) will lead to different
results during their evolution.’® Genome-wide gene expression studies have also been
carried out in autopolyploid, however, no large-scale gene expression changes were
observed. Only 4.3% of all genes showed expression differences between autopolyploid
and diploid Isatis indigotica 3, and 1% gene expression changes were observed between
the diploid and tetraploid rangpur lime (Citrus limonia)?”? which were consistent with the
discovery that genome duplication has little influence on gene expression change. However,
there are still some genes which are differentially expressed in autopolyploid compared to
its diploid counterpart, and most of the non-additive genes and proteins are related to the
stress response.? Among the differentially expressed genes, some of them are signaling

transduction genes (STG), most STG encode plant receptor-like kinases (RLKs) which
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play important roles in cell communication with each other and with the environment,® and
among the six genes that differentially expressed, five are related to in response of the

water-deficit stress and expressed higher in tetraploid.?

2.3.3 The driving force behind gene expression change in autopolyploid

The mechanism underlying the expression change of stress-related genes in
autopolyploid is poorly understood. In allopolyploid, the genetic and epigenetic changes
can change the gene expression pattern, but they are pretty rare in autopolyploid.?® Actually,
gene expression can be changed at different levels: transcriptional level and post-
transcriptional level. Although many efforts have been devoted to study the effects of
transcription factors on gene expression, transcriptional regulation doesn’t have the largest
influence on gene expression. It is reported that the amount of MRNA does not always have
a positive relationship with the final concentration of active gene product (protein) which
is the most relevant quantity to the phenotype.®*22® Similar observation was made for re-
synthesized Brassica napus allotetraploid; only one third differentially expressed genes
have non-additive proteins which can be mainly regulated by post-transcriptional
modifications.®® Another research reported that transcriptome difference cannot explain the
metabolic changes, there was a discordance between transcriptome and metabolic data
which again suggests that post-transcriptional regulation plays an essential role in the gene
expression after genome duplication.!” Therefore, it is probably that post-transcriptional

regulation plays an important role in the gene expression.
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2.4 MicroRNAs (miRNAS)

2.4.1 The biogenesis of miRNAs in plants

On a post-transcriptional level, small RNAs (siRNAs and miRNAs) have
significant influence. MicroRNAs (miRNAS) are endogenous ~ 21 nt small RNAs which
play an important role in regulating gene expression by targeting mRNA for cleavage or
repression of translation at post-transcriptional level.3%*2 miRNAs are encoded by MIR
genes. First, the MIR genes are transcribed by RNA polymerase 11 (Pol I1) and produce the
primary miRNAs (pri-miRNAS) with a characteristic hairpin structure, which subsequently
processed by DCL1 and assisted by HYPONASTIC LEAVES (HYL1) to form the
precursor miRNAs with a partially double-strand stem-loop structure. The precursor
miRNAs are processed by DCL proteins to form the miRNA/miRNA* duplex which is
then methylated by HUA ENHANCER 1(HENA1) and exported into the cytoplasm by
HASTY (HST1). The miRNA is combined with an AGO protein to form the RNA induced
silencing complex (RISC) and guides the RISC to bind to target transcripts which can base
pair with the miRNA, finally the endonuclease will cut the mRNA near the middle of the

miRNA complementary (Fig. 3).%2

2.4.2 The identification of miRNAs in plants

Since the first microRNA was cloned from C.elegans, ** miRNAs have also been
identified in various plants like Arabidopsis, 3* wheat (Triticum aestivum L.),* barley
(Hordeum vulgare L.),% peanut (Arachis hypogaea L.),%” Gossypium hirsutum, Medicago

truncatula,®® Citrus trifoliate,*® and rice.** Although this regulatory mechanism can be

13



identified in plants, animals even in green algae, there is no miRNA homologue among

them.*2
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Figure 3. The biogenesis of microRNAs (cite from “Khraiwesha.B, 2012)%.

2.4.3 The role of miRNAs during genome duplication

Whole-genome duplication is often followed by gene loss, which means genome-
wide remove of some but not all redundant genes.> Although most of the duplicated genes
produced by genome duplication will vanish in subsequent gene loss, some duplicated

genes still remain, which are called dosage balance-sensitive duplicates, and gene loss is
14



not a random process and genes which are involved in transcription and signal transduction
will be retained, while other genes which are involved in DNA repair and organelle proteins
are preferentially lost.>*® The retention of dosage balance-sensitive duplicates does not
provide an immediate evolutionary advantage, instead, their loss would lead to an
immediate disadvantage.** In this respect, the maintained regulators might later have
facilitated the evolutionary innovations or diversifications, thus creating new phenotype
and physiological mechanisms in polyploidy.?? It has become increasingly clear that the

rewiring of the regulatory network following WGD is of major importance.??

Whole genome doubling (WGD) is a major mechanism for the expansion of
miRNA families which has been identified in many studies. For instance, it has been found
that the percentage of microRNAs relative to the total small RNAs increased with the
increasing polyploidy.* Despite most miRNAs expression are similar to the MPV in
hybrids, some significant deviations were observed in allopolyploid * which indicates
some miRNAs are induced by genome duplication. Similar findings were reported in a
study that some miRNAs are just exist in natural allopolyploids but not in interspecies
hybrids.*® In addition, many miRNAs are identified to target transcriptional factors (TFs)
® which are preferable to be remained during WGD. The co-loss or co-retention of miRNAs
and target genes may result in innovative miRNA-target interactions which are important
for adaptive response to various environmental conditions, in addition to maintaining to
constant set of miRNAs for basic biological functions.® Therefore, autopolyploid may not
necessarily have a massive change of gene expression pattern, instead, polyploidy can

retain more than two alleles per locus during genome doubling and then the duplicate genes
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may evolve novel functions, which in theory, would help them better adapt to different

stressful environment.2°

2.4.4 The role of miRNAs in response to biotic and abiotic stresses

miRNAs play a critical role in various physiological and developmental processes
including auxin signaling, organ separation, leaf development and reproduction.? Recently,
it was found that miRNAs are tightly associated with various biotic and abiotic stress
responses. Since the first stress-related miRNA was discovered in Arabidopsis,® many
stress-related miRNAs have been discovered in various plants, including the drought
induced miRNAs in rice*” and Sorghum bicolor (L.) Moench,*® the salt-induced miRNAs
in maize,*® the drought- and salt-induced miRNAs in tobacco®®. By comparing the mRNA
and small RNA transcriptome between allohexaploid wheat and its parents, it was found
that microRNAs play important role in allopolyploid to adapt to different environmental
conditions.>* Although it is known that genome duplication can induce new miRNAs, and
innovative miRNAs—targets are important in polyploids for response to unfavorable
environmental conditions, little study has been done to explore the miRNAs that were not

only induced by genome duplication but also participated in stress response.
2.5 Soil salinity

2.5.1 The severity of soil salinity

Soil salinity is a major environmental constraint to crop production, affecting an
estimated 45 million hectares of irrigated land, and is expected to increase due to global
climate changes and as a consequence of many irrigation practices.>°® Meanwhile, the fast

expansion of industries and exhaustive utilization of fertile soil in many developing
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countries have limited the increase of agricultural production and given rise to the demand
for reclaiming saline coastal areas or arid lands, where high amounts of soluble salts exist
in the soils.?® Increased soil salt concentrations decrease the ability of a plant to take up
water and, once Na* and CI are taken up in large amounts by roots, both Na* and CI
negatively affect growth by impairing metabolic processes and decreasing photosynthetic
efficiency.>? Plants enact mechanisms to alleviate salt stress by reducing water loss while
maximizing water uptake. Furthermore, plants minimize the harmful effects of ionic Na*
stress by exclusion of Na* from leaf tissues and by compartmentalization of Na*, mainly
into vacuoles. Despite these tolerance mechanism, salt stress decrease crop yields and is
leading to continuing loss of arable land. Such losses are compounded by the additional
challenge that agriculture needs to provide enough nutrition for a world population that is

rapidly expanding (estimated to reach 9.6 billion by the year 2025).%*

2.5.2 The development of plant engineering

Many researchers have been focusing on understanding the physiological, genetic
and molecular responses to environmental stresses to develop methods and approaches
towards improving tolerance and acclimation. Salinity is perceived by sensor system
resulting in the activation or suppression of complex regulatory networks which controls
the expression of stress related genes to alleviate the detrimental effects and restore cellular
homeostasis.>>® The classic approach to engineer plants to better tolerate environmental
stresses involves strengthening the endogenous system by altering the expression or
activity of sensors and signaling/regulatory elements (e.g. kinases, transcription factors),

or direct-action genes or effectors (e.g. antioxidant enzymes, heat-shock proteins).>’->°
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Although this strategy has successfully improved the salt toleration of some plants, there
are some drawbacks. In the first place, there is complex crosstalk between several
regulatory, metabolic and developmental pathways. Thus, while intervening upstream in
the signaling network could increase tolerance to different stresses, there is a higher
probability of inducing undesired results including growth handicap and developmental
alterations. By contrast, overexpression of direct-action genes normally provides enhance
performance only against individual sources of stress.® However, plants growing in
natural environments are often simultaneously challenged by combination of stresses, for

example, drought and heat.

Therefore, a better and more comprehensive knowledge of the complex
mechanisms involved in the stress responses allow to identify novel points of intervention,
finding a better way to improve stress tolerance. It is reported that manipulations of
regulatory systems based on small RNAs including microRNA can achieve a more

generalized stress tolerance while keeping a tighter control on the response.>®

2.6 Hordeum bulbosum

Barley was domesticated in the Fertile Crescent about 10,000 years ago. Today
barley is the fourth most important cereal crop after wheat, rice and maize.®® In addition
to its agricultural importance, barley is also a widely cultivated crop and one of the most
tolerant to salinity among cereal crops, thus it is commonly used as a model plant to study
the salinity stress®>®%%2, Hordeum bulbosum L. is a wild barley and has many disease

resistant genes that can be transferred into cultivated barley to improve the cultivars. The
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chromosome of H. bulbosum tends to be eliminated when outcrossing with cultivar barley,
which has attracted much attention from crop geneticists and breeders.>1%3%4 Most
importantly, H. bulbosum includes diploid and natural autotetraploid that adapted to
various environmental conditions. Therefore, this thesis attempts to investigate how
genome duplication affects miRNAs and finally could help autopolyploid cope with
stressful environments by growing the diploid and tetraploid cytotypes of H. bulbosum

under control and salt stress.
2.7 Hypothesis and Objectives

Whole genome duplication might induce new or maintain known miRNAs to help

autopolyploid cope with stress environmental conditions better than its diploid progenitor.

Objectives

Compare the ability of diploid and tetraploid barley to tolerate salt stress;

e Identify the salt stress-related miRNAs in diploid and tetraploid barley, respectively;

e Discover the differentially expressed microRNAs due to genome duplication;

e Determine the microRNAs which are not only affected by genome duplication, but
also involved in salt stress response;

e Identify the distinct microRNAs-target mechanisms in diploid and tetraploid under

salt stress.
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Chapter 3 Material and Methods

3.1 Physiological Experiment

3.1.1 Salt treatment

Seeds of diploid and tetraploid H. bulbosum were provided by the U.S. National
Plant Germplasm System. Diploids (14 chromosomes) and tetraploids (28 chromosomes)
H. bulbosum were identified through chromosome counting. In this study, the diploid (PI
240164) and the tetraploid—(PI 106880) cytotypes were randomly chosen. The seeds of
diploid and tetraploid H. bulbosum were germinated in a petri dish for one week and then
transplanted into soil (PRO-MIX) and grown in the greenhouse (16/8 h day/night and

~20/~16 °C day/night).

Both diploid and tetraploid H. bulbosum were divided into control CK groups
(diploid CK and tetraploid CK), which were watered with tap water once every two days
for two weeks, and the experimental group (diploid and tetraploid salt stress treatment),
which were watered with salt (sodium chloride) solution (250 mM) for two weeks (once
every two days).% Each group has four seedlings. Under salt stress, the ionic and osmotic
homeostasis will be disrupted and thus re-establishing the ionic and osmotic balance will
be necessary for plants to better cope with salinity stress.®® From the osmotic point of view,
a strong ability to retain water and prevent water loss is critical. Therefore, the water loss
(WL) and relative water content (RWC) were measured to determine their abilities to

tolerate salt stress between diploid and tetraploid H. bulbosum.

21



3.1.2 Relative water content (RWC)

The first fully expanded leaves were cut to measure the leaf relative water content
(RWC).% Briefly, the first fully expanded leaves were excised, immediately the fresh
weight (FW) was recorded. Then the leaves were immersed in deionized water at 4°C for
24h and the turgid weight (TW) was recorded. Finally, these leaves were dried in a drying
oven for 24h at 80 degrees and recorded as DW.®® The RWC was calculated according to
this formula: RWC (%) = [(FW-DW) / (TW-DW)] » 100.5” To compare the RWC values
among different groups, the average RWC values of diploids and tetraploids under CK and
salt stress were obtained and boxplot was generated by using RStudio Team (2015)
(RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL

http://www.rstudio.com/). Statistical significances between diploid and tetraploid plants

under the same treatments were tested using t- test (ns refers to p>0.05, * means p <=0.5,

** means p <=0.01, *** means p<= 0.001)

3.1.3 Water loss (WL)

The second fully expanded leaves were used to measure the water loss (WL).%
Briefly, the second fully expanded leaves were cut, and the fresh weight (FW) was recorded.
Then the leaves were put on the filter paper (WHATMAN) in a petri dish and weighed
once each hour for five hours and recorded as Fx: F1, F2, F3, F4, Fs, respectively. Eventually,
the proportions of fresh weight loss were calculated as the percentage of initial fresh weight
according to the formula: WL (%) = (FW-Fx)/FW*100. 268 The averaged WL values of
diploids and tetraploids under salt stress were calculated from the five different measured

times and a line graph was generated by using RStudio Team (2015). Statistical
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significances between diploids and tetraploids under salt stress were tested using using t-

test (ns refers to p>0.05, * means p <=0.5, ** means p <=0.01, *** means p<= 0.001)
3.2 Molecular Experiment

3.2.1 Extraction of RNA

100 mg leaves which were kept in -80°C refrigerator were used to extract the total
RNA using TRIzol reagent according to the TRI Reagent® Protocol. First, the leaves were
ground into powders, 1ml TRIzol was added into the tube immediately followed by powder
homogenization. Next the homogenized samples were incubated for 5 minutes at room
temperature and centrifuged at 12,000*g for 10 minutes at 4°C. After that, the supernatant
was extracted to another new tube and 200ul chloroform was added, shaking tube
vigorously by hand for 15 seconds and incubating for 2-3 minutes at room temperature.
Centrifuging the sample at 12,000*g for 15 minutes at 4°Cand remove the supernatant to a
new tube, 500ul isopropanol was added followed by incubating in refrigerator at -20°C for
24 hours and centrifuging at 12,000*g for 15 minutes at 4°C Thereafter, the supernatant
was discarded, leaving only the pellet which was washed twice with 75% ethanol, followed
by air drying for 5-10 minutes. Finally, the RNA pellet was resuspended with 50 ul RNase-

free water.
3.2.2 High-throughput sequencing

The concentration of the total RNA was measured using a Nanodrop 2000. Before
measuring the concentration of total RNA, 2ul RNase-free water was used to blank the
machine, and the results of the blank was stored as a reference. Finally, the total RNA of
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four samples (diploid CK, diploid stress, tetraploid CK, tetraploid stress) were sent to the
BGI company (BGI Americas Corporation, MA, USA) to perform RNA sequencing using

the Hiseg-4000 platform.
3.3 Bioinformatics Analysis
3.3.1 Bioinformatics analysis for conserved miRNA identification

Through high-throughput sequencing performed by BGI Company, raw data was
obtained. Before doing any further analysis, quality control is required, that is, getting clean
data is very important. Therefore, the impurities of raw data, including low quality
sequence, sequence with 5’ primer contaminants, sequence without 3’ primer, sequence
without the insert tag, sequence with poly A, and sequence shorter than 18nt, needed to be
removed. % The clean data was aligned to the mature miRNAs of all plants in miRBase
21.0, allowing two mismatches by using BLASTN. The highest expression of miRNA for
each mature miRNA family was selected and regarded as the temporary miRNA database.
The precursors of all the identified miRNAs in the temporary miRNA database will be

predicted via Mireap (http://sourceforge.net/projects/mireap/) with the following

parameters: minimal miRNA sequence length (18), maximal miRNA sequence length (25),
minimal miRNA reference sequence length (20), maximal miRNA reference sequence
length (23), maximal copy number of miRNAs on reference (20), maximal free energy (-
18kcal/mol), maximal space between miRNA and miRNA* (300), minimal base pairs of
miRNA and miRNA* (16), maximal bulge of miRNA and miRNA* (4), maximal

asymmetry of miRNA/miRNA* duplex (4), flank sequence length of miRNA precursor
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(20). Those which could not form hairpin structure were treated as pseudo-miRNAs and
removed. The clean data was aligned to the temporary miRNA database though BLASTN
and the expression of each miRNA was generated by summing the count of tags which can

align to the temporary miRNA database within two mismatches.

To compare the common and unique miRNAs among different libraries, the venn
diagram was generated by using Jveen program.®® Venn diagrams are commonly used to
display list comparison. In biology, they are widely used to show the difference between
gene lists from different samples.®® The expression of each miRNA was normalized to
transcripts per million (TPM) according to the following formula: TPM= (actual miRNA
count/total count of clean reads) »1,000,000. Based on the normalized expression of each
miRNA in the four libraries, boxplot and heat map were generated by using RStudio Team
(2015) to compare the expression of miRNAs in the four libraries derived from the 4
treatments. Biology heat maps are typically used in molecular biology to represent the level
of expression of many genes across a number of comparable samples such as cells in

different states, samples from different patients etc.

3.3.2 Differential expression analysis of miRNAs

To compare the abundance of miRNAs between diploid and tetraploid libraries, the
count of each miRNA was normalized to transcripts per million (TPM). TPM=actual
miRNA count/total count of clean reads- 1,000,000. Afterwards, the fold change was
calculated by using Fold change =log2 (miRNA TPM in tetraploid library/miRNA TPM in
diploid library). Positive values mean the miRNAs up-regulated, while the negative values
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indicate the miRNAs down-regulated. To identify the polyploidy-specific miRNAs two
standards need to be met; (1) normalized count was at least 17TPM in either diploid or
tetraploid library (2) log2 ratio of the normalized count in diploid or tetraploid libraries
was >1 or < -1. Scatterplots were produced by using RStudio Team (2015) to identify the

differentially expressed miRNAs between diploid and tetraploid libraries.
3.3.3 Target gene prediction Gene Ontology (GO) analysis

psRobot, and psRNATarget were used to predict the potential targets of all the
miRNAs. For psRobot program, the following parameters were used: for the target
prediction- Penalty score threshold: 3.0; Five prime boundary of essential sequence:1;
Three prime boundary of essential sequence:31; Maximum number of permitted gaps: 0;
Position after which with gaps permitted: 1; For psRNATarget program, we used the
following criteria for the target prediction-Maximum expectation: 3.0; Length for
complementary scoring (hip size): 20; Target accessibility (UPE): 25.0; Flanking length
around the target site for target accessibility analysis: 17; Range of central mismatch
leading to translational inhibition: 9-11 nt. All the mutual and unique targets were accepted,
8 and venn diagram was made by using jvenn program.*® After finding the targets of
miRNAs, all the targets were annotated by using Blast2GO and according to the functions
of target genes, they were grouped into three ontologies in GO by using RStudio Team

(2015): biological process, molecular function, and cellular component.

3.3.4 gRT - PCR validation
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Total RNA was extracted from four samples (Dip-CK, Dip-stress, Tetra-CK and
Tetra-stress) using TRIzol reagent according to the TRI Reagent® Protocol. miRNA -
specific stem-loop RT primers were designed according to the published method © and
used for the transcription of the total RNA extracted from leaves. Reverse transcription
was performed by using the QuantiTect Reverse Transcription kit (QIANGEN) following
the manufacturer's protocol. Then the cDNA then was used for real- time PCR using
specific forward and universal reverse primers (Tale 8). SnoR14 was used as the internal
control for the stem-loop qRT-PCR. Quantitative real time PCR was performed using the
Green-2-Go-Mastermix (Biobasic) on Applied Biosystems 7000 Sequence Detection
System (Life technology, Foster City, CA, USA). Each 20 pl reaction contained 10 pl
Green-2-Go-Mastermix, 1 pl (10 um) forward primer, and 1 pl (10 pm) reverse primer, 7
pl RNase-free water and | pl cDNA template. The PCR profile was 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s and 60 °C for 10 s. After the reactions were completed, the
threshold was manually set (= 0.2) and the threshold cycle (CT) was automatically recorded.
(The CT is defined as the fractional cycle number at which the fluorescence signal passes
a fixed threshold.) All reactions were performed with three replicates. The relative
expression level was calculated by using the Pfaffl method.*® Relative quantification
determines the changes in m RNA levels of a gene across multiple samples and expresses
it relative to the levels of an internal control RNA. Pfaffl method refers to the calculations
are based on the comparison of the CT values of a gene in different sample, according to

the following formula®®:
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(Etarget) ACTtarget(control—sample)

Relative EXpI‘ESSlOn = (Ereference)ACTreference(control—sample)

Chapter 4 Results

4.1 Physiological Results
4.1.1 Comparison of RWC between diploid and tetraploid

As shown in Fig. 4a, similar Relative water content (RWC) values were obtained
in diploid (93.6%) and tetraploid (92.7%) CK plants and there was no significant difference
(p-value 0.59) between the values. Under salt stress, there was a significant difference (p-
value 0.036) between the RWC values of diploid and tetraploid, 79.1% and 84.1%,

respectively, (Fig. 4a).
4.1.2 Comparison of WL between diploid and tetraploid

For the water loss (WL), the tetraploid had a lower WL value than that for the
diploid under salinity stress (Fig. 4b). For diploids under salt stress, the WL values were
9.9%, 17.4%, 23.0%, 29.4% and 35.1%, but in tetraploids, the values were 5.5%, 10.7%,
13.4%, 18.2% and 22.8%. These differences in WL between diploid and tetraploid plants

were significant (p-value were: 0.01, 0.005, 0.004, 0.008, 0.01, respectively) (Fig. 4b).
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Figure 4a. Analysis of RWC in diploid and tetraploid H. bulbosum under control and
salt stress. RWC were calculated for both diploid (Dip) and tetraploid (Tetra) under control
and salt stress, according to the formula RWC (%) = [(FW-DW)/ (TW-DW)] * 100.
Statistical significance by t- test: ns = no significance; * P<0.05.
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Figure 4b. Analysis of WL in diploid and tetraploid H. bulbosum under salt stress.
WL was measured once every one hour for five hours of both diploid and tetraploid under
salt stress (dip-stress and tetra-stress), according to the formula: WL (%) = (FW-
Fx)/FW*100. Statistical significance by Student’s test: **P<0.01.

4.2 Bioinformatics results

4.2.1 Analysis of the sequencing data

To identify the miRNAs that were induced by genome duplication but also
associated with salt stress, four libraries of small RNAs from diploid and tetraploid H.
bulbosum grown under control and salt stress conditions were constructed and sequenced
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independently. After filtering and removing the low-quality tags, adaptors, shortages, and
adaptor-adaptor ligation, 34296615, 32765430, 34432952 and 34970804 reads from
diploid CK, diploid stress, tetraploid CK, and tetraploid stress were obtained. The data of
these four libraries were searched against the Rfam database using BLASTN program. The
numbers and proportions of different kinds of small RNAs from these four libraries are

shown in Table 1-4.

Category Unique SRNA  Percent (%) Total SRNA Percentage
(%)

Total 3,703,874 100 34296615 100

miRNA 974 0.03 4180234 12

rRNA 60,920 1.64 3005793 8

SNRNA 3,421 0.09 26920 0.1

snoRNA 2,922 0.08 36115 0.1

t RNA 20,225 0.55 2005262 6

Unannotated 36,15412 97.61 25042291 73

Table 1. Distribution of small RNA among different categories in diploid CK
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Category Unique SRNA  Percent (%) Total SRNA Percentage

(%)
Total 2549221 100 32765430 100
miRNA 987 0.038718 6127916 19
rRNA 46381 1.819419 2150716 7
SnRNA 2609 0.102345 37144 0.1
SnoRNA 2172 0.085202 41160 0.1
tRNA 11869 0.465593 640943 2
Unannotated 2485203 97.48872 23767551 73

Table 2. Distribution of small RNA among different categories in diploid under salt
stress

Table 3. Distribution of small RNA among different categories in tetraploid CK
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Category Unique SRNA  Percent (%) Total SRNA Percentage
(%)

Total 3082498 100 34970804 100

miRNA 1011 0.03 5150103 15

rRNA 39102 1.27 1899601 )

SnRNA 2271 0.08 28981 0.1

snoRNA 1844 0.06 27558 0.1

tRNA 9566 0.31 609392 2

Unannotated 3028704 98.25 27255169 78

Table 4. Distribution of small RNA among different categories in tetraploid under

salt stress

Category Unique Percent Total SRNA  Percentage
SRNA (%) (%)

Total 1329885 100 34432952 100

miRNA 765 0.06 3609052 10

rRNA 45335 341 2961786 9

SnRNA 1823 0.14 41605 0.1

SnoRNA 1882 0.14 74101 0.2

tRNA 12006 0.90 1537936 4

Unannotated 1268074 95.35 26208472 76

Size profile is an important feature to distinguish miRNA from other small RNAs.

Most mature miRNAs are ~21 nucleotides (nt). The length distribution patterns of these
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four libraries were analyzed. The results suggested that the majority of the small RNAs
from these four libraries were 24nt and 21nt in size, followed by 22nt and 23nt (Fig. 5).
The percentages of miRNAs in tetraploid CK (28.7%) and tetraploid stress (31.5%) were

higher than those in diploid CK (25.8%) and diploid stress (21.4%) (Fig. 5).
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Figure 5. Analysis of length distribution. The length distribution and abundance of
small RNAs in diploidCK, diploidStress, tetraploidCK and tetraploidStress libraries.

4.2.2 ldentification of conserved miRNAs

37 conserved miRNAs were identified from diploid CK library, 33 conserved
miRNAs in the diploids under salt stress conditions, 41 miRNAs from tetraploid CK and
36 conserved miRNAs from tetraploid stress library (Fig. 6). In total, 54 conserved
miRNAs were discovered from these four libraries, of which 19 miRNAs were in common
in the four libraries. The diploid CK and diploid stress libraries had 27 common miRNAs,
tetraploid CK and tetraploid stress had the same 32 common miRNAs, while diploid CK

and tetraploid CK libraries had 5 common miRNAs (Fig. 6).

Overall, the miRNAs expression in the diploid plants in the stress treatment were
down-regulated compared with those in the diploid CK. However, there was no large-scale
change in miRNASs expression patterns between tetraploid plants in stress and tetraploid

CK, and between diploid and tetraploid CKs (Figs. 7a and 7b).

35



DhipStress TetraCE

Size of each list

4

205

-
T
DipCK TetraCk

DipStress TetraStress

MNumber of elements: specific (1} or shared by 2, 3, ... lists

Figure 6. ldentification of the conserved miRNAs in different libraries. The Venn
diagram illustrates the number of common and unique miRNAs in diploid CK, diploid
stress, tetraploid CK and tetraploid stress, the following bar chart showed the total
conserved miRNAs in each library (diploid CK, diploid stress, tetraploid CK and tetraploid
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Figure 7a. Overall expression of miRNAs in the four libraries. The boxplot displayed
the expression (log2 Normalized expression) of miRNAs in DiploidCK, DiploidStress,

TetraploidCK and TetraploidStress libraries (o refers to the outlier)
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Figure 7b. The overall expression of conserved miRNAs in different libraries. This
heatmap showed the expression of each miRNAs in four different libraries — DiploidCK,
DiploidStress, TetraploidCK and TetraploidStress, different color means different
expression level (green refers to a lower expression, red refers to a higher expression)



4.2.3 miRNAs affected by genome duplication per se

To identify the miRNAs which were influenced by genome duplication per se, the
expression of each miRNA was compared between diploid and tetraploid CKs. The fold
change of each miRNA was calculated according to the formula: Fold change = log2
(miRNA TPM in tetraploid CK library/miRNA TPM in the diploid CK library). The results
showed that 13 miRNAs were differentially expressed due to the genome duplication per
se. Of these, 9 miRNAs (miRNAL171li, miR479, mir5048-5p, mir6196, miR169y,
miR528b-3p, miR159k-3p, miR9652-5p and miR5049f) were over-expressed in tetraploid
CK compared to those in diploid CKs, while 4 miRNAs (miR164k, miR1432, miR528b-
5p and miR1130b-3p) were down-regulated in tetraploid CK compared with those in the
diploid CK (Table 5, Fig. 8a). Among those 9 up-regulated miRNAs, 5 miRNAs (miR169y,
miR528b-3p, miR159k-3p, miR9652-5p and miR5049f) were identified in only the
tetraploid CK not in diploid CK, while among the 4 down-regulated miRNAS, 2 miRNAS
(miR528b-5p and miR1130b-3p) were only identified in diploid control but not in

tetraploid control (Table 5).
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Table 5. The differentially expressed miRNAsbetween dip- and tetraploid CKs
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S.No MiRBase ID DC(Dip-control)

TC (Tetra-control)

Down-regulated in TC

1 Hvu-miR164k

2 Hvu-miR1432

Up-regulated in TC

1 Hvu-miR171i

2 Hvu-miR479

3 Hvu-miR5048-5p
4 Hvu-miR6196

Detected in DC but notin TC

1 Hvu-miR528b-5p D

2 Hvu-miR1130b-3p D

Not detected in DC but in TC

1 Hvu-miR169y ND

ND

ND
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2 Hvu-miR528b-3p  ND D

3 Hvu-miR159k-3p ND D
4 Hvu-miR9652-5p ND D
5 Hvu-miR5049f ND D

1 means the up-regulated miRNAs in tetraploid control compared to those in diploid
control; | refers to the down-regulated miRNAs in tetraploid control relative to those in
diploid control; D means the detected miRNAS; ND represents the miRNAs which were

not detected.
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Figure 8a. Identification of differentially expressed miRNAs due to genome
duplication.The scatter plot shows the different miRNAs expression pattern between
tetraploid-control and diploid-control (square = circle and triangle refer to miRNAs
which were up-, down- and equally- regulated in tetraploid-control compared to those in
diploid-control).

4.2.4 Salt stress-related miRNAs in diploid and tetraploid plants

To identify salt stress related miRNAs in diploid plants, the fold change of each
miRNA between salt stressed diploid and CK plants was calculated according to the
formula: fold change = log2 (miRNA TPM in diploid stress library/ miRNA TPM in
diploid control library). The result showed that 5 miRNAs (miR319p, miR159-3p,
miR6196, miR7714-3p and miR827c) were up-regulated in diploid stressed plants
compared to controls, while 16 miRNAs were down-regulated in the diploid stress
treatment relative to the diploid controls (Table 6, Fig. 8b). To identify the salt stress related
MIiRNAs in tetraploid plants, the fold change of each miRNA between tetraploid stress

treatment and CK was also calculated as for the diploid plants. Only 3 miRNAs (miR396e-
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5p, miR9647c-5p and miR528b-3p) were down-regulated and 5 miRNAs (miR319p,
miR395y, miR5568f-3p, miR160j and miR6197) were up-regulated in the tetraploid salt
stressed plants compared with controls (Table 6, Fig. 8c). By analyzing the differentially
expressed miRNAs and the functions of these miRNAs in the diploid stress treatment and
tetraploid stress treatment, different miRNAs—targets responses to salt stress in diploid

and tetraploid plants were discovered which will be highlighted latter.

Table 6. The differentially expressed miRNAs in diploid and tetraploid stress
compared to their respective CKs.

S.NO MiRBase ID DS(dip-stress vs TS(tetra-stress vs
dip-CK) tetra-CK

Up regulated under salt in both DS and TS

1 Hvu-miR319 1 1
Down regulated under salt in both DS and TS

1 Hvu-miR396e-5p | |

2 Hvu-miR9647¢c-5p | |
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Up regulated in DS but not change or not detected in TS

1 Hvu-miR159-3p 1 No change
2 Hvu-miR6196 1 No change
3 Hvu-miR7714-3p | No change
4 Hvu-miR827¢c 1 No detected

Not change or not detected in DS but up regulated in TS

1 Hvu-miR395y Not detected 1
2 Hvu-miR5568f-3p  Not changed 1
3 Hvu-miR160j Not detected 1
4 Hvu-miR6197 Not detected 1

Down regulated under salt in DS but not change in TS

1 Hvu-miR1432 | No change
2 Hvu-miR156z | No change
3 Hvu-miR157d-5p | No change
4 Hvu-miR167g | No change
5 Hvu-miR170-3p | No change
6 Hvu-miR393k | No change
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11

12

13

14

Hvu-miR171i

Hvu-miR399

Hvu-miR479

Hvu-miR5048-5p

Hvu-miR5071

Hvu-miR5200c

Hvu-miR827-5p

Hvu-miR9863-3p

Not change in DS but down regulated in TS

Hvu-528b-3p

Not detected

Not detected in DS but expressed in TS

Hvu-miR169y

Hvu-miR5049f

Hvu-miR9652-5p

Detected in DS but notin TS

Hvu-miR5181d

Hvu-miR7757-5p

Not detected

Not detected

Not detected

No change

No change

No change

No change

No change

No change

No change

No change

No change

No change

No change

No change

No change

Not detected

Not detected
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3 Hvu-miR528b-5p No change Not detected

4 Hvu-miR164k No change Not detected
5 Hvu-miR1130b-3p  No change Not detected
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Figure 8b. Identification of differentially expressed miRNAs under salt stress in
diploid. This scatter plot shows the different miRNAS expression pattern between dipploid
under salt stress and control (square circle mtriangée refer 0 miRNAs which were up-
down- and equally- regulated in diploid-stress compared to those in diploid-control).
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Figure 8c. Identification of differentially expressed miRNAs under salt stress in
tetraploid. The scatter plot shows the different miRNAs expression pattern between
tetraploid under salt stress and control (square &ircle teangle aefer to miRNAs which
were up- down- and equally- regulated in tetraploid-stress compared to those in tetraploid-
control).

4.2.5 Targets of known miRNAs and Gene Ontology (GO)

The target genes of the 54 conserved miRNAs were predicted by using
psRNATarget and psRobot. The results suggested that there wre 1251 and 1875 target
genes possible based on these analytic tools respectively (Fig. 9a). In total, 2284 targets
were predicted for these 54 conserved miRNAs. The functions of the identified targets for
miRNAs were annotated (Table 7). These target genes were grouped into three different
categories based on their functions: biological process, cell component and molecular

function (Fig. 9b).
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Figure 9a. Prediction of target genes for all the identified miRNAs.This pie chart
showed the number of common and unique target genes discovered by two different target-
prediction software — psRNATarget and psRobot, while the following bar chart displayed
the number of target genes identified by psRNATarget and psRobot each.
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Figure 9b. Gene Ontology (GO). Gene Ontology (GO) analysis of miRNAs target genes
identified in diploid and tetraploid under control and salt stress.



4.2.6 miRNAs induced by genome duplication also associated with salt stress
response

5 miRNAs (miR171i, miR479, miR5048, mir6196 and miR528b-3p) were affected
by genome duplication, and also associated with salt stress. Of these, four miRNAs --
miR171i, miR479, miR5048 and mir6196 were up-regulated in tetraploid CK treatments
(Table 5) compared with those in the diploid CK treatment. However, miR171i, miR479
and miR5048-5p were down-regulated in diploid salt stressed plants (Table 6) compared
to those in the diploid CK, and miRNA6196 was up-regulated in the diploid stress
treatment (Table 6) relative to the CK. In addition, miR528b-3p was only detected in
tetraploid control plants, not in diploid controls (Table 5), but was down-regulated in the
tetraploid stress treatment compared with that control (Table 6). Target prediction and
function annotation indicated that the targets of miRNA171li and miR479 are PNSB
(photosynthetic NDH subunit of subcomplex B chloroplastic) (Table 7). The predicted
targets of miR528b-3p are ERF2 (Ethylene-responsive transcription factor 2), PLDZ1
(Phospholipase D zeta 1), MZT1B (Mitotic-spindle organizing associated with a ring of
gamma-tubulin 1B) and RFA1C (replication A 70 KDa DNA-binding subunit C). As for
the other 2 miRNAs, miR5048-5p and miR6196, their functions cannot be precisely

predicted.

4.2.7 qRT - PCR validation
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To validate the high-throughput sequencing results, 8 miRNAs were randomly
selected for gRT-PCR and the results were consistent with the sequencing data (Figs. 10a-
c). For example, both the sequencing data and the gRT-PCR results showed that the
expression of mMiIRNA164k was down regulated in tetraploid CKs compared to the diploid
CKs, while miRNAL171i was up regulated in the tetraploid control compared with that in
diploid control, miR528b-3p was down regulated in the tetraploid stress treatment relative
to the tetraploid control. The specific relative expression level of miR396e-5p in tetraploid
stressed plants, miR164k in diploid stress treatment compared to the respective CK, and
miRNAZ171i in tetraploid vs diploid CKs were not completely identical between the gRT-
PCR and sequencing data, but expression trends of were similar between gRT-PCR and

sequencing data in response to salt stress.
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Figure 10a. gRT - PCR validation. This bar plot shows the relative expression of
miRNAs in tetraploid CK compared to those in diploid CK by using high throughput
sequencing and gRT-PCR, respectively.
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Figure 10b. gRT - PCR validation. This bar plot illustrated the relative expression of
miRNAs in tetraploid stress compared to those in tetraploid check (CK) by using high
throughput sequencing and gRT-PCR, respectively
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Figure 10c. gRT - PCR validation. This bar plot displayed the relative expression of
miRNAs in diploid stress compared to those in diploid CK by using high throughput
sequencing and gRT-PCR, respectively.
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4.3 The research is other accessions of Hordeum bulbosum

4.3.1 Comparison of salt stress tolerance in other accessions of Hordeum bulbosum

Another two experiments were carried out to measure the different abilities between
diploid and tetraploid in 2016 and 2017, respectively. As shown in Fig. 11a, during 2016,
RWC values were obtained in diploid —PI 206565 (93.3%), tetraploid P1 246218 (93.0%)
and tetraploid Pl 531776 (96.6%) CKs. Under salt stress, the RWC values of diploid Pl
206565, tetraploid Pl 246218 and tetraploid PI1 531776 were 75.8%, 79.7% and 84.8%,
respectively, (Fig.11a). For the water loss (WL), both the tetraploid Pl 246218 and
tetraploid P1 531776 had a lower WL value than that for the diploid Pl 206565 under
salinity stress (Fig. 11b). For diploid Pl 206565 under salt stress, the WL values were
13.5%, 22.1%, 29.9%, 36.9% and 43.0%, but in tetraploid Pl 246218, the values were
12.5%, 21.4%, 29.3%, 35.0% and 40.1%, and in tetraploid Pl 531776, the values were

11.2%, 18.9%, 24.4%, 29.9% and 35.3% (Fig. 11b).

During 2017, 5 accessions P1 15681, P1 168306, Pl 247050, Pl 283353, Pl 304326,
with P1 15681 is a known diploid, were used to determine the different abilities to tolerate
salt stress among different accessions. As shown in Fig. 11c, the RWC values were
obtained in P1 15681 (99.5%), P1 168306 (96.8%), P1 247050 (93.4%), PI 283353 (95.8%)
and PI 304326 (94.3%) CKs. Under salt stress, the RWC values of Pl 15681, Pl 168306,
Pl 247050, Pl 283353 and Pl 304326 were 80.1%, 88.8%, 83.4%, 87.3% and 83.8%,

respectively (Fig. 11c).
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Figure 11a. Analysis of RWC in diploid and tetraploids H. bulbosum under control
and salt stress in 2016. RWC were calculated for diploid(Pl 206565), tetraploid (Pl
246218) and tetraploid(P1 531776) under control and salt stress, according to the formula
RWC (%) = [(FW-DW)/ (TW-DW)] * 100
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Figure 11b. Analysis of WL in diploid and tetraploids H. bulbosum under salt stress
in 2016.WL was measured once every one hour for five hours of both diploid and tetraploid
under salt stress (dip-stress and tetra-stress), according to the formula: WL (%) = (FW-
FX)/FW*100.
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Figure 11c. Analysis of RWC in different accessions of H. bulbosum under control
and salt stress in 2017. RWC were calculated for both diploid (Dip) and tetraploid (Tetra)
under control and salt stress, according to the formula RWC (%) = [(FW-DW)/ (TW-DW)]
*100.

4.3.2 gPCR validation of miRN528b-3p in different accessions of Hordeum bulbosum

The relative expression of miR528b-3p under salt stress plants compared to that in the CK
plants was detected in Pl 15681, Pl 168306, Pl 246218, Pl 247050, Pl 283353, Pl 304326
and P1 531776 using gPCR. As shown in Fig. 12, the relative expression of miRNA528b-
3p in P1 15681, PI 168306, Pl 246218, P1 247050, P1 283353, Pl 304326 and Pl 531776
were 2.4, 1.0, -1.2,0.9, 1.1, 1.3 and 1.4 (Fig. 12), with the diploid Pl 15681 has the
highest relative expression of miRNA528b-3p under salt stress condition compared with

that in CK plants.
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Figure 12. gRT - PCR validation of miR528b-3p. This bar plot illustrated the relative
expression of miR528b-3p in tetraploid stress compared to those in tetraploid check (CK)
using qRT-PCR.
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Chapter 5 Discussion

5.1 Autotetraploid Hordeum bulbosum can adapt to salt stress better
than diploid plants

In this study, it was found that under salinity stress tetraploids have higher RWC
and lower WL values, indicating that tetraploid (plant ID 106880) H. bulbosum has a
stronger ability to maintain water content and prevent water loss compared with its diploid
(Plant ID 240261) counterpart. Therefore, tetraploid H. bulbosum can better deal with the
salt stress compared to its diploid progenitor, which is consistent with the findings in other
plant species.®> ® 2225 Since only one diploid and one tetraploid accession of Hordeum
bulbosum were randomly selected two conduct the experiment, it cannot be generalized
that all tetraploid plants in the whole Hordeum bulbosum species will have a stronger

ability to tolerate stress than its diploid ancestor.
5.2 Bioinformatics discussion
5.2.1 Bioinformatics analysis of miRNAs

By analyzing the length distribution of miRNAs in the four libraries (diploid CK,
diploid stress, tetraploid CK and tetraploid stress), it was found that the majority of the
small RNAs from these four libraries were 24 nt and 21nt in size, followed by 22nt and
23nt (Fig. 5). The length distribution patterns of these four libraries were highly consistent
with small RNA sequences in other plants, such as in cultivated barley (Hordeum

vulgare),®® peanut (Arachis hypogaea L.),3” Gossypium hirsutum,® Medicago truncatula,
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39 and rice.*! It was also consistent with the typical size of Dicer-digestion product °. It is
also found that both tetraploid CK and tetraploid stress libraries have higher percentages
of miRNAs (31.5% and 28.7%, respectively) than those in both (salt stressed / CK) diploid
libraries (25.8% and 21.4%). This discovery was consistent with the finding that the
percentage of microRNAs relative to the total small RNAs increased with the increasing
polyploidy, and WGD is a major mechanism for the expansion of miRNA families.* 4
2284 target genes were predicted in total (Fig. 9a) for the 54 conserved miRNAs. As shown
in Table 7, most of the targets are transcriptional factors (TFs) such as the predicted targets
of mirl56z, mirl59k-3p, mirl64k targeting SPL, GAMYB and NAC, respectively. This is
similar to previous findings for maize.” Other targets like ARF, ERF, SOD and TCP TFs
were also discovered in this study, and were identified to be the salt-induced targets of

miRNAs, as reported in previous studies. '1:"
5.2.2 MiRNAs associated with both genome duplication and stress response

In this study, five miRNAs were not only affected or induced by genome
duplication, but were also involved in salt stress response. Among these five miRNAs, four
(miR171i, miR479, miR5048-5p and miR6196) were up-regulated in tetraploid CK
compared to those in diploid CK, but miR171i, miR479 and miR5048-5p were down-
regulated and miR6196 was up-regulated in diploid stress compared to those in the diploid
CK. The predicted targets of miRNA171i and miR479 are PNSB (photosynthetic NDH
subunit of subcomplex B chloroplastic) (Table 7) which mediates cyclic electron transport
and plays an important role in chloro-respiration, and NDH is also required for protection

of photosynthetic machinery against oxidative stress. ”® The miR528b-3p was only found
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in the tetraploid CK plants and was down-regulated in the stress treatment compared to the
CK. The predicted targets of miR528b-3p were ERF2, PLDZ1, MZT1B and RFA1C. PLD
was involved in osmotic stress —activated phospholipid signaling, and can generate PA that
is a signal molecule to activate the stress-responsive gene expression.”* ERF2 is involved
in phytohormone signal cascades and has been identified as salt-induced targets of
miRNAs in previous studies.”> 2 MZT1B, gamma-tubulin plays an important role in the
organization of spindle and participates in the mitotic entry " while RFALC is critical not
only for DNA replication but also for efficient DNA repair and recombination. "® These
results may indicate that during genome duplication the new induced miR528b-3p can help
to control DNA duplication, repair and cell division, while under salt stress, miR528b-3p
was down-regulated which can increase the expression of PLD and ERF to better cope with

salt stress.

It is worth noting that miR528b-5p was only detected in diploid CK, while
miR528b-3p was only detected in the tetraploid CK (Table 5). The predicted target of
miR528b-5p is SOD "* which was only involved in salt stress response, while the predicted
targets of miR528b-3p were not only associated with salt stress but were also involved in
DNA replication and repair. Actually, miRNA-5p and miRNA-3p resulted from the same
pre-miRNA, and it was proposed that arm switching may contribute to isomiR expression
and thus can complicate the regulatory network and may favor keeping the genome
compact, because miRNA-5p and miRNA-3p do not target the same gene families 7.
Therefore, the arm switching that occurred in tetraploid may be due to genome duplication.

It is reported that the co-retention of miRNAs and target genes may result in innovative
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miRNA-target interactions that are critical to an adaptive response to various
environmental stimuli in addition to maintaining a constant set of miRNAs for basic
biological functions °. Thus, in theory, the newly induced miR528b-3p and the over-
retained MIRNAs (miR171i, miR479, miR5048-5p and miR6196) may develop novel
miRNAs—target interaction that can help tetraploid better cope with stressful

environmental conditions.

5.2.3 Distinct miRNAs-targets responses to salt stress in diploid and tetraploid
plants

In this study, comparison of the functions (Table 7) of all differentially expressed
or newly induced miRNAs in diploid and tetraploid salt stressed plants with their respective
CKs showed there are distinct miRNAs-targets in response to salt stress in diploids and
tetraploids (Figs. 13a-b). The differentially expressed miRNAs in tetraploid stress
compared to its CK can decrease energy wastage and activate stress-related genes such as,
miR399, which can decrease biosynthesis of starch and amino acids to maintain the supply
of energy’®, and miR169, which can target NF-YA, a CCAT-BOX binding transcription
factor and regulator of a large number of genes ’°. Although fewer miRNAs are
differentially expressed in tetraploid stressed plants than in the diploid stressed plants

(Table 7), the differentially expressed and new generated

miRNAs in the salt stressed tetraploids are sufficient to deal with the stress effects, which
suggested that some of the differentially expressed miRNAs in diploids under salt stress
are redundant. For instance, both miR159-3p and miR319p were predicted to target
GAMYB"!, the predicted targets of both miR156z and miR157d-5p were SPL®, and both
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miR399 and miR827-5p regulated the Pi concentration in plants®. Theoretically, the more
miRNAs were down-regulated, the more energy was consumed to produce protein which
will slow the growth 2. In this case, diploids might need more energy to cope with the salt
stress than tetraploids. In turn, diploids have less energy to sustain normal growth
compared with tetraploids. All these results indicated that, under salt stress, tetraploids
have a more elaborate miRNA—target interaction compared to that in diploids, which can
help tetraploids better deal with salt stress and maintain normal growth, and is consistent
with the physiological results that tetraploids have a stronger ability to retain water and

prevent water loss resulting in better survival under salt stress.
The possible applications of microRNAs in agriculture

Soil salinity is a major constraint on crop productions. Much attention and time have been
devoted to study the salt tolerance mechanism and the classic approach which engineers an
individual stress related gene can only help plants to tolerate a single stress. However, in
natural environment plants face many different stresses at the same time. Many
differentially expressed miRNAs have been identified under different stresses and it is also
found that one miRNAs can be involved in many different stress responses. In this study,
the differentially expressed microRANs due to salt stress in tetraploid and diploid have
been identified. For instance, the microRNA-mMiR528b-3p was not only affected by genome
duplication but also was involved in salt stress response. Thus, manipulating the expression
of the stress related miRNAs or transfer the stress related miRNAs to plants might help us

to improve the stress tolerant ability of plants?>2°,
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Chapter 6 Future directions

This work has identified the differentially expressed microRNAs in diploid and
tetraploid under salt stress compared with their CK counterparts, as well as a new induced
microRNA528b-3p. Therefore, in the future, several studies could be done to further this

research as follows:

Using gRT-PCR to detect the expression of the identified salt-stress related
microRNAs in this thesis in other accessions of Hoderum bulbosum. In this way, it is
possible to investigated whether these differentially expressed microRNAs are unique to
these two accessions of Hordeum bulbosum or a general pattern in the whole species of
Hordeum bulbosum. Since different accessions of Hordeum bulbosum distributed in
different part of the world, their growing conditions are significantly different. Therefore,
it is possible to analyze the expression of microRNAs associated with the environmental
conditions (the temperature, the humidity, and so forth) where these different accessions

of Hordeum bulbosum were grown.

Using qRT-PCR to detect the expression of miRNA528b in other tetraploid and
diploid accessions of Hordeum bulbosum. To see whether all tetraploid accessions of
Hordeum bulbosum have this microRNA and all diploid counterparts don’t have this
miRNA. Since miRNA528b-3p was induced by genome duplication, therefore it is worth

to investigating the mechanism underlying the induction of new miRNAs.
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MiRNA528b-3p is the only miRNA which was induced by genome duplication and

also involved in stress response. Even though, the targets of miRNA528b-3p have been

predicted by software, it is necessary to devise a molecular experiment to investigate the

function of mMIRNAS528b-3p accurately.

Table 7. The function of some miRNAs targets

MiR ID

Predicted
targets

Protein annotation Function

Previous
study

miR156z

MLOC_13032

MLOC 37841

MLOC_61297

MLOC_52321

MLOC 11199

MLOC_62426

MLOC_13032

MLOC 37841

SPL13 Squamosa
promoter-binding 13

SPL16 Squamosa
promoter-binding 16

SPL17 Squamosa Flowering
promoter-binding 17 time

SPL2 Squamosa
promoter-binding 2

SPL3 Squamosa
promoter-binding 3

SPL4 Squamosa
promoter-binding 4

SPL13 Squamosa
promoter-binding 13

SPL16 Squamosa
promoter-binding 16

[79]
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miR157d-5p

mirl59k-3p

mirl60j

MLOC_61297

MLOC_52321

MLOC_11199

MLOC_62426

MLOC_6041

MLOC_74051

MLOC_71332

MLOC_60410

MLOC_52196

MLOC_77438

MLOC_67174

MLOC_56664

MLOC_69988

MLOC_64795

SPL17 Squamosa
promoter-binding 17

SPL2 Squamosa
promoter-binding 2

SPL3 Squamosa
promoter-binding 3

SPL4 Squamosa
promoter-binding 4

GAM1 Transcription
factor GAMYB

GAM1 Transcription
factor GAMYB

GAM1 Transcription
factor GAMYB

PP139 Pentatricopeptide

repeat-containing

SAP16 Zinc finger AN1

and C2H2 domain-
containing stress-
associated 16

ARFH Auxin response
factor 8

ARFJ Auxin response

factor 10

ARFM Auxin response

factor 13

ARFR Auxin response

factor 18

ARFV Auxin response

factor 22

Flowering [%°]
time

Flowering
time and male
fertility

[72]

Control the
formation of  [%2]
root cap

71



mirl64k

mirl69y

mirl70-3p

MLOC_74277

MLOC_53744

MLOC_53745

MLOC_53746

MLOC_53766

MLOC_53767

MLOC 53768

MLOC_53769

MLOC 53771

MLOC 53777

MLOC_53778

MLOC_53779

MPK4 Mitogen-
activated kinase 4

NAC22 NAC domain-
containing 21

NAC22 NAC domain-
containing 21

NAC98 NAC domain-
containing 98

BZIP9 Basic leucine
zipper 9

HACDA 3-hydroxyacyl-
dehydratase

NFYA3 Nuclear
transcription factor Y
subunitA-3

NFYA5 Nuclear
transcription factor Y
subunitA-5

NFYAG6 Nuclear
transcription factor Y

subunitA-6

SCL6  Scarecrow 6
SCL6  Scarecrow 6
SCL6  Scarecrow 6

Necessary for
normal [%]
embryonic,
vegetative and
floral

development

Participates in
transcriptions  [*']
regulation of

larger number
genes

Control the
formation of  [*]
radial

organization

of the root
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mirl71i

miR319p

mir393k

mir395y

MLOC 53781

MLOC 53782

MLOC 53806

MLOC 53807

MLOC 53808

MLOC_53816

MLOC_53814

MLOC_9864

MLOC_56088

MLOC_51300

MLOC_57855

MLOC 72476

MLOC 3923

NADHK Probable
NADH kinase

PNSB5 NAD(P)H
dehydrogenase

GAM1 Transcription
factor GAMYB

GAM1 Transcription
factor GAMYB

GAM1 Transcription
factor GAMYB
PP139

Pentatricopeptide repeat-

containing

NORK Nodulation
receptor kinase

TIR1A Transport
inhibitor response 1

TIR1B Transport
inhibitor response 1

CLP1 CLP-SIMILAR
PROTEIN 3

LPE1Leaf permease 1

DBR  2-alkenal
reductase (NADP(+)-
dependent)

SUT3 Low affinity
sulfate transporter 3

Against
oxidative
stress
Mediates
cyclic electron

Flowering and
male fertility

Regulating
auxin
response

Transportation
of sulfate and
decrease
energy
wastage

[”]

[l

[*]

[32,86]
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mir396e-5p

mir399p

mir528b-3p

mir528b-5p

MLOC_80060

MLOC_64055

MLOC_67201

MLOC_4153

MLOC_74620

MLOC_52822

MLOC_53410

MLOC_70692

MLOC_70374

MLOC_56528

MLOC_10576

MLOC_57716

GRF10 Growth-
regulating factor 10

GRF2  Growth-
regulating factor 2

GRF6  Growth-
regulating factor 6

RPM1 Disease
resistance RPM1

DOF36 Dof zinc finger
PP357

Pentatricopeptide repeat-
containing

UBC24 E2 ubiquitin-
conjugating enzyme 24

ERF2 Ethylene-
responsive transcription
factor

PLDZ1 Phospholipase D
zetal

MZT1B Mitotic-spindle
organizing associated
with a ring of gamma-
tubulin

RFALC Replication
factorA 1C

HMAS5 Probable
copper-transporting
ATPase 3

Cell
proliferation
and increase
organ size

Prevent Pi
excess

Salt -induced
targets

Involved
osmotic stress

Participate in
mitotic entry
DNA
replication
and DNA
repair and
recombination

[73,87]

[*']

[71,72]

[l

[”]

[l
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] S i 71,88
SODCP Superoxide thza\léeongmg [

MLOC 17760 dismutase

Control the 1

SPXM2 SPX domain- concentration

MLOC_57566 containing membrane of Pi in plants
SPXM2 SPX domain- Control the Kl

containing membrane concentration
mir827c MLOC 63586 17046 of Pi in plants
PP191
Pentatricopeptide repeat-
mir827-5p MLOC_53112 containing
UBC22 Ubiquitin- Prevent Pi 1

conjugating enzyme E2  excess
MLOC 4112 22

R13L1 Disease
MLOC 24045 resistance RPP13 1

Di
R13L2 Disease relssit;?asr?t
mir9863-3p MLOC 60393 resistance RPP13 2
R13L3 Disease
MLOC 62757 resistance RPP13 3
] Disease
RPM1 Disease resistant

mir5071 MLOC 1443  resistance RPM1

RPP13 Disease
MLOC 31061 resistance RPP13

C3H19 Zinc finger
CCCH domain-
mir9652-5p MLOC 4008 containing 19
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MLOC_56602

Mir9674c-5p MLOC_18343
MLOC_43104

MLOC_44563

DRIP2 E3 ubiquitin
ligase DRIP2

PPR Mitochondrial
Fertility restorer

PPR Mitochondrial
Fertility restorer

PPR Mitochondrial
Fertility restorer

Involved in
ABA-
independent
signaling
transduction
and activate
stress related
gene
expression

[89,90]

Control RNA
processing
and
translation in
mitochondria
and
chloroplasts

Table 8. The specific forward and universal reverse primers used for qPCR analysis
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sequence
UUUGGAUUGAAGGGAGCUC
UCCACAGGCUUUCUUGAACUG
UUUGGAUUGAAGGGAGCUCUG
UUAGAUGACCAUCAGCAAACA
UGCCUGGCUCCCUGAAUGCCA
UGAAGUGUUUGGGGGAACUC
UGACAGAAGAGAGUGAGCAC
UGAAGCUGCCAGCAUGAUCUGA
UGAUUGAGCCGUGCCAAUAUC
UUCCAAAGGGAUCGCAUUGAU
(cuaueCcuaCeucuuccal
UAGCCAAGGAUGACUUGCCUG
UGGAGAAGCAGGGCACGUGCA
UGAGCCGAACCAAUAUCACUC
UUUGCAGGUUUUAGGUCUAAGU

RT primers (5->3)

5-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG AC GAG CTC-3
5-GTCGTATCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC CAGTTC-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTA TTC GCA CTG GATACG AC CAGAGC-3
5-GTC GTA TCCAGT GCA GGG TCC GAG GTA TTC GCA CTG GATACGACTGT TT6-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTA TTC GCA CTG GATACG ACTGG CAT-3
5-GTC GTATCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GATACGAC GAGTTC-3
5-GTCGTATCCAGT GCA GGG TCC GAG GTA TTC GCA CTG GATACGAC GTGCTC-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC TCAGAT-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTA TTC GCA CTG GATACGAC GATATT-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC ATCAAT-3
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC AATGGA-3
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC CAGGCA-3
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC TGCACG-3'
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC GAGTGA-3
5-GTC GTA TCCAGT GCA GGG TCC GAG GTATTC GCA CTG GATACGAC ACT TAG3
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Forward primers (F) (5->3)
5-CGCGCATTTGGATTGAAGG-3
5-CGCGCCTCCACAGGLTTT-3'
5-CGCGCGTTTGGATTGAAGG-3'
5-CGCGCCTTAGATGACCATC-3
5-CATGCATGCCTGGCTCCC-3'
5-CGCGCATGAAGTGTTTGAG-3
5-CACGCGTGACAGAAGAGAG-3
5-CGCGCATGAAGCTGCCAG-'
5-(GCGCTGATTGAGCCGT-3'
5-CGCGCATTCCAAAGGGATC-3
5-CACTCACCTGTGCCTGCC-3!
5-CGCGCRTAGCCAAGGATG-3'
5-CGCGCATGGAGAAGCAGG-3'
5-CGCGCATGAGCCGAACCA-3
5-CACGCGTTTGCAGGTTTTAG3

M Universal Reverse primer (5->3)
60
60
80
80
60
60
60 5-CCA GTG CAG GGT CCGAGG-3'
60
80
60
6
80
80
80
60
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Figure 13a. The miRNAs—targets response to salt stress in diploid H. bulbosum.
This graph summarizes how the expression of miRNAs are altered under salt stress in

diploid.

- means the down-regulated miRNAs both in diploid and tetraploid under salt
stress compared with their controls, represents the miRNAs which only were
down-regulated in diploid salt stress compared with that in diploid control but not in
tetraploid.

- Refers to the miRNAs which were up-regulated both in diploid and tetraploid

under salt stress compared to their controls and means the miRNAs which were
only up-regulated in diploid stress relative to that of diploid control but not in tetraploid.
Means induction-while refers to inhibition.
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Figure 13b. The miRNAs—targets response to salt stress in tetraploid H. bulbosum.

means the down-regulated miRNAs both in diploid and tetraploid under salt stress
d with their controls, [}  represents the miRNAs which only were down-regulated
in diploid salt stress compared with that in diploid control but not in tetraploid.

B Refers to the miRNAs which were up-regulated both in diploid and tetraploid under salt
stress compared to their controls and ns the miRNAs which were only up-regulated
in diploid stress relative to that of diploid control but not in tetraploid. — >

Means induction while 1 refers to inhibition.
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