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Abstract

Background: Tartary buckwheat seed development is an extremely complex process involving many gene
regulatory pathways. MicroRNAs (miRNAs) have been identified as the important negative regulators of gene
expression and performed crucial regulatory roles in various plant biological processes. However, whether miRNAs
participate in Tartary buckwheat seed development remains unexplored.

Results: In this study, we first identified 26 miRNA biosynthesis genes in the Tartary buckwheat genome and
described their phylogeny and expression profiling. Then we performed small RNA (sRNA) sequencing for Tartary
buckwheat seeds at three developmental stages to identify the miRNAs associated with seed development. In total,
230 miRNAs, including 101 conserved and 129 novel miRNAs, were first identified in Tartary buckwheat, and 3268
target genes were successfully predicted. Among these miRNAs, 76 exhibited differential expression during seed
development, and 1534 target genes which correspond to 74 differentially expressed miRNAs (DEMs) were
identified. Based on integrated analysis of DEMs and their targets expression, 65 miRNA-mRNA interaction pairs (25
DEMs corresponding to 65 target genes) were identified that exhibited significantly opposite expression during
Tartary buckwheat seed development, and 6 of the miRNA-mRNA pairs were further verified by quantitative real-
time polymerase chain reaction (gRT-PCR) and ligase-mediated rapid amplification of 5" cDNA ends (5-RLM-RACE).
Functional annotation of the 65 target mRNAs showed that 56 miRNA-MRNA interaction pairs major involved in cell
differentiation and proliferation, cell elongation, hormones response, organogenesis, embryo and endosperm
development, seed size, mineral elements transport, and flavonoid biosynthesis, which indicated that they are the
key miRNA-mRNA pairs for Tartary buckwheat seed development.
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buckwheat seed development.

DCL, AGO, RDR

Conclusions: Our findings provided insights for the first time into miRNA-mediated regulatory pathways in Tartary
buckwheat seed development and suggested that miRNAs play important role in Tartary buckwheat seed
development. These findings will be help to study the roles and regulatory mechanism of miRNAs in Tartary
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Background

MicroRNAs (miRNAs), a class of endogenous non-
coding small RNAs (sRNAs) that are 20-24 nt in length,
play crucial regulatory functions in animals and plants
by repressing their target genes expression at the tran-
scription or post-transcription level [1-4]. In plants, the
biosynthesis of miRNAs is a multistep pathway that is
involved in many genes and enzymes [5]. Plant miRNA
genes are initially transcribed into primary miRNAs (pri-
miRNAs) by RNA polymerase II in the nucleus [5, 6].
Then, the pri-miRNAs are processed into miRNA pre-
cursors (pre-miRNAs) with stem-loop structures by the
DICER-LIKE1 (DCL1), HYPONASTIC LEAVESI]
(HYL1) and SERRATE (SE) protein complex [5-7].
Next, these pri-miRNAs are further cleaved into
miRNA::miRNA" duplexes under the action of DCLI,
HYL1 and SE protein complex, and then the 3" end of
the duplexes are methylated by the methyltransferase
HUA ENHANCER1 (HEN1) [5]. After methylation, the
duplexes are exported to the cytoplasm by the HASTY
protein [5, 8]. Finally, the miRNA duplex is bound by
ARGONAUTEL (AGO1) to form the RNA-induced si-
lencing complex (RISC) to carry out its function by ei-
ther cleaving target mRNAs or repressing the translation
process [5, 9]. At present, miRNAs have been identified
in numerous plants, and more and more evidence indi-
cates that they play crucial roles in plant growth and de-
velopment, secondary metabolism, biotic and abiotic
stress tolerance, and signal transduction [4, 10-16].

Seed is the reproductive and the primary nutrient stor-
age organ in many crop plants, and its developmental
success or failure directly determines the final crop yield
and seed quality, as well as whether genetic information
can be successfully transmitted to the next generation
[4]. Crop seed development is terribly a complex bio-
logical process that involves many gene regulatory path-
ways [17, 18]. An increasing body of evidence shows that
miRNAs participate in the regulation of seed develop-
ment in crop plants. To date, thousands miRNAs have
been identified in the development of seed in multiple
crop plants including rice [19, 20], maize [21, 22], wheat
[23, 24], barley [25, 26], soybean [27, 28], peanut [18],
Brassica napus [29, 30], narrow-leafed lupin [6], and
common buckwheat [4] by using a high-throughput

sequencing approach. These studies found that the ex-
pression of various miRNAs is extremely dynamic dur-
ing seed development and some miRNAs are specifically
expressed in seed, implying that miRNAs have very vital
regulatory roles in seed development. In fact, a few miR-
NAs have been functionally demonstrated to play crucial
regulatory roles in the seed development of model crop
rice and a few other crops by negatively regulating their
target genes expression. For example, miR159, miR160,
miR397, miR398, and miR408 positively regulate rice
grain size [31-35], while miR1432, miR156, miR167,
miR396¢, miR396e, miR396f, and miR530 have opposite
roles in regulating the grain size [35—41]. Notably, the
conserved role of miR408 and miR160 in regulating seed
size was also found in Arabidopsis and tobacco, and cot-
ton, respectively [42, 43]. In addition to the role in seed
size, miRNAs were also demonstrated to regulate nutri-
ent accumulation in developing seed [4]. For instance,
miR160 positively regulate starch accumulation in rice
seed [4, 32]. EgmiR5179 and csa-miR167A regulate the
oil and linolenic acid biosynthesis in oil palm and Came-
lina sativa seeds, respectively [44, 45].

Tartary buckwheat (Fagopyrum tataricum) is an an-
nual medicinal and edible crop, belonging to the eudicot
family Polygonaceae [46]. It is widely cultivated in Asia
and Eastern Europe, especially in the mountainous areas
of Southwest China [46]. Tartary buckwheat seed is a
good source of nutrients including starch, protein, diet-
ary fiber, fatty acid (linoleic acid), and various minerals
[46]. Importantly, Tartary buckwheat seed also contains
rich flavonoids especially rutin, which have been proved
to be effective in preventing liver injury and especially
inflammatory liver injury [43, 46]. Therefore, it is of
great significance to understand the molecular mechan-
ism of Tartary buckwheat seed development, which will
be helpful in high-yield and quality breeding of Tartary
buckwheat [46]. To date, several transcriptome analyses
have been reported that examine the molecular mechan-
ism of Tartary buckwheat seed development [4, 43, 46—
48]. However, to our knowledge, no one has studied
miRNAs in Tartary buckwheat, and miRNAs whether
and how to regulate the development of Tartary buck-
wheat seed is largely unclear. In this study, we first ex-
amined the conserved evolution of miRNA biosynthesis
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in Tartary buckwheat compared to other plants through
homology identification and phylogenetic analysis of
miRNA biosynthesis genes. Then, we identified the
known and novel miRNAs in the developing seed of
Tartary buckwheat and predicted their target genes. Fi-
nally, we performed integration analysis between miRNA
and mRNA expression to insight into the miRNA-
mediated molecular mechanisms of Tartary buckwheat
seed development and identified key miRNA-mRNA
interaction pairs for Tartary buckwheat seed develop-
ment. Our results provide valuable information for en-
hancing the understanding of the miRNA-mediated
regulatory mechanism of Tartary buckwheat seed devel-
opment and aid in the Tartary buckwheat seed
improvement.

Results

Identification, phylogeny, and expression profiles analysis
of the miRNA biosynthesis genes in Tartary buckwheat
RDR, DCL, HYL, SE, HEN, HST and AGO genes have
been demonstrated to play essential roles in plant
miRNA biosynthesis [5]. As the first and most important
step in studying the miRNA in Tartary buckwheat, we
identified the orthologs of these genes in Tartary buck-
wheat. A total of 8 RDR, 4 DCL, 1 HYL, 2 SE, 1 HEN, 2
HST, and 8 AGO genes were identified in the Tartary
buckwheat genome (Additional file 1: Table S1), respect-
ively. Phylogenetic analysis revealed that plant RDR pro-
teins can be divided into four clades, as previously
defined by Qian et al. [49] (Fig. 1). Among the 8 FtRDR
proteins, 3, 1, 3, and 1 belong to clades 1, 2, 3, and 4, re-
spectively. In addition, the FtRDR proteins were closely
homologous to A. thaliana RDR proteins. The DCL pro-
teins can also be classed into four groups, and 4 FtDCL
proteins showed a one-to-one counterpart with A. thali-
ana DCL proteins (Fig. 1). Similarly, the AGO proteins
can be separated into four clades, but clade 4 only con-
tained the grass AGO proteins as defined by Zhang et al.
[50] (Fig. 1). For Tartary buckwheat AGO proteins, clade
1 was the biggest clade, which contained 6 FtAGO pro-
teins. In contrast, both clades 1 and 2 only contained 1
FtAGO protein (Fig.1).

RNA-seq data were further used to investigate the ex-
pression profiles of the 26 identified genes in roots,
stems, leaves, flowers, and during seed development. As
shown in Fig. 2, most RDR genes (6) had lower expres-
sion in all tissues. In contrast, 4 genes (FtAGOI,
FtAGO2, FtAGO6, and FtSEI) had constitutive high ex-
pression in all tissues. The remaining 16 genes were
expressed at a moderate level. Among them, 4 genes
(FtHYLI, FtHST2, FtAGO4, and FtAGOS) exhibited spe-
cifically high expression in seeds. Furthermore, 6 genes
(FtDCL1, FtDCL3, FtDCL4, FtAGO2, FtAGO3, and
FtRDR4) showed significant differential expression
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(|log2(fold change)| >1 and FDR value <0.05) during
seed development (Fig. 2). The 6 differentially expressed
genes (DEGs) showed three expression patterns in the
developing Tartary buckwheat seed (1) FtAGO2 and
FtAGO3 were down-regulated only at the initial maturity
stage (S3), (2) FtDCL1 and FtRDR4 showed a sustained
decrease during seed development, and (3) FtDCL3 and
FtDCL4 were up-regulated at the peak filling stage (S2)
and down-regulated at the initial maturity stage (S3)
(Fig. 2).

Sequencing of Tartary buckwheat seed sRNAs

To investigate the effects of miRNAs on seed development
in Tartary buckwheat, we constructed and sequenced six
sRNA libraries from seeds at three different developmen-
tal stages (Fig. 3). A total of 120.63 million raw reads were
generated in six SRNA libraries (Additional file 1: Table
S2). After filtration, 13.89 million, 17.09 million, 17.19 mil-
lion, 14.54 million, 13.64 million, and 12.00 million clean
reads were obtained for the six libraries, respectively
(Additional file 1: Table S2). The length distribution dis-
played most the small RNA reads were 21-24 nt (Add-
itional file 2: Figure S1). Among them, the 24 nt small
RNA was the most abundant type and showed differential
accumulation during Tartary buckwheat seed develop-
ment (Additional file 2: Figure S1). To further obtain
sRNA reads containing miRNAs, non-coding RNAs (in-
cluding rRNAs, tRNAs, snRNAs, and snoRNAs) and re-
peat sequences were removed by comparing the clean
reads to the Silv, GtRNAdb, Rfam, and Repbase databases.
After discarding the non-coding RNAs and repeat se-
quences, a total of 10.45 million, 14.16 million, 14.60 mil-
lion, 13.05 million, 6.80 million, and 5.63 million
unannotated sRNA reads containing miRNAs were ob-
tained for the six libraries, respectively (Additional file 1:
Table S2). Among these unannotated clean reads, a total
of 61.94, 66.76, 46.98, 39.20, 37.22, and 39.42% reads were
mapped to the Tartary buckwheat reference genome, re-
spectively (Additional file 1: Table S2).

Identification of known and novel miRNAs

To identify known miRNAs in the developing Tartary
buckwheat seed, the mapped sRNA reads were subjected
to Blastn search against miRBase v21.0. In total, 101
conserved miRNAs, belonging to 25 known miRNA
families, were identified (Additional file 1: Table S3). Of
these families, 17 families contained more than two
members, three families (MiR390, MiR399, and MiR858)
contained two members, and the remaining five families
(MiR159, MiR394, MiR397, MiR828, and MiR845) only
contained one member. The length of these known miR-
NAs ranged from 19 to 22 nt, and the numbers of miR-
NAs with length of 19, 20, 21, and 22 nt were 8, 29, 56,
and 8, respectively (Additional file 1: Table S3). Among
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Fig. 1 Phylogenetic analysis of Tartary buckwheat RDR, DCL and AGO proteins. The corresponding proteins of Arabidopsis, maize, and rice were
also used to construct the phylogenetic tree. The phylogenetic tree was constructed by using MUSCLE and MEGA 7.0 with the Maximum

these identified conserved miRNAs, 29 miRNAs were
highly expressed, which have more than 1000 read
counts at least in one library (Additional file 1: Table
S3). The rest of miRNAs were expressed at a moderate
level (36) or low level (36) which have < 10 read counts
for each library, respectively (Additional file 1: Table S3).
Notably, the highest expression miRNA was fta-miR159,
and read counts ranged from 14,806 to 95,396 for each
library.

To further identify novel miRNAs in the developing
Tartary buckwheat seed, the remaining SRNA sequences
that were not mapped to the Tartary buckwheat refer-
ence genome were analyzed using the miRdeep2 pro-
gram. As a result, a total of 129 novel miRNAs were
identified (Additional file 1: Table S4). The length of
these novel miRNAs ranged from 18 nt to 24 nt, and the
minimum free energy (AMFE) distribution ranged from
-116.2keal moL™ " to - 26.2 kcal moL ™' (Additional file
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1: Table S4). Among these novel miRNAs, 66 miRNAs
were assigned to 35 known miRNA families in the
miRNA database, while the remaining 63 miRNAs had
no similarity to any known family. Like the above identi-
fied conserved miRNAs, more than two-thirds of the
novel miRNAs were expressed at a moderate or high
level, and the highest expression was fta_novel_miR71
(Additional file 1: Table S4).

miRNAs target prediction and functional analysis

To understand the potential function of these identi-
fied miRNAs, the putative target genes of the 230
miRNAs were predicted using the TargetFinder soft-
ware. A total of 3268 potential target genes were

successfully predicted for among 213 miRNAs, includ-
ing 2052 target genes from 101 known miRNAs and
1372 target genes from 112 novel miRNAs (Add-
itional file 1: Table S5). These predicted target genes
mainly encoded transcription factors (TFs, 285), pro-
tein kinases (254), phosphatase, E3 ubiquitin-protein
ligase, proteins in hormone signal transduction and
other cellular processes, and enzymes in various me-
tabolisms (Additional file 1: Table S6). The main tar-
get TFs of these miRNAs are displayed in Additional
file 1: Table S7, and the top three TFs were MYB
(65), AP2/ERF (18), and NAC (18), respectively. Con-
sistent with the results of previous studies, some con-
served miRNAs targeted the known TFs. For instance,
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Fig. 3 Seed phenotypes of Tartary buckwheat at the initial filling stage (S1), peak filling stage (S2), and initial maturity stage (S3)
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miR156, miR160, miR164, miR171, miR172, miR319,
miR396, and miR858 targeted SPL, ARF, NAC, GRAS,
AP2-ERF, TCP, GRF, and MYB TFs, respectively
(Additional file 1: Table S7). In addition, based on a
homologous search of the putative target genes, the
predicted target genes of 61 miRNAs, including 39
conserved and 22 novel miRNAs, were found to be
the homologous genes of 47 known seed or organ
size genes (Additional file 1: Table S8). Among these,
the 39 conserved miRNAs were from 14 known
miRNA families including MiR156/157 (10), MiR159
(1), MiR162 (1), MiR164 (1), MiR166 (2), MiR167 (1),
MiR168 (4), MiR169 (1), MiR172 (5), MiR319 (2),
MiR390 (2), MiR395 (2), MiR396 (4), and MiR530 (3).
Notably, among these 61 miRNAs, most miRNAs
were first found to target the known seed or organ
size genes, except the members of the MiR156/157
and MiR396 families which are well known to target
the seed size SPL and GRF TFs, respectively. Further-
more, based on a homologous search, 8 miRNAs (4
known and 4 novel) were identified to target the
structural or regulatory genes of flavonoid biosyn-
thesis (Additional file 1: Table S9). Among these, fta_
novel_miR26 targeted phenylalanine ammonia-lyase
(PAL), fta_novel_miR74 targeted 4-coumarate-CoA
ligase (4CL), fta-miR394a-5p targeted flavonol syn-
thase (FLS), fta_novel miR1 targeted the homologous
genes of AtMYBI23 that regulate anthocyanindins
biosynthesis, fta_novel_miR58 targeted the homolo-
gous genes of AtbHLH42/TT8 that regulate anthocya-
nindins biosynthesis, and fta-miR828-5p targeted the
homologous genes of AtMYB75/90/113/114 that regu-
late anthocyanindins biosynthesis. In addition, fta-
miR858a-5p and fta-miR858b-3p targeted 13 and 14
MYB TFs involved in the regulation of flavonol bio-
synthesis and anthocyanindins biosynthesis,
respectively.

DEMs in the development Tartary buckwheat seed and
their targets

To identify Tartary buckwheat seed development-
associated miRNAs and understand their potential

regulatory mechanisms, the DEMs were identified by
comparing the TPM expression value. A total of 76 miR-
NAs, including 39 conserved and 37 novel miRNAs, dis-
played significant differential expression (Fig. 4). Among
these, 45, 43, and 22 miRNAs were found in the com-
parisons between S1 and S2, S1 and S3, and S2 and S3,
respectively (Fig. 4a). When compared with S1, 1
miRNA (fta_novel_miR110) was differentially expressed
in both S2 and S3 stages, and 22 and 17 miRNAs were
specifically differentially expressed in the S2 and S3
stage, respectively (Fig. 4a). When compared with S2, 4
miRNAs were specifically differential expression in S3
stage (Fig. 4a). In addition, between stages S1 and S2, 19
and 26 miRNAs were up- or down-regulated, respect-
ively (Fig. 4b). In the S1 vs. S3 comparison, 23 up-
regulated and 20 down-regulated miRNAs were found.
In the comparison of S2 vs. S3, 11 and 11 miRNAs were
up- or down-regulated, respectively (Fig. 4b).

The expression heat map of all DEMs as shown in Fig.
4c. Among these DEMs, 26, 18, and 9 miRNAs displayed
specifically high expression at the initial filling stage,
peak filling stage, and initial maturity stage, respectively.
Twelve miRNAs exhibited high expression at both the
initial filling stage and peak filling stage. Notably, the ex-
pression of 9 novel miRNAs (fta_novel_miR17-25) was
sustained growth during seed development (Fig. 4c). To
verify the results of miRNA sequencing, quantitative
stem-loop RT-PCR was performed to determine the ex-
pression level of 9 DEMs during Tartary buckwheat seed
development. As shown in Fig. 5, the results were
broadly consistent with those obtained in miRNA
sequencing.

To better understand the functions of these DEMs, their
predicted target genes were investigated and further sub-
jected to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses. A total of
1534 target genes were identified for among 74 DEMs
(Additional file 1: Table S5). Of these target genes, 850,
765, and 735 genes were targeted by 44, 41, and 22 DEMs
in the S1 vs. S2, S1 vs. S3, and S2 vs. S3 comparisons, re-
spectively. GO analysis showed that 514, 448, and 419 tar-
gets were assigned to biological processes, cellular
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component, and molecular function categories for the S1
vs. S2, S1 vs. S3, and S2 vs. S3 comparisons, respectively
(Additional file 2: Figure S2). There were 18, 14, and 14
GO terms in biological processes, cellular component, and
molecular function categories for each comparison, respect-
ively. The “metabolic process”, “cell part”, and “catalytic ac-
tivity” were the greatest abundance terms for these three
categories (Additional file 2: Figure S2). KEGG analysis

displayed that a total of 332, 309, and 272 target genes were
assigned to 61, 54, and 55 KEGG pathways for the S1 vs.
S2, S1 vs. S3, and S2 vs. S3 comparisons (Additional file 1:
Table S10), respectively. Most of these pathways were in-
volved in the metabolism process, of which biosynthesis of
“amino acids biosynthesis” (ko01230), “starch and sucrose
metabolism” (ko00500) “phenylpropanoid biosynthesis”
(ko00940), “purine metabolism” (ko00230), and “amino
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Fig. 5 Quantitative real-time PCR verification of 9 DEMs at different developmental stages in Tartary buckwheat seeds

sugar and nucleotide sugar metabolism” (ko00520) were
the major pathways. In addition, a high number target
genes were assigned to “plant hormone signal transduction”
(ko04075). The top 50 pathways for each comparison are
shown in Additional file 2: Figure S3.

Identification of the key miRNA-mRNA pairs related to
Tartary buckwheat seed development

To identify potential miRNA-mRNA pairs related to
Tartary buckwheat seed development, we performed ex-
pression correlation analyses between DEMs and target
mRNAs that were differentially expressed during Tartary
buckwheat seed development. Based on our previous
transcriptome data [46], which have the same samples
with small RNA sequencing, 439 out of 1534 target
genes of 74 DEMs exhibited significant differential ex-
pression during Tartary buckwheat seed development.
Correlation analyses between the 439 DEGs and their
corresponding DEMs identified that 117 miRNA-mRNA
pairs were negatively correlated (Additional file 1: Table
S11). Among them, 65 miRNA-mRNA pairs, which con-
sisted of 25 miRNAs and 65 target genes, showed signifi-
cantly expression negative correlation (R>0.5, P<0.05)
(Table 1 and Fig. 6). Based on a homologous annotation
of these 65 target genes, 56 miRNA-mRNA pairs
achieved homologous functional annotation (Table 1).
These 56 miRNA-mRNA pairs were found to be

significantly involved in cell differentiation and prolifera-
tion, cell elongation, hormone response and balance, or-
ganogenesis, embryo and endosperm development,
transport of mineral elements (Pi, Fe and Mn), and fatty
acid and flavonoid biosynthesis (Table 1). In addition, 2
calcium binding proteins, 1 receptor-like kinase, 1 CBL-
interacting protein kinase, and 1 SUMO protease were
identified in these 65 target genes, although their homo-
logues in other plants were not reported to participate in
seed development (Table 1). Notably, among these iden-
tified miRNA-mRNA pairs, 5 miRNA-mRNA pairs,
including  fta-miR156¢-5p-FtPinG0000496000.01,  fta-
miR167¢-5p-FtPinG0002560000.01, fta-miR396a-5p-
FtPinG0000680700.01, fta-miR530c-5p-FtPinG000259—
4600.01, and fta_novel miR17-FtPinG0007576600.01,
might be involved in seed size regulation of Tartary
buckwheat because the target mRNAs were homologous
to the known genes related to rice seed size (Table 1).
Furthermore, fta-miR858a-5p exhibited conspicuous nega-
tive correlation with several MYB TFs which are the well-
known regulators of plant flavonoid biosynthesis (Table 1).

gRT-PCR and 5-RLM-RACE validation of the key miRNA-
mRNA pairs related to Tartary buckwheat seed
development

To further confirm these identified key miRNA-
mRNA pairs related to Tartary buckwheat seed
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Fig. 6 miRNA-mRNA interaction pairs showed significant negative correlation (R = 0.5, P < 0.05) of expression during Tartary buckwheat seed
development. Left: Heat map of DEMs. Right: Heat map of the differentially expressed target mRNAs of DEMs. The different colors represent the
expression abundance of the miRNAs and their corresponding target mRNAs
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development, qRT-PCR and 5-RLM-RACE were per-

formed to analyze fta-miR156¢-5p-
FtPinG0000496000.01, fta-miR164a-5p-
FtPinG0000240100.01, fta-miR166¢-3p-FtPinG000

8845600.01, fta-miR167c-5p-FtPinG0002560000.01,
fta-miR396a-5p-FtPinGO000680700.01, and fta_novel_
miR118-FtPinG0003617400.01  pairs, which were

involved in seed size, cell differentiation and prolifera-
tion, and auxin response, respectively. qRT-PCR re-
sults indicated that the expression of these miRNAs
was obviously negatively correlated with their corre-
sponding target genes expression (Fig. 7). 5'-RLM-
RACE results showed that these miRNAs could cleave
their corresponding target genes (Fig. 8).
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Fig. 7 Quantitative real-time PCR validation of six identified key miRNA-mRNA interaction pairs for Tartary buckwheat seed development. Green
and blue bars represented the miRNAs and their corresponding target mRNAs, respectively. The error bar represents the error values of three
biological replicates

Discussion

MiRNAs, a class negative regulators of gene expression,
play key roles in numerous plant developmental pro-
cesses including seed development [10, 51]. However, it
whether and how to regulate the development of Tartary
buckwheat seed remains unexplored. Here, to better
understand the miRNAs-mediated molecular mecha-
nisms of Tartary buckwheat seed development, we sys-
tematically identified the miRNA biosynthesis genes in
the Tartary buckwheat genome and miRNA during Tar-
tary buckwheat seed development. More importantly, we
performed integrated analysis of miRNA and target
mRNA expression profiles during Tartary buckwheat
seed development, and identified the key miRNA-mRNA
pairs for Tartary buckwheat seed development.

miRNA biosynthesis orthologs within the Tartary
buckwheat genome

Numerous studies have shown that several different
genes, including RDR, DCL, HYL, SE, HEN, HST, and
AGO, play crucial roles in plant miRNA biosynthesis [5].
In this study, we identified 8 RDR, 4 DCL, 1 HYL, 2 SE,
1 HEN, 2 HST, and 8 AGO genes in the Tartary buck-
wheat genome. The phylogenetic analyses showed that 8
RDR, 4 DCL, and 8 AGO could be divided into 4, 4, and
3 subfamilies, respectively. The results were consistent
with the previous studies in other plants [6, 49, 50, 52,
53], and indicated that the evolution of these gene fam-
ilies was conserved in these plants. Expression analysis
revealed that 1 AGO-like FtAGOI had the highest ex-
pression in seeds in these identified genes, 1 AGO-like
FtAGO4 exhibited specific high expression in seeds, and
2 AGO-like FtAGO2 and FtAGO3 exhibited significant
differential expression during seed development. Not-
ably, OsAGO17, which belongs to the same subfamily as
these four FtAGO genes, had been functionally demon-
strated to positively regulate the grain size and grain

weight in rice [54, 55]. This suggested that these four
FtAGO genes might also play a similar role with
OsAGO17 in Tartary buckwheat seed development. In
addition, we also found that FtHYL1, FtHST2, and
FtAGOS8 displayed especially high expression in seeds,
and FtDCLI, FtDCL3, FtDCL4, and FtRDR4 were obvi-
ously differential expression during seed development.
These indicated that these miRNA biosynthesis genes
might also have important regulatory roles in Tartary
buckwheat seed development.

Characteristics of sSRNAs during Tartary buckwheat seed
development

By sequencing six sRNA libraries from three differently
developmental stages seeds, we obtained abundant
sRNAs with a length of 18-30 nt. Among them, the 24
nt sRNAs were the most abundant in developmental
Tartary buckwheat seed, which was similar to previous
observations in the developmental seed of many plants
[6, 56]. Furthermore, the 24 nt sSRNAs exhibited differen-
tial accumulation during Tartary buckwheat seed devel-
opment. These suggested that the 24 nt sRNAs might
play crucial roles in Tartary buckwheat and other plant
seed development. It has been reported that many of the
24-nt sSRNAs were heterochromatic siRNAs (hetsiRNAs),
which mediate transcriptional gene silencing through
DNA methylation (RADM) [56]. Generally, the 24-nt
sRNAs need from cytoplasm imported into the nucleus
before they were methylated, and the process was medi-
ated by AGO4 [57]. Notably, our study observed that
FtAGO8, which was the AGO4 ortholog, exhibited spe-
cial high expression in the development Tartary buck-
wheat seed. These observations implied that FtAGO8
might has a role similar to AGO4 in 24-nt sRNAs
methylation, and these 24-nt sSRNAs might mediate tran-
scriptional gene silencing through the RdADM pathway
during Tartary buckwheat seed development.
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Fig. 8 5' RLM-RACE verification of six identified key miRNA-mRNA interaction pairs for Tartary buckwheat seed development. The numbers above

Known and novel miRNAs and their target genes in the
developmental Tartary buckwheat seed

In the Tartary buckwheat genome, 278 miRNAs have
been predicted through a genome-wide bioinformatics
analysis [58]. In our study, a total of 230 miRNAs, in-
cluding 101 known and 129 novel miRNAs, were identi-
fied during Tartary buckwheat seed development.
Among the miRNAs, more than two-thirds were
expressed at high and moderate levels. These indicated
that most miRNAs in the Tartary buckwheat genome
were involved in the seed development, and further sug-
gested that Tartary buckwheat seed development was an
extremely complex biological process. Notably, the fta-
miR159 exhibited the highest expression in the develop-
mental Tartary buckwheat seed. In strawberry, Fa-
miR159b and Fa-miR159b were more highly expressed
in developing fruit and played a key regulatory role in

fruit development [4, 59]. In rice, osa-miR159 was also
more highly expressed in developing seed and positively
regulated grain length and width [4, 20, 33, 35]. There-
fore, our results suggested that fta-miR159 might also
possess a crucial regulation role in the Tartary buck-
wheat seed development.

Using TargetFinder software, we identified 3268 po-
tential target genes from 213 miRNAs. Among these tar-
get genes, the largest number were encoded TFs.
Notably, among these miRNAs with target gene encoded
TFs, some miRNAs such as miR156, miR160, miR396,
and miR858 targeted the SBP, ARF, GRF, and MYB TFs,
respectively. Interestingly, these miRNAs have been ex-
perimentally verified to target these corresponding TFs
in other plants [32, 36, 37, 60]. This suggested that these
miRNA targets were highly conserved in different plants
and further confirmed the high reliability of target
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identification in our study. Based on a homologous
search of the predicted target genes, 61 miRNAs have
target genes were homologous genes of 47 known seed
or organ size genes [61]. Notably, among these miRNAs,
most were first identified targeting the known seed or
organ size genes, except for miR156 and miR396 target-
ing the known seed size SPL and GRF TFs, respectively
[22, 32, 36]. These showed that these miRNAs might
play an important regulatory role in Tartary buckwheat
seed size and most of these known seed or organ size
regulatory genes might exist a post-transcription regula-
tory mechanism in regulating seed size. In plants, miR-
NAs have been reported to regulate flavonoid
biosynthesis through target regulating the structural or
regulatory genes of flavonoid biosynthesis [62]. In our
study, 3 miRNAs (fta_novel_miR26, fta_novel miR74,
and fta-miR394a-5p) were identified to target the flavon-
oid biosynthesis structural genes PAL, 4CL, and FLS, re-
spectively. Furthermore, 5 miRNAs (fta_novel_miR1,
fta_novel_miR58, fta-miR858a-5p, fta-miR858a-5p, and
fta-miR858b-3p) were found to target the orthologs of
known flavonoid biosynthesis regulatory genes in Arabi-
dopsis thaliana [63—66]. These implied that these miR-
NAs could regulate flavonoid biosynthesis in Tartary
buckwheat by regulating the expression of the structural
or regulatory genes of flavonoid biosynthesis.

DEMs during Tartary buckwheat seed development

In many plants, a larger number of DEMs have been
identified in the developing seed [4, 6, 18-30]. In this
study, we identified 76 DEMs during Tartary buckwheat
seed development. Expression profiles analysis revealed
that these DEMs possessed stage-specific highly
expressed patterns during Tartary buckwheat seed devel-
opment, suggesting that these DEMs might perform
their regulatory roles in a specific stage during Tartary
buckwheat seed development and miRNAs with the
same expression pattern might have a similar regulatory
role in the developing Tartary buckwheat seed. Notably,
some DEMs such as miR156, miR160, miR166, miR167,
miR168, miR395, miR396, miR397, miR398, miR399,
and miR408 were also found to be differentially
expressed during seed development in many seed plants
[4, 18, 19, 21-30]. In rice, miR156, miR160, miR167,
miR396, miR397, miR389, and miR408 have been func-
tionally verified to regulate the rice seed development
[31-38, 40]. These suggested that these known miRNAs
were the key and conserved miRNAs in different plant
seed development regulation and could also be used as
candidate miRNAs for Tartary buckwheat seed develop-
ment. In addition, 37 novel miRNAs and several con-
served miRNAs, including miR530, miR828, and
miR858, were found to be specifically differential expres-
sion in developing Tartary buckwheat seed when
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compared with other seed plants. This indicated that
these miRNAs might have a specific regulatory function
in Tartary buckwheat seed development. Furthermore,
all these information indicated that conserved and di-
verse miRNA-mediated regulatory mechanisms in seed
development might exist in different seed plants.

Integration analysis of miRNA and target mRNA
Integrated miRNA and its target mRNA expression ana-
lysis could be helpful in understanding the function of
miRNAs and identifying the functional miRNA-mRNA
pairs related to seed development [67]. To our know-
ledge, there was no integration analysis of miRNA and
target mRNA performed in previous studies of plant
seed development. In this study, we identified 65 signifi-
cantly negatively correlated miRNA-mRNA pairs (R >
0.5, P < 0.05), which consisted of 25 miRNAs and 65 cor-
responding target genes. Based on homologous queries
of these miRNAs corresponding target genes, 56
miRNA-mRNA pairs obtained functional annotations.
These miRNA-mRNA pairs are involved in different as-
pects, most significantly cell differentiation and prolifer-
ation, cell elongation, hormones response and balance,
organogenesis, embryo and endosperm development,
mineral elements transport and accumulation, and fla-
vonoid biosynthesis. These suggested that these identi-
fied miRNA-mRNA pairs were the key miRNA-mRNA
pairs related to Tartary buckwheat seed development.

In rice, OsSPLI16 [68, 69], OsNAC024 [70], OsSUS [71],
OsGIFI [38, 72], and OsAGOI17 [54] genes have been
functionally demonstrated to regulate the seed size. In
this study, we found the target mRNAs from 5 miRNA-
mRNA pairs (fta-miR156c¢-5p-FtPinG0000496000.01, fta-
miR167¢-5p-FtPinG0002560000.01, fta-miR396a-5p-FtPi
nG0000680700.01,  fta-miR530c-5p-FtPinG000259460
0.01 and fta_novel miR17-FtPinG0007576600.01) were
homologous with these 5 rice seed size genes, respect-
ively, which indicated that these genes might have a con-
served regulatory role in the seed size of Tartary
buckwheat seed and the corresponding miRNAs were
the key miRNAs for controlling Tartary buckwheat seed
size. Notably, to date, these seed size genes had not been
identified as the target genes of any miRNAs in previous
studies. Therefore, our results provided the first-hand
information on the post-transcription regulation of these
seed size genes. It is well known that the Ca®* signal
transduction pathways play important roles in many de-
velopmental processes including seed development in
plants [73, 74]. In this study, we found that three of the
56 identified miRNA-mRNA pairs were involved in Ca**
signal transduction because the target mRNAs were
homologous to the calcium binding protein and CBL-
interacting protein kinases, respectively. This suggested
that these miRNAs could regulate Tartary buckwheat seed
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development though Ca®* signal transduction pathways.
In a previous study, we found that the total seed flavonoid
content was dynamically accumulated during Tartary
buckwheat seed development, and identified one SG7
subgroup R2R3-MYB TF gene (FtPinG0009153900.01)
was the key regulatory gene of flavonoid biosynthesis in
the developing Tartary buckwheat seed [46]. Interestingly,
in this study, we found fta-miR858a-5p-
FtPinG0009153900.01 pair displayed significantly expres-
sion negative correlation. In addition, fta-miR858a-5p also
exhibited conspicuous negative correlation with the ortho-
logs of Arabidopsis thaliana MYB123, which was the well-
known regulator of proanthocyanidin accumulation in
developing seed [64]. These indicated that the flavonoid
biosynthesis of Tartary buckwheat seed is involved in
miRNA-mediated post-transcription regulation and fta-
miR858a-5p is the key regulator.

To further verify the reliability of these identified
miRNA-mRNA pairs related to Tartary buckwheat seed
development, we carried out qRT-PCR and 5'-RLM-
RACE analyses for among 6 miRNA-mRNA pairs that
are involved in seed size, cell differentiation and prolifer-
ation, and auxin response. These results showed that the
expression of these miRNAs and their corresponding
target genes were obviously negatively related and could
cleave their corresponding target genes. The above re-
sults indicated that these identified miRNA-mRNA pairs
could be considered as the candidate miRNA-mRNA
pairs for regulating the development of Tartary buck-
wheat seed, and also suggested that combining small
RNA and transcriptome analysis is an effective method
for identifying key miRNAs that are involved in plant
seed development.

Conclusion

The present work is the first attempt to integrate
miRNA and mRNA expression data to identify key regu-
latory miRNA-mRNA pairs in developing Tartary buck-
wheat seed. A total of 230 miRNAs, including 101
known and 129 novel miRNAs, were first identified in
Tartary buckwheat. Among these miRNAs, 76 showed
significant differential expression during Tartary buck-
wheat seed development, and 1543 of their target genes
were identified. Additionally, 25 miRNAs corresponding
to 56 target genes were identified as key candidate
miRNA-mRNA pairs for Tartary buckwheat seed devel-
opment. The integrated analyses of miRNAs and target
mRNAs in this study not only provide the first new in-
sights into miRNA-mediated regulation in Tartary buck-
wheat seed development, but also provide a basis for
further research into the functions of these candidate
miRNAs and their targets in Tartary buckwheat seed de-
velopment and for Tartary buckwheat seed
improvement.
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Methods

Plant materials and sample preparation

Tartary buckwheat cultivar Jingiao No. 2, which was ob-
tained from the Research Center of Buckwheat Industry
Technology of Guizhou Normal University (Guiyang,
Guizhou, China), was used in this study. The seed sam-
ples used for SRNA sequencing were same as our previ-
ous transcriptome analysis [46]. In brief, seeds were
collected at 12 (SI: initial filling stage), 15 (S2: peak fill-
ing stage), and 21 (S3: initial maturity stage) days after
pollination (DAP) [46].

Identification, phylogeny, and expression profiles analysis
of the miRNA biosynthesis genes in the Tartary
buckwheat genome

The Tartary buckwheat genome information was down-
loaded from http://www.mbkbase.org/Pinkul [58]. All
protein sequences from annotated genes were used to
build a local protein blast database in BioEdit software
(Version 7.0.9.0). The protein sequences of RDRI-6,
DCL1-4, AGO1-10, HEN1, HYLI, SE, and HST genes
from Arabidopsis thaliana were used as queries to carry
out local blastp with e-values <e™° to identify orthologs
in the Tartary buckwheat genome. The conserved do-
main of all obtained non-redundant sequences were fur-
ther examined in the Pfam (http://pfam.sanger.ac.uk)
[75], and the final orthologs were ensured. The RDR,
DCL, and AGO protein sequences from Tartary buck-
wheat, Arabidopsis thaliana, rice, and maize were used
to construct the phylogenetic trees using the Maximum
Likelihood method in MEGA 7.0.21 software. Expression
analysis of these identified miRNA biosynthesis genes in
Tartary buckwheat was performed using RNA-seq data
from 4 organs (root, stem, leaf, and flower) [58] and
three developmental-stage seeds [46]. The expression
heatmaps of these genes were generated by using
TBtools software [76].

RNA extraction, sRNA library construction, and
sequencing

Total RNA was extracted from three samples as previ-
ously described [46] and used for sSRNA and qRT-PCR
assay. RNA quality and concentration were determined
via 1.2% agarose gel electrophoresis and NanoDrop
2000c spectrophotometer (NanoDrop, Wilmington, DE,
USA), respectively.

For construction and sequencing of the sRNA librar-
ies, two replicates were performed for each sample.
Firstly, sSRNAs were isolated from total RNA by poly-
acrylamide gel electrophoresis (PAGE). Next, the iso-
lated sSRNAs were added to a 5° RNA adaptor and a 3’
RNA adaptor by using T4 RNA ligase (TaKaRa, Dalian,
China). Then, sRNAs with added 5" and 3" RNA adap-
tors were reverse transcribed into single-stranded cDNA
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using RT-PCR. Follows, the single-stranded cDNA was
further synthesized into double-stranded cDNA by PCR
amplification using adapter primers. Finally, the PCR
product was purified and subjected to high-throughput
sequencing by using the Illumina SE50 system at Bio-
marker Technologies Co., Ltd. (Beijing, China).

Bioinformatics analysis of sequencing data

Raw reads were processed to generate clean reads by re-
moving the low-quality reads, reads containing poly-N
or poly-A sequences, reads lacking the 3’ adaptor se-
quence, reads with length < 18 nt or > 30 nt, and adapter
sequences. The clean reads were then mapped against
the Tartary buckwheat genome (http://www.mbkbase.
org/Pinkul/) [58]. The Silva database, GtRNAdb data-
base, Rfam database and Repbase database were used to
filter the rRNA, tRNA, snRNA, and snoRNA to produce
the unannotated reads containing miRNA [4]. Unanno-
tated reads were blasted against miRBase to search for
known miRNAs [77]. The potential novel miRNAs were
predicted by using the miRdeep2 program [78]. The
miFam.dat (http://www.miRbase.org/ftp.shtml) was used
to investigate the miRNA family class of these identified
miRNAs. The miRNA expression abundances were cal-
culated and normalized by transcript per million (TPM),
and differential expression analysis was carried out by
the DEGSeq R package with FDR (false discovery rate)
value < 0.05 and |log2(fold change)| > 1 as the threshold
for significant difference. The potential target genes of
miRNA were predicted by using TargetFinder software
[79]. The predicted target genes were subjected to GO
(http://geneontology.org/) [80] and KEGG (www.kegg.jp/
kegg/keggl. html) [81] pathway analysis to predict and
classify possible functions.

Identification of the key miRNA-mRNA pairs for Tartary
buckwheat seed development

Expression profiles of all the DEMs target genes were
analyzed by using transcriptomic data from our previous
report [46]. Then, the significantly different expression
target genes were identified and functional analysis was
performed by GO, KEGG and homologous annotation.
Finally, expression correlation analysis between DEMs
and differently expressed target genes was performed.
The miRNAs and target mRNA pairs with R > 0.5 and P
value < 0.05 were identified, and the key miRNA-mRNA
pairs for Tartary buckwheat seed development were ob-
tained by homologous annotation of target mRNAs.

gRT-PCR validation of DEMs and its differently expressed
target genes

Total RNA was isolated from three different devel-
opmental stages of Tartary buckwheat seeds by using
the EASYspin Plus Plant RNA Kit (Aidlab, Beijing,
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China) and digested by DNase I (TaKaRa, Dalian,
China) to remove the genomic DNA. Then, 2pug
total RNA was reverse transcribed into single-
stranded ¢DNA using the miRcute miRNA First-
Strand ¢cDNA Synthesis Kit (Tiangen, Beijing, China)
following the manufacturer’s instructions. The qRT-
PCR was performed on a CFX96 Real-time System
(BIO-RAD, USA) using the miRcute Plus miRNA
qPCR Kit (SYBR Green) (Tiangen, Beijing, China).
Three independent biological replicates were used,
and the FtU6 was used as the reference gene. The
relative expression level of each miRNA was calcu-
lated by using the 27 method. All primers used
in this experiment are listed in Additional file 1:
Table S12.

For differently expressed target genes, reverse tran-
scription and qRT-PCR reactions were carried out by
using PrimeScript™ RT Master Mix (Perfect Real Time)
(TaKaRa, Beijing, China) and TB Green® Premix Ex
Taq™ (Tli RNaseH Plus) (TaKaRa, Beijing, China), re-
spectively. FtActin was used as the reference gene. All
samples were performed three independent biological
replicates. The relative expression level of each gene was
calculated by using the 272" method. The primers
used in this experiment are listed in Additional file 1:
Table S12.

Validation of the miRNA-directed cleavage of their
predicted targets

The 5'-RLM-RACE method was used to investigate the
miRNA-directed cleavage of their predicted target
mRNA in vitro. Total RNA was ligated to an RNA
adaptor and was reverse transcribed using the First-
Choice® RLM-RACE Kit (Ambion, USA) according to
the manufacturer’s instructions. The 5'-RLM-RACE was
performed as described previously by DeBoer et al. [6].
The primers used in this experiment are listed in Add-
itional file 1: Table S13.
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