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Abstract

microRNAs (miRNAs) are key regulatory molecules that fine tune gene ex-
pression at the transcriptional and post-transcriptional levels through the
RNA silencing pathways. They play an important role in regulating plant
growth, development and response to a/biotic stress conditions. Grain yield is
a complex trait that is governed by the coordinated action of several genetic
and environmental factors. A number of genes and miRNAs have been iden-
tified to affect the grain productivity and yield. In this study, we identified the
miRNAs that map to grain yield QTLs in rice. The expression variations of
these miRNAs and their target transcript were studied across different tissues
of three indica rice varieties with different grain morphology. The varieties
used include the extra-long and slender grained Pusa Basmati 1 (PB1), me-
dium grain sized IR64 and the short grained Pokkali (PK). The windows for
miRNA target correlation were captured and their putative role in regulating
rice grain yield is discussed.
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1. Introduction

Agriculture is a priority sector for ensuring incessant supply of food for the ra-
pidly increasing world population [1]. Rice (Oryza sativa L.) is a common diet
for over 3.5 billion people all over the world [2] and its consumption is increas-
ing at a rate of 1.8 per cent annually, making it difficult to match the increase in

its output to the exponentially increasing population [3]. So, rapid increase in
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rice production over a short period of time and space will be critical to address-
ing the food demands.

Rice is a member of the family Poaceae and genus Oryza. It can be classified
into three important subspecies: japonica, indica and javanica. The japonica va-
rieties are sticky and short-grained, while indica varieties are long grained and
non-sticky [3]. The rice plant needs a hot (22°C to 37°C) humid climate, pro-
longed sunshine and an assured supply of water. India is an important center for
indica rice cultivation and the crop is grown in a diverse array of climatic condi-
tions. In this study, three popular indica rice varieties were used namely, Pusa
Basmati 1 (PB1), IR64 and Pokkali (PK), which are known for their extra-long,
medium and short types of grains, respectively. PB1 is a semi-dwarf and short
duration variety of rice with a maturing time of 145 - 155 days and average yield
of 4.64 t/ha. It is relished all over the world as its grains are aromatic, extra-long
and slender and have many other palatable qualities, such as white kernels, fluffy
and long cooked kernels and moderate amylose content [4] [5]. IR64 represents
another semi-dwarf, early maturing and disease resistance indica rice variety
whose average growth duration is about 117 days. It has medium grain size as
compared to the Basmati variety [6] [7] but produces more number of tillers and
has average yield of 8.76 t/ha. The grains have excellent cooking quality, inter-
mediate amylose content and intermediate gelatinization temperature [8]. PK
rice is a salt-tolerant landrace that has tall plants with long duration of growth
and low yield in grains of about yields about 2 - 5 t/ha. Its grain size is short,
thick and bold [9] [10] [11].

Grain yield is a complex and multigenic agronomic trait that depends on sev-
eral features such as, root architecture, plant height, shape and arrangement of
leaves, panicle morphology and seed number, shape and size. The agronomic
traits are controlled by specific regions of the rice genome known as Quantita-
tive trait Loci (QTL), which contain several important genes and miRNAs. miR-
NAs are small genetic regulators of key genes and transcription factors that are
indispensable for the proper growth and development of plants. They are in-
volved in regulating various processes such as organ formation, primordial de-
velopment, apical dominance, lateral root development, shoot branching, panicle
formation etc. [12]. A large number of grain-yield related traits are also controlled
by the miRNAs through their corresponding targets [13] [14]. The miRNAs such
as miR159, miR160, miR165/166, miR395, miR417 and miR402, are important
for the development, maturation and germination of seeds [15]. The miR397a
and miR397b were identified to be associated with increased panicle branching,
grain number and grain size by down regulating its target gene Laccasel3 (Os-
LAC13). Transgenic rice plants overexpressing miR397a/b exhibited increased
primary and secondary branches and more grain number as compared to wild
type [16]. Rice plants overexpressing osa-miR408 showed increased panicle
branches and grain number that resulted in high grain yield [17]. Recent studies
have shown miR396 affects grain size and shape in addition to panicle architec-

ture and yield. Transgenic rice plants having knockout of miR396e and miR396f

DOI: 10.4236/ajps.2022.139086

1262 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2022.139086

S. Kumar, N. Sanan-Mishra

showed improved grain size and panicle branching [18] [19].

Many rice QTLs associated with the grain yield related traits have been identi-
fied and cloned over the past two decades [17]. In this study, we identified the
miRNAs related to grain yield QTLs and compared their expression profiles
across various tissues of three indica rice varieties (PB1, IR64 and PK) with dif-
ferent grain morphology to capture the window for miRNA and target correla-

tions.

2. Methods
2.1. Plant Materials

The mature and healthy rice seeds from Pusa-Basmati, IR64, and Pokkali were
chosen for this study. Seeds were surface sterilized with 0.1% HgCl, and Teepol,
rinsed with water and then soaked in water overnight. Seeds were grown on
germination sheets for two weeks in growth room at ICGEB, New Delhi under
controlled conditions of temperature (28°C * 2°C), relative air humidity (70%),
and 16/8-h light/dark cycle. The leaf tissue samples were harvested from 15-days
old seedlings. Healthy 15-day old seedlings were also transferred to soil pots and
grown till maturity under control conditions in the greenhouse to obtain repro-
ductive tissues for RNA isolation. All tissue samples were harvested in two bio-

logical replicates and immediately frozen in liquid N..

2.2. Isolation of Total RNA

Total RNA was extracted from various rice tissues using guanidine isothiocya-
nate (GITC) based protocol as described previously [20]. Briefly, leaf tissue was
homogenised in liquid nitrogen and GITC buffer was added. The mixture was
allowed to thaw slowly in presence of phenol and chloroform and centrifuged at
13,000 rpm for 15 min. The upper aqueous phase was extracted twice with phe-
nol and chloroform solution and precipitated with chilled ethanol. The pellet
was obtained by centrifuging at 13,000 rpm for 15 min and it was washed twice
using 75% ethanol each. The pellet of RNA was air dried at room temperature

and dissolved in required amount of DEPC-treated water and stored at —20°C.

2.3. cDNA Preparation

Around 500 pg of total RNA was used for reverse transcription to synthesize
c¢DNA using Superscript reverse transcriptase III/IV (Invitrogen) as per manu-
facturer’s specification. The synthesized cDNA was used as a template for stem-
loop PCR, in which a gene-specific forward primer and universal reverse primer

were used to get the amplification product.

2.4. Stem-Loop RT-PCR

Semi-quantitative stem-loop RT-PCR was performed by using cDNA prepared
with 500 ng of total RNA. The primer sequences are provided in (Table 1). The

amplified bands were analysed on agarose gel and band intensity/spot density
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Table 1. List of primers used in the study.

Name
18S E.P.
18SR.P.

miR408 SL
miR408 F.P.
miR399e SL
miR399e F.P.
miR1427 SL
miR1427 E.P.
miR2924 SL
miR2924 F.P.
miR5802 SL
miR5802 F.P.
miR5792 SL
miR5792 F.P.
Plastocy F.P.
Plastocy R.P.
Ubiq F.P.
Ubiq R.P.
F-box F.P.
F-box R.P.
TMM E.P.
TMM R.P.
Sac F.P.
Sac R.P.
Exp F.P.
Exp R.P.

Universal R.P.

Sequence (5'-3") Target gene

CTACGTCCCTGCCCTTTGTACA

18S rRNA
ACACTTCACCGGACCATTCAA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG ACGCCAGG

mature miR408-3p
GCTACTGCACTGCCTCTTC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGGGC

mature miR399e
TCGTCGTGCCAAAGGAGATTT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCGCCA
mature miR1427
ATAATTGCGGAACCGTGCGG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGGCG

mature miR2924
ATATTCTCGCTTGCTCCGGC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCGCT

mature miR5802
CGCGCATGGACTGTACTTTGTAA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGATGTC
mature miR5792
ATATTGATGACAGCGGTGGTTCG

GAACGAACACACAGGGTAG
Plastocyanin
AAAACCTGCACGATGAC
CTTGTGTCCTCTAATCATC
Ubiquitin
AAGGAGAATTACCACGA
AATGGCGATGAACAAGCTA
F-box
AAGAACCTCGCCTCCAAGAA
AATGCCGTTCGCTGCTCAA
Too many mouth
TGCCAACTCCCGACACAAA
AAGGAGCCTTTCTTTTGCT
SACY
ACATCAGATAGACCACCAA
TACAGTGGTGATGTGCCAG
Expressed protein
AGCCTCTTTCTTCAGCCTTCT
GTGCAGGGTCCGAGGT Mature miRNA

was calculated with Alpha Imager software. The 18S rRNA transcripts were am-
plified as internal controls and used for normalizing the expression values to

calculate relative abundance.

2.5. Analysis of Expression

The expression analysis was performed using two biological replicates and three

technical replicates, for each set. The relative abundance was determined and a
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graph was plotted using the average values. To check the significance of the ex-
pression difference, the normalized expression value was subjected to ANOVA
(one-way analysis of variance) using Microsoft Excel. The means were compared

with their respective controls at a significance level of p < 0.05.

2.6. QTL Analysis

The coordinates of the known grain yield related QTLs in rice genome were ob-
tained from the Gramene database and their corresponding sequences were
downloaded. The sequences corresponding to the known rice miRNA precursors
were searched within the genomic sequences using high matching criteria of ze-

ro mismatch.

2.7. Target Prediction

To identify the transcripts that contain complementary sequences to allow miRNA
binding, “psRNA Target finder”, a miRNA target analysis server created mainly
for plants [21], was employed using standard prediction parameters. The cut off
expectation value was set to below 2.5 to filter the results. In all cases, where more
than two significant targets for a miRNA were identified, only one target was se-
lected for the validation experiments. The target selection was based on its role

known or predicted role in determining grain yield.

3. Results and Discussion
3.1. Identification of miRNAs Mapping to Yield Related QTLs

The precursors of known rice miRNAs were mapped to genomic sequences of
the grain yield-related QTLs and their chromosomal positions were plotted
(Figure 1). This analysis identified 6 miRNAs (Table 2), indicating that these
miRNAs may be involved in the regulation of agronomic traits in rice. Among
these, four miRNAs, miR408-3p, miR399e, miR2924 and miR5802, were present
on chromosome 1, while miRNA1427 was present on chromosome 8 and miR5792
was present on chromosome 10. Only miR399e was present on the minus strand,

while all the others were found on the plus strand of chromosomes. Within

Table 2. List of miRNAs mapping to grain yield related QTLs.

miRNA

Osa-miR408-3p
Osa-miR399e
Osa-miR1427
Osa-miR2924
Osa-miR5792

Osa-miR5802

Sequence Size  Chr. No. Strand Location
CUGCACUGCCUCUUCCCUGGC 21nt 01 plus 12301661..12301873
UGCCAAAGGAGAUUUGCCCAG 21nt 01 Minus 30477612..30477729
UGCGGAACCGUGCGGUGGCGC 21nt 08 plus 9192581..91925837
CUCGCUUGCUCCGGCCGCCAC 21nt 01 plus 11894321..11894440

GAUGACAGCGGUGGUUCGGACAUC 24nt 10 plus 11842884..11842960
AUGGACUGUACUUUGUAAAGCGGA 24nt 01 plus 13088727..13088790

Chr. No.: Chromosome number.
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Chr01 Chr08 Chr10

osa-MIR2924
osa-MIR408

osa-MIR399¢
osa-MIR5802

Yield
Quality
osa-MIR2924
osa-MIR408
osa-MIR399e
osa-MIR5802
osa-MIR2924 7.4 Vigor
osa-MIR408 - .
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osa-MIR5802 11.7
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Figure 1. Karyoview of miRNAs mapping to grain yield related QTLs. The numbers on
the left indicate the chromosomal location (in Mbps), while the miRNA IDs and QTL
traits are written on the right.

this set of miRNAs, miR408-3p, miR399e, miR2924 and miR1427 are 21-nt in
length, while miR5802 and 5792 are 24-nt in length. It has been reported that
21-nt miRNAs regulate their target genes by silencing the transcripts post-trans-
criptionally [22] [23] [24], whereas 24-nt miRNAs regulate their target genes at
transcriptional levels [25] [26].

3.2. Prediction of miRNA Targets

miRNAs control the biological pathways by interacting with their target tran-
scripts in a sequence-specific manner. The targets of miRNA associated with
grain related QTLs were predicted (Table 3) and one transcript each was se-
lected for expression profiling.

The miR408-3p targets the transcripts coding for plastocyanin-like domain
containing protein, multicopper oxidase domain containing protein, helix-loop-
helix DNA-binding domain containing protein and putative origin recognition
complex subunit 6 (ORC6). Plastocyanin was selected for expression analysis
because of its role in regulating rice grain yield.

The targets of miR399e were transcripts coding of DnaJ domain-containing
protein and ubiquitin conjugating enzyme (UBC24). Among these UBC24 (PHO?2)

was selected as it plays an important role in protein degradation and may
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Table 3. Predicted targets of the grain yield related miRNAs.

miRNA Target accession Score Chr. No. Target transcript description
LOC_0s03g15340.1 1.5 03 Plastocyanin-like domain containing
Osa-miR408-3p LOC_0Os01g02110.1 2 01 Helix-loop-helix DNA binding domain containing
LOC_0s07g43540.1 2 07 ORC6 (origin recognition complex subunit 6)
LOC_0Os05g48390.1 1.5 05 Ubiquitin conjugating enzyme
Osa-miR399%e
LOC_Os05g45350.2 2.5 05 Dnaj domain containing
LOC_0s06g49340.1 1.5 06 Osfbduf35-F-box and DUF domain containing
ATP-dependent Clj tease, ATP-bindi bunit clj
Osa-miR1427  LOC_Os04g32560.2 2.0 04 ependent Lp protease Hading subunit cpa
homolog CD4B, chloroplast precursor
LOC_0Os03g04660.1 2.0 03 Cytochrome P450 86A1
LOC_0Os01g43440.1 2.0 01 Too Many Mouths precursor,
Osa-miR2924 LOC_Os11g32720.1 2.0 01 zinc knuckle domain containing
LOC_0s07g47300.1 2.0 07 spoOB-associated GTP-binding
Osa-miR5792 LOC_0Os01g25330.2 2.0 01 Sac9
LOC_0s02g21770.1 2.0 02 Putative expressed protein
LOC_0s08g40930.1 2.5 08 Alpha amylase, catalytic domain containin,
Osa-miR5802 —S708 pha amy: it g
STE MEKK stell MAP3K.9-STE kinases
LOC_0s02g35010.1 2.5 02

(homologous to yeast sterile 7, sterile 11 and sterile 20)

influence grain yield [27].

The miR1427 was predicted to have stringent interactions with three tran-
scripts, coding for protein containing F-box and DUF domains (OsFBDUF35),
cytochrome P450-86A1 and chloroplastic ATP-dependent Clp protease (CD4B),
respectively. The OsFBDUF35 (F-DUF) transcript was chosen for profiling as it
is implicated in auxin mediated floral meristem formation, floral organ identity
determination and self-incompatibility [28] [29].

The miR2924 putatively targets the transcripts coding for precursor of 7oo
Many Mouths (TMM), zinc knuckle domain containing protein and spo0B-as-
sociated GTP-binding protein, respectively. TMM is a receptor-like protein with
a leucine-rich repeat sequence and is a regulator of stomatal development [30],
so it was shortlisted for expression profiling.

The miR5792 was predicted to target the transcript coding for suppressor of
actin mutation (SAC9). SAC9 is a PI phosphatase-like protein that terminates
the Phosphatidylinositol (PtdIns 4,5 P2) signalling pathway to regulate physio-
logical events such as vesicle targeting and membrane-cytoskeleton interactions
[31].

The miR5802 was predicted to target three transcripts coding for Alpha amy-
lase, a putative catalytic domain containing protein (LOC_0s02g21770.1) and
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STE11/MEKKY9 (stell_MAP3K.9) kinase. The transcript for putative expressed
protein correlated with grain length QTL, CQAL23, so it was selected for further
analysis.

3.3. Expression Analysis of Selected miRNA-Target Modules

The expression profiles of miRNA and their corresponding target transcripts
were generated using different tissues of three indica rice varieties, PB1, IR64
and PK, showing contrasting grain morphology. The profiles were checked at
the vegetative stages by using tissues of immature root (IR) and immature leaf
(IL) from seedlings and mature root (MR), mature leaf (ML) and flag leaf (FL)
from the field grown plants. At the reproductive stage, the tissues used included
complete enclosed total panicles (PAN), superior spikelets before anthesis (SSB),
superior spikelets after anthesis (SSA), inferior spikelets before anthesis (ISB)
and inferior spikelets after anthesis (ISA).

3.3.1. Osa-miR408-3p and Plastocyanin Transcript

It was observed that in PB1, expression of miR408-3p was lower in the vegetative
tissues as compared to the reproductive tissues. MR and ML had relatively lower
expression of miR408-3p than IR and IL, while FL displayed higher expression
(Figure 2(a)). The expression levels were low in PAN tissue but increased in the
spikelets, to levels observed in FL. Significant variations in expression levels were
not observed in ISB, ISA, SSB and SSA tissues. The expression of target plas-
tocyanin negatively correlated with miR408-3p expression in all the PB1 tis-
sues, though larger differences were observed in MR, SSB, ISB and SSA (Figure
2(a)).

Analysis of IR64 tissues showed that the expression patterns of miR408-3p
were similar to that observed in PB1 in most tissues but relatively higher in FL
and lower in IR, ISA, ISB, SSA and SSB (Figure 2(b)). The expression levels of
plastocyanin transcripts were high and inversely correlated with miR408-3p in
IR and MR.

On analysing PK tissues, it was observed that the expression levels of miR408-
3p were relatively higher in IR, IL, ML, FL and PAN (Figure 2(c)). The levels of
plastocyanin transcripts were inversely correlated in all the tissues except MR.
When compared to PB1 and IR64, very high expression of miR408-3p was seen
in the FL and PAN and plastocyanin was high in the spikelet tissues of PK.

The results show that expression profiles of the miR408-3p were higher in the
vegetative tissues of the short and bold grained PK varieties as compared to the
long and slender grained PB1 and medium grained IR64. While expression pro-
files of its target, plastocyanin were relatively lower in the spikelets of the PB1
and IR64, but higher in the spikelets of PK. This indicates that miR408: plasto-
cyanin node may play a crucial role in plant height and spikelet development,
which in turn influence grain yield. miR408-3p is highly conserved across Ara-
bidopsis, rice and other plants [32]. It is a copper homeostasis-related miRNA
that controls panicle branching, grain weight and grain yield [17] [33]. It was
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Figure 2. Expression profiles of osa-miR408-3p and its target, Plastocyanin in different
tissues of rice varieties PB1, IR64 and PK. IR—immature root, IL—immature leaf, MR—
mature root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior spikelets af-
ter anthesis, ISA—inferior spikelets after anthesis, SSB—superior spikelets before anthesis,
ISB—inferior spikelets before anthesis. The integrated density values (IDV) were calculated
and normalized with respect to 18S rRNA transcripts and plotted as relative abundance.
Significant differences are shown by asterisks (*p = 0.05, **p = 0.001, ***p = 0.001), as
determined by ANOVA in Microsoft Excel. The error bars indicate the standard devia-
tion.

shown that osa-miR408 targets uclacyanin-like protein 8 (Os-UCLS) transcripts
to regulate plastocyanin protein accumulation, copper homeostasis and rate of
photosynthesis in rice [17] [33]. When osa-miR408 was overexpressed or Os-ucl8
was knocked down or deleted, the number of panicle branches increased and
plants produced more robust pollen, which led to an increase in grain yield [17].
Overexpression of Os-UCLS caused obvious abnormalities in pollen tube growth
and pollination, affecting rice seed setting rate [34]. It was also reported that
overexpression of plantacyanin (target of miR408) resulted in lower biomass and

fewer seeds in plants [35].
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3.3.2. Osa-miR399e and Ubiquitin Transcript

In PBI, expression levels of miR399e were high in IR but lower in MR. In leaf
tissues, expression levels increased from IL to ML (Figure 3(a)). Very high ex-
pression was seen in FL and PAN, but these dropped to low levels in the spikelet
tissues (Figure 3(a)). The expression levels of ubiquitin transcript negatively
correlated with miR399¢ in the IR, MR, ML, FL and PAN tissues.

On comparing the expression patterns of miR399e in IR64 with PB1, it was
clear that the levels were high in FL and PAN. However, a notable difference
emerged as the miRNA levels, were lower in IR but higher in MR, IL and ML of
IR64. The expression levels of miR399e were also relatively higher in ISB, ISA

2 1@miR39%¢ ®Ubiquitin * * PB1

Relative expression
L

IR° MR IL ML FL PAN SSB ISB SSA ISA
(a)

IR64

Relative expression

IR MR IL ML FL PAN SSB ISB SSA  ISA
(b)

Relative expression

IR MR IL ML FL PAN SSB ISB SSA ISA
(©

Figure 3. Expression profiles of osa-miR399e and its target, Ubiquitin in different tissues

of rice varieties PB1, IR64 and PK. IR—immature root, IL—immature leaf, MR—mature
root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior spikelets after anthe-
sis, ISA—inferior spikelets after anthesis, SSB—superior spikelets before anthesis, ISB—in-
ferior spikelets before anthesis. The integrated density values (IDV) were calculated and
normalized with respect to 18S rRNA transcripts and plotted as relative abundance. Sig-
nificant differences are shown by asterisks (*p = 0.05, **p = 0.001, ***p = 0.001), as de-
termined by ANOVA in Microsoft Excel. The error bars indicate the standard deviation.
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and SSB (Figure 3(b)). Inverse correlation in expression levels of its target, ubi-
quitin was prominent in all the vegetative and reproductive tissue of IR64 except
IR (Figure 3(b)).

The expression patterns of miR399e in the vegetative tissues of PK were simi-
lar to those in PB1 except for lower levels seen in FL tissues. At reproductive
stages, the expression patterns of miR399e were relatively higher in PK and were
largely similar to those observed in IR64 (Figure 3(c)). The level of ubiquitin
transcript was relatively higher in the vegetative tissues of PK as compared to
PB1 and IR64. Reverse correlation in expression of ubiquitin was visible in PAN
tissues (Figure 3(c)).

The results show that expression of the miR399e was higher in the PAN tis-
sues of all three varieties while expression of its target, ubiquitin were main-
tained at low levels. Differences in the expression patterns were seen in the FL
tissues as the miRNA accumulated to higher levels in the long and slender
grained PB1 and medium grained IR64 as compared to the short and bold
grained PK varieties. In the spikelets miR399e levels were higher in PK com-
pared to PB1 and IR64. The results indicate that miR399e: ubiquitin node may
play an important role in influencing grain yield by enhancing nutrient accu-
mulation and rate of grain filling. miR399e was identified and examined in Ara-
bidopsis in response to phosphorous limitation [36] [37]. Overexpression of
miR399e, enhanced accumulation of Pi and other nutrients in transgenic rice
plants [38] [39]. The increase in nutrient content promotes plant growth, re-
sulting in increased grain yields. PHI and P72 are two essential Pi transporters
that regulate Pi homeostasis and their levels are controlled by miR399e [27] [40]
[41]. Increase in miR399e expression under P deficiency also inhibited the ex-
pression of PHO2 (UBC24), which encodes a ubiquitin-conjugating enzyme
(E2). The ubiquitin enzymes modulate hormone sensitivity by regulating hor-
mone biosynthesis, signalling pathways and transcription factors [42]. Loss of
function of gw2, an E3 ubiquitin ligase, has been demonstrated to increase grain

width and weight by increasing the rate of grain filling [43].

3.3.3. Osa-miR1427 and F-DUF Transcript

The expression profiles of miR1427 were higher in the vegetative tissues (IR,
MR, IL, ML and FL) and PAN as compared to other reproductive tissues, in all
three varieties. In the different spikelet tissues, there was no major difference in
the expression levels of miR1427. The expression levels of its target, F-DUF
transcript were low in all tissues, indicating an inverse correlation (Figure 4). In
PK, levels of miR1427 were relatively higher in the spikelet tissues; though the
F-DUF transcript was maintained at a low level in all the tissues (Figure 4).

The results indicate that miR1427: F-DUF node may not be playing a direct
role in regulating grain yield or may be required in response to specific hormone
signals to regulate flowering time and/or numbers. F-box proteins belong to one
of the most widespread gene families in plants. They have a conserved domain of

40 - 50 amino acid at their N terminus and variable protein-protein interaction
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Figure 4. Expression profiles of osa-miR1427 and its target, F~-DUF in different tissues of

rice varieties PB1, IR64 and PK. IR—immature root, IL—immature leaf, MR—mature
root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior spikelets after anthe-
sis, ISA—inferior spikelets after anthesis, SSB—superior spikelets before anthesis, ISB—
inferior spikelets before anthesis. The integrated density values (IDV) were calculated and
normalized with respect to 18S rRNA transcripts and plotted as relative abundance. Sig-
nificant differences are shown by asterisks (*p = 0.05, **p = 0.001, **p = 0.001), as de-
termined by ANOVA in Microsoft Excel. The error bars indicate the standard deviation.

domains at the C-terminal. The variable domain can recognize numerous sub-
strates to regulate many developmental processes such as photomorphogenesis,
circadian clock regulation, self-incompatibility, hormonal responses, floral me-
ristem and floral organ identity, senescence and a/biotic stress response [28] [29]
[44] [45] [46] [47].

3.3.4. Osa-miR2924 and Too Many Mouth Transcript

The miR2924 and its target, 7MM, were expressed in all tissues, but their ex-
pression patterns showed higher levels in vegetative tissues (IR, MR, IL and ML)
as compared to the spikelets of PB1. The miR2924 expression levels were nearly
similar in IR, MR, IL and FL but relatively lower in ML and PAN. PAN tissues
exhibited higher levels of miR2924 expression as compared to ISB, ISA, SSB and
SSA (Figure 5(a)). The levels of the target transcript were high and maximum
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Figure 5. Expression profiles of osa-miR2924 and its target, Too many mouth in different
tissues of rice varieties PB1, IR64 and PK. IR—immature root, IL—immature leaf, MR—
mature root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior spikelets af-
ter anthesis, ISA—inferior spikelets after anthesis, SSB—superior spikelets before anthesis,
ISB—inferior spikelets before anthesis. The integrated density values (IDV) were calcu-
lated and normalized with respect to 18S rRNA transcripts and plotted as relative abun-
dance. Significant differences are shown by asterisks (*p = 0.05, **p = 0.001, ***p = 0.001),
as determined by ANOVA in Microsoft Excel. The error bars indicate the standard devia-
tion.

expression was seen in IL. Substantial negative correlation could not be observed
between the miR2924 and its target in any of the tissues in PB1. This may be
likely if the miRNA does not cleave the transcript but repress its translation,
hence more experiments are required to understand their interaction.

It was observed that in IR64, expression patterns of miR2924 were similar to
that obtained in PB1. However, the 7MM transcript, accumulated to higher le-
vels in all the vegetative tissues and PAN. Low levels were maintained in all the
spikelet tissues and no significant changes in levels were observed between them
(Figure 5(b)). In contrast to the expression profiles seen in PB1 and IR64, the
expression levels of miR2924 were down regulated in all the vegetative tissues
and PAN in PK, while 7MAM transcript accumulated to high levels, similar to
that seen in IR64 (Figure 5(c)).
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The results show that expression profiles of the miR2924 were higher in the
vegetative tissues of IR64 and PB1. The expression of its target, 7MM showed
negative correlation in IR64 and PK. The miR2924: TMM expression was low in
the spikelets in all three varieties indicating that it may have an indirect role in
grain formation. Mutation in 7A/M resulted in increase in the number of sto-
mata on the leaf, but no stomata on the stem. The stomata regulate gaseous ex-
change and as a result affect photosynthesis which may impact the grain yield
[48] [49]. TMM also enhanced meristematic activity in leaves by acting as a pos-

itive regulator of cell division [50] [51].

3.3.5. Osa-miR5792 and SAC9 Transcript

The miR5792 expression was higher in vegetative tissues of PB1 as compared to
the reproductive tissues. The expression levels were lower in MR than in the IR.
The levels increased from IL to ML to FL and were even high in PAN (Figure
6(a)), while expression levels were very low in the spikelets (SSB, ISA, SSA and
ISA). The expression of SACY transcript was low in all tissues but levels were
relatively very low in the spikelet tissues (Figure 6(a)).

The expression profiles of miR5792 and SAC9in IR64 were similar to those of
PB1 tissues (Figure 6(b)). In PK vegetative tissues, the miR5792 expression le-
vels were lower to that seen in PB1 and IR64, however, it accumulated to high
levels in the PAN. Low levels of miR5792 were seen in the spikelets as in case of
PBI1 and IR64. The SACY transcript accumulated to higher levels in IR, ML, FL,
PAN and spikelet tissues when compared to PB1 and IR64 (Figure 6(c)).

The results show that high levels of miR5792 and low levels of SAC9 corre-
lated with the long grained PB1 and medium grained IR64 varieties while low
levels of miR5792 and high levels of SAC9 were seen in the short and bold
grained PK variety. SAC proteins can be classified into three categories based on
sequence homology [31]. Two of the categories; SAC 1 - 5 and SAC 6 - 8 show
substantial sequence homology within themselves, but SACY is very different
from other SAC domain proteins and is categorized separately. Mutations in the
SAC9 gene cause elevated levels of PtdIns(4,5)P2 and Ins(1,4,5)P3 in the plants
as compared to wild-type. The mutants also display a constitutive stress response,
including overexpression of stress-induced genes, dwarfism, closed stomata, an-

thocyanin accumulation and over-accumulation of reactive-oxygen species [52].

3.3.6. 0sa-miR5802 and Expressed Transcript

The miR5802 and its target are also present in all the tissues of the three varie-
ties. In PB1, the expression of miR5802 was higher in IR than in MR. There was
not much variation in the expression levels in IL, ML and FL. In PAN, SSB and
SSA miR5802 expression levels were relatively higher (Figure 7(a)). The expres-
sion patterns of its target transcript showed a negative correlation in the vegeta-
tive and PAN tissues, but the transcript levels were high in all spikelet tissues
(Figure 7(a)).
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Figure 6. Expression profiles of osa-miR5792 and its target, SACY in different tissues of
rice varieties PB1, IR64 and PK. IR—immature root, IL—immature leaf, MR—mature
root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior spikelets after anthe-
sis, ISA—inferior spikelets after anthesis, SSB—superior spikelets before anthesis, ISB—
inferior spikelets before anthesis. The integrated density values (IDV) were calculated and
normalized with respect to 18S rRNA transcripts and plotted as relative abundance. Sig-
nificant differences are shown by asterisks (*p = 0.05, **p = 0.001, **p = 0.001), as de-
termined by ANOVA in Microsoft Excel. The error bars indicate the standard deviation.

In IR64, the expression levels of miR5802 were relatively low in IR, MR, ML,
FL, PAN and spikelet tissues as compared to PB1 (Figure 7(b)). The target ex-
pression was higher in IR and MR and negatively related in most IR64 tissues
except PAN, SSA and ISA (Figure 7(b)). The expression profile of miR5802 and
its target in PK was similar to that seen in PB1, but the levels of its target tran-
script were higher in IR and ML (Figure 7(c)). Interestingly, the target tran-
script correlated with grain length QTL, CQAL23, and its expression levels were
high in all reproductive tissues of the three varieties. Negative correlation with
the miR5802 was not evident in the reproductive tissues even though miRNA
levels were high, so more experiments are required to understand their interac-

tion.
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Figure 7. Expression profiles of osa-miR5802 and its target, uncharacterised transcript in
different tissues of rice varieties PB1, IR64 and PK. IR—immature root, IL—immature
leaf, MR—mature root, ML—mature leaf, FL—flag leaf, PAN—Panicle, SSA—superior
spikelets after anthesis, ISA—inferior spikelets after anthesis, SSB—superior spikelets be-
fore anthesis, ISB—inferior spikelets before anthesis. The integrated density values (IDV)
were calculated and normalized with respect to 18S rRNA transcripts and plotted as rela-
tive abundance. Significant differences are shown by asterisks (*p = 0.05, **p = 0.001, ***p =
0.001), as determined by ANOVA in Microsoft Excel. The error bars indicate the standard
deviation.

4. Conclusions

In the present work, we report the expression profiles of rice miRNAs that map
to yield-related QTLs using three rice varieties with varying seed morphology.
The results show that these miRNAs are ubiquitously expressed but differentially
regulated in the various tissues of the three rice varieties. The expression profiles
of all target transcripts were negatively correlated in most cases. It was observed
that expression profiles of miR408-3p were higher in the vegetative tissues, espe-
cially FL, of the short and bold grained PK varieties as compared to the long and
slender grained PB1 and medium grained IR64. A clear window of negative cor-
relation was observed for miR408-3p and plastocyanin in the tissues of short and
bold grained PK varieties. The expression of the miR399e was high in the PAN
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tissues in all three varieties and expression of ubiquitin was negatively corre-
lated. However, stark difference was seen in the FL tissues as miR399e accumu-
lated to higher levels in the long and slender grained, PB1 and medium grained
IR64 as compared to the bold grained PK varieties, but expression of ubiquitin
was low in all. The miR1427 and miR5792 expression profiles were high in the
vegetative and PAN tissues, The expression of miR1427 targeted, F-DUF tran-
script and miR5792 targeted, SACY transcript were maintained at low levels in
the reproductive tissues of all three varieties. The miR5802 profiles were rela-
tively higher in the reproductive tissues of PB1 and PK, while miR2924 profiles
were higher in the vegetative tissues of IR64 and PB1. The miR5802 targeted ex-
pressed transcript showed negative correlation in the vegetative tissues of all va-
rieties but spikelets of IR64. The expressions of miR2924 target, TMM were main-
tained at high levels in the reproductive tissues of all three varieties. TMAM pro-
files were higher in IR64 and PK as compared to PBI.

Opverall the expression profiles of miR408-3p: plastocyanin, miR399e: Ubiqui-
tin and miR5802: expressed transcript showed the most difference in the three
varieties whereas miR2924: TMM, miR5792: SAC9 and miR1427: F-DUF were
similar between IR64 and PB1 but different in PK. The genetic variations in the
expression profiles seen in PB1, PK and IR64 may reflect on the differences in
grain size, quality and yield of the three varieties. Therefore, a comprehensive
functional analysis of miRNAs is required to acquire better knowledge of their

role in regulating crop yields.
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