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Abstract

Background: Zhengdan 958 (Zheng 58 x Chang 7-2), a commercial hybrid that is produced in a large area in
China, is the result of the successful use of the heterotic pattern of Reid X Tang-SPT. The jointing stage of maize is
the key period from vegetative to reproductive growth, which determines development at later stages and
heterosis to a certain degree. MicroRNAs (miRNAs) play vital roles in the regulation of plant development, but how
they function in the sixth leaf at the six-leaf (V6) stage to influence jointing stage heterosis is still unclear.

Result: Our objective was to study miRNAs in four hybrid combinations developed in accordance with the Reid x
Tang-SPT pattern, Zhengdan 958, Anyu 5 (Ye 478 x Chang 7-2), Ye 478 x Huangzaosi, Zheng 58 x Huangzaosi, and
their parental inbred lines to explore the mechanism related to heterosis. A total of 234 miRNAs were identified in
the sixth leaf at the V6 stage, and 85 miRNAs were differentially expressed between the hybrid combinations and
their parental inbred lines. Most of the differentially expressed miRNAs were non-additively expressed, which
indicates that miRNAs may participate in heterosis at the jointing stage. miR164, miR1432 and miR528 families were
repressed in the four hybrid combinations, and some miRNAs, such as miR156, miR399, and miR395 families,
exhibited different expression trends in different hybrid combinations, which may result in varying effects on the
heterosis regulatory mechanism.

Conclusions: The potential targets of the identified miRNAs are related to photosynthesis, the response to plant
hormones, and nutrient use. Different hybrid combinations employ different mature miRNAs of the same miRNA
family and exhibit different expression trends that may result in enhanced or repressed gene expression to regulate
heterosis. Taken together, our results reveal a miRNA-mediated network that plays a key role in jointing stage
heterosis via posttranscriptional regulation.
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Background

Heterosis is a phenomenon in which the vigour of a hy-
brid is superior to that of both of its homozygous parental
lines; heterosis can be used to describe hybrid perform-
ance [1] and has played an important role in high-
producing and high-quality agricultural products during
the past century [2]. While its influence is indispensable in
both plant and animal breeding, however, the molecular
basis of heterosis is still unclear. Two major hypotheses
concerning allelic heterozygosity were put forward to in-
terpret the hereditary basis of heterosis: dominance [3, 4]
and overdominance [5]. With the rapid development of
genomic tools, nonallelic gene interactions have been in-
tensively explored and are also considered a reason for
heterosis; therefore, epistasis [6] and gene expression
regulatory network hypotheses have been proposed. In re-
cent years, different global expression trends [7, 8], spe-
cific protein functions, differential accumulation as well as
posttranscriptional modification [9-11] have been identi-
fied as being related to heterosis of different organs and at
different development stages at the molecular level.

Maize production represents the successful commer-
cialized use of heterosis. Meanwhile, classification of het-
erotic groups improves the heterosis utilization
efficiency; for example, Reid x Tang-SPT is a major het-
erotic pattern in China. Furthermore, a leading hybrid
developed with the Reid x Tang-SPT pattern, Zhengdan
958, which has been widely planted across China during
the last 20 years, has reached an estimated planting area
of more than 43 million hectares to date. In addition,
maize is also an appropriate model crop species for ex-
ploring the genetic mechanism of heterosis because this
species includes many phenotypic, allelic [12], transcrip-
tional [13, 14] and translational variations [15] and be-
cause its genomic information has been obtained [12,
16, 17]. The jointing stage of maize is a critical stage
during which maize transitions from the vegetative stage
to the reproductive stage and may affect development at
later stages; thus, jointing stage heterosis can reflect
grain yield heterosis to some extent. Plant leaves are
sites where crucial biological functions occur, for in-
stance, photosynthesis, respiration, transpiration and
guttation [18]; in addition, compared with small leaves,
larger leaves will give rise to increased photosynthesis
yield, water- and nutrient-use efficiency, and biomass
productivity [19]. Transcriptional and physiological
metabolic processes were found to differ between super-
hybrid rice and its parents, and the differentially
expressed genes were significantly enriched in photosyn-
thesis and carbon fixation [20, 21]. Comparing
B73 x Mol7 with parental inbred lines, the gene with
consistent high-parental or above high-parental pattern
in at least two tissues was significantly enriched in
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photosynthesis [22]. All of these studies indicate that
photosynthesis plays a key role in heterosis.

miRNAs are approximately 21-nt-long noncoding RNAs
that negatively regulate gene expression at the post-
transcriptional level [23]. Compared with the translational
inhibitory component, miRNA-mediated cleavage of tar-
get messenger RNA (mRNA) seems to be the primary
mechanism of posttranscriptional regulation [24]. Because
of the advent of high-throughput sequencing technology,
many miRNAs have been found in diverse plant species
on a genome-wide scale, showing tissue-specific and/or
development-dependent expression patterns [25-27]. In
maize, multiple developmental processes are controlled by
miRNA-mediated gene regulation; for instance, miR166
has been reported to regulate leaf polarity [28], overex-
pression of miR156 results in decreased expression levels
of miR172 in the control of juvenile development [29],
and miR172 regulates sex determination by targeting
APETALA2 floral homeotic transcription factors (TFs)
[30]. In addition, many studies have focused on the rela-
tionship between miRNAs and heterosis. Research has
shown that the expression of some miRNAs in hybrid rice
was compared with that in its parents and significant dif-
ferences were identified [31]. In tomato, miRNA transcrip-
tomes of seedlings of cultivated and wild species and their
hybrids have been obtained [32]. A study in maize showed
that in hybrid, miR167 is expressed at higher levels in 10-
day-post-pollination kernels than in its parents, which
suggested that miRNAs may participate in the regulation
of heterosis [33]. Furthermore, most conserved miRNAs
were more abundant in the parental inbred lines than in
the hybrids, which implied that miRNAs in hybrids are
generally repressed and may be responsible for heterosis
of germinating maize embryos [34]. A study of multiple
tissues or development stage from eight inbred parents
and 12 hybrid genotypes revealed variation and inherit-
ance pattern in sSRNAs [35]. Together, all studies indicate
that miRNAs play a key role in heterosis; nevertheless,
how miRNAs and potential target genes function in joint-
ing stage heterosis of maize is still unclear. In our study,
we sought to elucidate the role of miRNAs and their inter-
action with their target genes in jointing stage heterosis of
maize hybrids using next-generation sequencing technol-
ogy by performing a miRNA transcriptomic analysis of
the sixth leaf of four hybrid combinations and parental in-
bred lines at the V6 stage.

Results

Photosynthesis index of the sixth leaf at the V6 stage and
grain yield of hybrid combinations and inbred lines

The four hybrid combinations were developed in accord-
ance with the same heterotic pattern used in China. To
assess the photosynthesis of these hybrid combinations
and their parental lines, we measured the leaf area
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(Fig. 1a) and net photosynthesis rate (Fig. 1b) of the
sixth leaf at the V6 stage when the sixth leaf had just
fully expanded in the field. Furthermore, the grain field
(Fig. 1c) was measured after harvest. The results showed
that all hybrid combinations performed better than their
parental inbred lines did, and each material presented
distinctly different photosynthesis rates. We were inter-
ested in the potential miRNA regulatory network under-
lying jointing stage heterosis at the molecular level, so
the miRNAs of the four hybrid combinations developed
with the Reid x Tang-SPT pattern and their parental in-
bred lines were sequenced in the present study.

miRNAs detected in the maize hybrid combinations and
inbred lines

sRNA pools of the sixth leaf at the V6 stage of the four
hybrid combinations and inbred lines were sequenced
via Illumina sequencing. After the low-quality reads were
removed from the raw data, the clean data were further
analysed. Analysis of the sRNA length distributions
(Fig. 2) in the eight maize samples indicated peak sizes
of 21 nt and 24 nt, and the sRNAs in the different cat-
egories were annotated (Table 1).

With the exception of the sRNAs with unannotated se-
quences, sSRNAs were annotated mainly as “rRNA” and
“exon sense”. In total, there were 182 identified known miR-
NAs in miRBase (Fig. 3; Additional file 1: Table S1), and 52
novel miRNAs were identified (Additional file 2: Table S2).
The number of reads for each miRNA was calculated and
normalized to the number of transcripts per million (TPM).
The expression pattern in the hybrid combinations was not-
ably different from that in their parental lines.

Expression pattern classification of the differentially
expressed miRNAs in the sixth leaf at the V6 stage
between the hybrid combinations and inbred lines

To classify the miRNAs into different categories, the
miRNAs whose expression significantly differed between
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the hybrid combinations and parental lines were first
identified according to the thresholds of P<0.01 and
log,(fold change) >1 or < -1. Twenty-six and 25 (9 in
common) miRNAs were significantly differentially
expressed between Zhengdan 958 and Zheng 58 as well
as Zhengdan 958 and Chang 7-2, respectively (Fig. 4a;
Additional file 3: Table S3—1). When Anyu 5 to Ye 478
and Chang 7-2 were compared, 33 and 21 (4 in com-
mon) miRNAs, respectively, were significantly differen-
tially expressed (Fig. 4b; Additional file 4: Table S4-1),
and 21 and 29 (11 in common) miRNAs were signifi-
cantly differentially expressed between Ye 478 x Huang-
zaosi and Ye 478 and Huangzaosi, respectively (Fig. 4c;
Additional file 5: TableS5-1). Similarly, 25 and 31 (9 in
common) miRNAs were significantly differentially
expressed between Zheng 58 x Huangzaosi and Huang-
zaosi and Zheng 58, respectively (Fig. 4d; Additional file 6:
Table S6-1).

A union of differentially expressed miRNAs in hybrid com-
bination versus maternal inbred line and in hybrid combin-
ation versus paternal inbred line was further analysed. These
42, 50, 39 and 47 differentially expressed miRNAs in Zheng-
dan 958, Anyu 5, Ye 478 x Huangzaosi and Zheng 58 x
Huangzaosi were classified into five distinct expression pat-
terns according to the standard of classification mentioned in
the methods; accordingly, these miRNAs are hereafter re-
ferred to as scaled miRNAs. The expression patterns could
be explained by the additive, dominance, and overdominance
hypotheses; most of the scaled miRNAs were non-additively
(dominantly and over-dominantly) expressed. In total, 17, 23,
18, and 21 scaled miRNAs were induced (D/A > 0), while 25,
27, 21, and 26 were repressed (D/A <0) in Zhengdan 958,
Anyu 5, Ye 478 x Huangzaosi, and Zheng 58 x Huangzaosi,
respectively, according to their D/A value. In general, miR-
NAs with low parental expression (-) constituted the most
abundant miRNA group in Zhengdan 958, Anyu 5 and
Zheng 58 x Huangzaosi; conversely, those with additive ex-
pression (+-) in Ye 478 x Huangzaosi constituted the most

T
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Fig. 1 Characteristics of the leaf area, net photosynthesis rate of the sixth leaf at the V6 stage and grain yield of hybrid combinations and inbred
lines. The lowercase letters indicate significant differences at P < 0.05 (least significant difference)
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Fig. 2 Length distribution of sRNAs in the sixth leaf at the V6 stage of the four hybrid combinations and inbred lines

abundant miRNA group (Fig. 4€). According to the statistical
data, 60, 54, 54, and 55% of the differentially expressed miR-
NAs were repressed in Zhengdan 958, Anyu 5, Ye 478 x
Huangzaosi, and Zheng 58 x Huangzaosi, respectively.
Within the biological process category, the major GO terms
for the target genes of these scaled miRNAs in Zhengdan
958 (Fig. 5a), Anyu 5 (Fig. 5b), Ye 478 x Huangzaosi (Fig. 5¢),
and Zheng 58 x Huangzaosi (Fig. 5d) were enriched in

response to hormones, which indicates that these biological
processes may contribute to heterosis.

Characteristics of the scaled miRNAs in the sixth leaf at
the V6 stage among the four hybrid combinations

There were 13 scaled miRNAs co-detected in the four hy-
brid combinations (Fig. 4f; Table 2), and some of these

photosynthesis, energy metabolism, chloroplast activity, and ~ scaled miRNAs, including miR160b-3p, miR162-3p,
Table 1 The classification and annotation of small RNAs in inbred lines and hybrid combinations
Type Ye 478 Zheng 58 Chang 7-2 Huangzaosi  Zhengdan Anyu 5 Zheng 58 x Ye 478 x
958 Huangzaosi Huangzaosi

No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)
exon antisense 36,845 09 32679 101 29745 088 32504 1.08 32529 1 29376 094 31911 102 35795 1.1
exon sense 351,662 863 310,750 96 267915 791 252,898 841 281694 869 363,730 1162 318596 1022 246,757 76
intron 65219 16 58022 179 53706 159 50573 168 54489 168 49937 159 53732 172 58784 181
antisense
intron sense 116,696 286 111,391 344 89864 265 97,169 323 107592 332 103050 329 107009 343 1029% 3.17
miRNA 1391 003 1720 005 1347 0.04 1476 005 1530 005 1529 005 1646 005 1684 0.05
rRNA 362479 889 279587 864 341,718 1009 299,149 995 340457 105 286987 9.17 303380 973 302534 932
repeat 13,748 034 11972 037 11471 034 10243 034 11,117 034 9977 032 10564 034 11587 036
SNRNA 11,233 028 10058 031 11230 033 11567 038 11,788 036 12166 039 11238 036 11,754 036
sNORNA 7598 0.19 7956 025 6524 0.19 7109 024 6330 02 6972 022 6376 02 6635 0.2
tRNA 122,738 301 68283 211 103502 306 90,753 302 86469 267 79262 253 72217 232 82897 255
unannotated 2,987, 7327 2343, 7242 2470, 7293 2,154, 7163 2307, 7119 2,188, 69.88 2,201, 706 2384, 7346
sequences 131 364 517 506 998 282 162 698




Hou et al. BVIC Plant Biology (2020) 20:541

Page 5 of 15

8% A

N
S Q
@ S}
3 >
« «Q
S ~
S 1
N

1soezbueny

Fig. 3 Expression of the total identified known miRNAs in the four hybrid combinations and the four inbred lines
A

866 uepbuayz

G nAuy

1soezbuenH x 8/{ SA
1soezbuenH x gG buayz

miR162-5p, miR169c-3p and miR171g-5p, exhibited the
same expression pattern in the four hybrid combinations.
Six, 10, 4, and 11 scaled miRNAs were uniquely
present in Zhengdan 958, Anyu 5, Ye 478 x Huangzaosi,
and Zheng 58 x Huangzaosi (Fig. 4f). Some miRNAs ex-
hibited interesting expression trends. Many miR156
members were differentially expressed in the hybrids,
and different miR156 members were expressed in differ-
ent hybrids. In Zhengdan 958, Anyu 5 and Zheng 58 x
Huangzaosi, these members were mainly low parental or
extremely low parental expressed, while most of the
miR156 members ¢ Ye 478 x Huangzaosi, with the ex-
ception of miR156j-3p, which had extremely low paren-
tal expression (Table 3). The miR395 members also
displayed different expression biases in the different hy-
brid combinations. The scaled miR395b-3p was pre-
sented only in Zhengdan 958, Anyu 5 and Ye 478 x
Huangzaosi; scaled miR395b-3p exhibited a “-” expres-
sion pattern in the first two hybrid combinations but
showed a “+” expression pattern in the last combination
(Table 4). miR395e-5p was uniquely present in Zheng-
dan 958 and exhibited a “+-” expression pattern, zma-

miR3950-5p exhibited a “+-" expression trend in Zheng
58 x Huangzaosi and Ye 478 x Huangzaosi, and zma-
miR395a-5p exhibited different expression patterns in all
four hybrid combinations.

miR408a uniquely showed a “+” expression pattern in
Zhengdan 958, while miR408b-5p uniquely exhibited a
“--7 expression pattern in Zhengdan 958 and Anyu 5.
miRNA528a-5p was repressed in Anyu 5 and Ye 478 x
Huangzaosi, while miR528a-3p exhibited a “-” expression
pattern in Zhengdan 958 and Zheng 58 x Huangzaosi
(Table 5). Members of the miR399 family were mainly
induced in the four hybrid combinations (Table 6).
Thus, based on these findings, the different expression
bias of members from the same miRNA family may also
be responsible for heterosis.

Validation of selected miRNAs and their target genes
identified via degradome analysis

Validating target genes is very important for understand-
ing the biological function of miRNAs. In our research,
we constructed a degradome library of the sixth leaf at
the V6 stage. Target genes identified matched with
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Fig. 4 Characteristics of differentially expressed miRNAs between hybrid combinations and their parental lines and classification of the differentially
expressed miRNAs. a-d Venn diagram of differentially expressed miRNAs between the four hybrid combinations and parental lines. e Expression
pattern classification of the differentially expressed miRNAs in the four hybrid combinations. “++", extremely high parental expression; “+", high
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Table 2 Expression pattern of the commonly expressed scaled miRNAs of the four hybrid combinations

miRNA ID Zhengdan 958 Anyu 5 Zheng 58 x Huangzaosi Ye 478 x Huangzaosi
D/A classification D/A classification D/A classification D/A classification

zma-miR160b-3p 8.36 ++ 2.69 ++ 3.26 ++ 262 ++
zma-miR166b-5p 538 ++ -06 - 12.99 ++ 0.34 +—
zma-miR171g-5p 18.79 ++ 58.05 ++ 10.14 ++ 27.09 ++
zma-miR169¢-3p 1.67 + 1.9 + 0.9 + 144 +
zma-miR399d-5p 1.08 + 835 ++ 041 +-— 2.87 ++
zma-miR162-3p -0.11 +-— -0.22 +-— -0.2 +-— 041 +-—
zma-miR164e-5p -0.39 +-— -065 - -04 +-— -0.38 +-—
zma-miR169f-3p 0.1 +— 0.74 + 033 +-— 0.36 +—
zma-miR397b-3p -047 +- -021 +- -08 - 0.51 +
zma-miR167j-3p -1.06 - -0.36 +-— -034 +-— 143 +
zma-miR162-5p -0.82 - -0.74 - -0.82 - -0.53 -
zma-miR395a-5p -0.57 - -2.14 - 233 ++ -0.19 +—
zma-miR1432-5p —5.36 - -0.92 - -3.71 - -1.14 -

Note: The D/A was calculated according to the formula (F1-MP)/(HP-MP) by expression abundance; “++”, extremely high parental expression (D/A greater than 2);
“+", high parental expression (D/A greater than 0.5 and below 2); “+-", additive expression (D/A greater than — 0.5 and below 0.5); “-”, low parental expression (D/

u__nm

A greater than — 2 and below — 0.5);

scaled miRNAs in Zhengdan 958 (Additional file 3:
Table S3-2), Anyu 5 (Additional file 4: Table S4-2), Ye
478 x Huangzaosi (Additional file 5: Table S5-2), and
Zheng 58 x Huangzaosi (Additional file 6: Table S6-2).
As may be expected, most transcripts targeted by con-
served miRNAs were relative to conserved target genes.
For instance, miR156a-5p targeted SPL11, miR164e-5p
targeted NAC79, miR395b-3p targeted sulfate trans-
porter 2.2, and miR528a-5p targeted cupredoxin super-
family proteins (Fig. 6). The expression profiles of these
conserved miRNAs and target genes identified by the
degradome were determined for the four hybrid combi-
nations and their parental lines. We performed reverse
transcription reactions for the total RNA, followed by
quantitative real-time polymerase chain reaction (qRT-
PCR). The internal control ZmActin was employed for

, extremely low parental expression (D/A below — 2)

gRT-PCR, and the 2" method was applied for
expression-level calculation. The expression profiles of
selected miRNAs were largely consistent with those
from the sequencing data. Compared with the corre-
sponding miRNAs, the target genes showed an opposite
expression trend (Fig. 7; Additional file 7, 8, 9: Fig. S1,
S2, S3).

Discussion

Relationships between heterosis, photosynthesis, and
miRNAs

Heterosis, the superior performance of Fls relative to
their parents, is prevalent for many traits and crosses of
maize [36]. Maize displays dramatic heterosis for numer-
ous traits, such as biomass, height, root growth, photo-
synthesis, starch metabolism, grain yield and biotic/

Table 3 Expression pattern of miR156 family members in four hybrid combinations

miRNA ID Zhengdan 958 Anyu 5 Zheng 58 x Huangzaosi Ye 478 x Huangzaosi
D/A classification D/A classification D/A classification D/A classification

zma-miR156e-3p \ \ \ \ -562 - \ \
zma-miR156 h-3p -0386 - \ \ \ \ \ \
zma-miR156k-5p -0.99 - \ \ \ \ \ \
zma-miR156d-3p —6.63 - \ \ -1.56 - \ \
zma-miR156l-3p \ \ \ \ -0.75 - -035 +-
zma-miR156j-3p \ \ -3.19 - -1.61 - =511 -
zma-miR156a-5p -1.12 - \ \ \ \ 0.26 +—

Note: The D/A was calculated according to the formula (F1-MP)/(HP-MP) by expression abundance; “++”, extremely high parental expression (D/A greater than 2);
“+", high parental expression (D/A greater than 0.5 and below 2); “+-", additive expression (D/A greater than —0.5 and below 0.5); “-", low parental expression (D/A

greater than — 2 and below — 0.5); “--", extremely low parental expression
(D/A below —2)
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Table 4 Expression pattern of miR395 family members in four hybrid combinations

miRNA ID Zhengdan 958 Anyu 5 Zheng 58 x Huangzaosi Ye 478 x Huangzaosi
D/A classification D/A classification D/A classification D/A classification
zma-miR395e-5p -03 +— \ \ \ \ \ \
zma-miR395a-5p -0.57 - —-2.14 - 2.33 ++ -0.19 +-—
zma-miR3950-5p \ \ \ \ 0.18 +- —-0.06 +-
zma-miR395b-3p -1.02 - 141 - \ \ 0.69 +

Note: The D/A was calculated according to the formula (F1-MP)/(HP-MP) by expression abundance; “++”, extremely high parental expression (D/A greater than 2);
“+", high parental expression (D/A greater than 0.5 and below 2); “+-", additive expression (D/A greater than —0.5 and below 0.5); “-", low parental expression (D/A
greater than — 2 and below — 0.5); “-", extremely low parental expression (D/A below — 2)

abiotic stress resistance; hence, maize has served as a
model plant for the study of heterosis. Zhengdan 958, a
commercial hybrid that has a large planting area in China,
represents the successful use of the Reid x Tang-SPT het-
erotic pattern. Recently, molecular and physiological proof
has suggested that photosynthesis is associated with heter-
osis [37-39]. In Arabidopsis, whether in hybrid combina-
tions or in their parents, if the rate of photosynthesis was
constant per unit leaf, the hybrids presented an increase in
total photosynthesis capability because of increased num-
bers of chloroplasts per cell, cell size and leaf area [19]. In
maize, there are many studies regarding how miRNAs
function in heterosis, such as studies pertaining to seed
germination, internode expansion, and endosperm devel-
opment [33, 40, 41]. We are interested in the potential
mechanism by which miRNAs function in Zhengdan 958,
Anyu 5 and the other two hybrid combinations of the Reid
x Tang-SPT heterotic pattern to regulate jointing stage
heterosis. Understanding this mechanism can help us bet-
ter understand heterosis.

Speculative miRNA-mRNA regulatory mechanism involved
in jointing stage heterosis

In the present study, 182 known miRNAs were identified
from the eight materials at the V6 stage, and the miR-
NAs differentially expressed in hybrids versus at least
one parental line were scaled according to their D/A
values. The expression of 25, 27, 21, and 26 miRNAs

was repressed, while the expression of 17, 23, 18, and 21
miRNAs was induced, in Zhengdan 958, Anyu 5, Ye
478 x Huangzaosi, and Zheng 58 x Huangzaosi, respect-
ively. Interactions between these scaled miRNAs and tar-
get genes may be related to heterosis. For instance,
miR156, which is a class of star miRNAs reportedly in-
volved in plant development and growth by binding spe-
cifically to the GTAC cis-element, target the
SQUAMOSA promoter-binding-like (SPL) family of TFs
[42, 43]. Given the increased knowledge regarding
miR156, the miR156/SPL module has been suggested to
be a multifaceted tool with which to enhance agronomic
traits [44]. In rice, the 0s-miR156 and OsSPL14 modules
control ideal plant architecture [45], and SPL TFs have
also been found to modulate grain size, grain quality,
panicle branching as well as plant height [46, 47]. In
maize, miR156 was repressed in the hybrids, which may
have induced SPL expression to increase internode ex-
pansion [41]. In our study, the repression of miR156a-5p
may cause overexpression of Squamosa promoter-
binding-like protein 11 to accelerate the phase transition,
which indicates that the hybrids have stronger growth
potential than the parental inbred lines.

In maize inbred line B73, miR408b-5p has a single-
nucleotide polymorphism (SNP) (A/G) at the 11th base
position from the 5’end that differs from that of Mol7,
which has been confirmed in another study, showing
that parental expression between the B73 x Mol7 and
Mol7 x B73 reciprocal crosses may cause functional

Table 5 Expression pattern of miR408 and miR528 family members in four hybrid combinations

miRNA ID Zhengdan 958 Anyu 5 Zheng 58 x Huangzaosi Ye 478 x Huangzaosi
D/A classification D/A classification D/A classification D/A classification
zma-miR408b-5p -8.08 - -6.08 - \ \ \ \
zma-miR408a 1.38 + \ \ \ \ \ \
zma-miR528a-5p \ \ -2.96 - \ \ -1.09 -
zma-miR528a-3p -1.72 - \ \ -093 - \ \

Note: The D/A was calculated according to the formula (F1-MP)/(HP-MP) by expression abundance; “++”, extremely high parental expression (D/A greater than 2);
“+", high parental expression (D/A greater than 0.5 and below 2); “+-", additive expression (D/A greater than — 0.5 and below 0.5); “-", low parental expression (D/
A greater than — 2 and below — 0.5); “--", extremely low parental expression (D/A below - 2)
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Table 6 Expression pattern of miR399 family members in four hybrid combinations

miRNA ID Zhengdan 958 Anyu 5 Zheng 58 x Huangzaosi Ye 478 x Huangzaosi
D/A classification D/A classification D/A classification D/A classification
zma-miR399e-3p \ \ 0.08 +— \ \ \ \
zma-miR399¢-5p \ \ \ \ \ \ -0.06 +-
zma-miR399d-5p 1.08 + 835 ++ 041 +- 287 ++
zma-miR399e-5p 13.25 ++ \ \ 452 ++ \ \
zma-miR399d-3p \ \ 0.52 + \ \ -0.33 +-
zma-miR399a-3p \ \ 1.87 + \ \ -0.39 +—
zma-miR399b-3p \ \ 147 + \ \ -0.78 -
zma-miR399f-3p \ \ 1.08 + \ \ -0.39 +-
zma-miR399 g-3p 3341 ++ 6.16 ++ \ \ \ \
zma-miR399a-5p 11.18 ++ 539 ++ \ \ 2.06 ++
zma-miR399j-5p 561 ++ 1.62 + 17.75 ++ \ \
zma-miR399i-5p \ \ -091 - 063 + -0.66 -
zma-miR399b-5p \ \ 237 ++ -1.08 - -0.72 -
Note: The D/A was calculated according to the formula (F1-MP)/(HP-MP) by expression abundance; “++”, extremely high parental expression (D/A greater than 2);
“+", high parental expression (D/A greater than 0.5 and below 2); “+-", additive expression (D/A greater than — 0.5 and below 0.5); “-”, low parental expression (D/
A greater than -2 and below — 0.5); “--", extremely low parental expression (D/A below — 2)

variation [40]. The target genes of miR408b-5p identified
by degradome, early light-induced proteins (ELIPs),
which is a light-harvesting complex that binds chloro-
phyll and takes in solar energy in green plants in Arabi-
dopsis. Suppression of the fast accumulation of ELIPs
under intense light stress leads to leaf decolouration and
causes extended photooxidative damage [48]. In our
study, only the Mo17-allele miR408b-5p was downregu-
lated in Zhengdan 958 and Anyu 5. Interestingly,
miR408a, a miRNA that has been proven to result in im-
proved biomass and seed yield by overexpression in Ara-
bidopsis [49], was uniquely induced in Zhengdan 958.
MIR408-overexpressing Arabidopsis plants presented re-
markably improved leaf area, petiole length, plant height,
flower size, and silique length as well as a significantly
increased photosynthesis rate, which led to more bio-
mass and seed yield. The genes whose expression was
downregulated in MIR408-OX transgenic plants were re-
markably enriched in pathways involving ribosomes,
photosynthesis, carbon fixation, as well as pigment bio-
synthesis processes. In another study, miR408 overex-
pression resulted in increased fresh weight and increased
root length at the seedling stage, and at the adult stage,
all the leaves were enlarged [50]. In maize, miR408a up-
regulated in response to chilling stress to maintain leaf
growth [51]. Based on our research, the high parental
expression exhibited by miR408a only in Zhengdan 958
may also lead to increased photosynthesis and, thus,
may have an effect on heterosis of maize hybrid
combinations.

Sulfur is a mineral element essential to plant growth
and is involved in photosynthesis, respiration, nitrogen

and carbohydrate metabolism, thus regulating plant de-
velopment [52]. Sulfate is the main form of inorganic
sulfur available to plants; it is absorbed by plant roots
and then translocated to diverse tissues for assimilation.
In Arabidopsis, there are two forms of mature miR395
(miR395a,d,e and miR395b,c,f), which target two families
of genes, the ATP sulfurylase and the sulfate transporter
2;1, both of which are involved in the sulfate metabolism
pathway, and their transcripts are repressed strongly in
miR395-overexpressing transgenic Arabidopsis, which
have a relatively small stature and are slightly more
chlorotic than the wild-type plants are. The mechanism
involved in the maintenance of sulfate homeostasis by
miR395 in plants has been elucidated [53]. Thus, we can
infer that miR395b-3p is downregulated in hybrids to
take advantage of sulfate more effectively.

Phosphate plays a key role in plant growth and devel-
opment as an essential macronutrient, and it is a key
structural component of nucleic acids, phospholipids,
and the energy-carrying molecule ATP [54, 55]. miR399
family members participated in phosphate homeostasis
as a phosphate deficiency-responsive factor in Arabidop-
sis. miR399 was shown to be induced under Pi
deprivation to upregulate the splicing of the target
mRNA PHO2 and suppress downstream PHT1 and
PHO1 ubiquitination degradation by PHO2, promoting
Pi absorption and transport [56—60]. In maize, miR399
expression is upregulated in response to Pi deficiency,
and overexpression of miR399b leads to P accumulation
in the shoots [61]. miR399 is also upregulated in the
elongation zone, which may play possible roles in
switching from cell division to cell elongation during leaf
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development [62]. In our study, miR399 was induced in
hybrids, which may improve P-use efficiency to acceler-
ate growth and development, which may ultimately be a
cause of heterosis.

miR528s are a class of miRNAs restricted to monocots
[63]. In rice, miR528 was proven to target at least four
mRNA transcripts of genes that encode two plastocyanin-
like proteins, an L-ascorbate oxidase and an EIN3-binding
E-box protein [64]. Cu is an important element for protein
synthesis [65]. There is an important class of Cu-
containing proteins that function primarily as electron

transfer proteins rather than as oxidases, which are com-
monly named blue Cu proteins or cupredoxins, such as
plastocyanin-like proteins, which play an important role
during photosynthesis [66]. In our study, miR528a-5p was
repressed in the hybrid combinations, which may increase
electron transfer to regulate photosynthesis.

The target of miR164 is the TF-encoding gene NAC1,
which binds specifically to the cis-element IDE2. In
many plant species, NAC TFs increase resistance to bi-
otic and abiotic stresses by regulating the auxin signal-
ling pathway [67-69]. Auxin can also promote NACI1
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expression and functions downstream of TIR1 [70]; both
auxin-induced miR164 and ubiquitination can decrease
NACI1 transcription to reduce auxin signalling [71]. In
our study, miR164e-5p was downregulated in the hybrid
combinations; thus, NAC1 transcription may be upregu-
lated, resulting in increased auxin signalling.

PS1-F (photosystem 1-F subunit) is a target of
miR1432 identified by degradome in our study and has
been demonstrated to regulate grain yield and tiller
number in rice. Chlorophyll concentration and the elec-
tron transport rate were notably reduced in the homozy-
gous Ds insertion OsPS1-F mutant line, leading to a
reduction in plant height, tiller number, and grain yield,
as well as pale yellow leaf coloration. If the mutant was
complemented by proUBI:OsPS1-F, the phenotype due
to the mutation was less pronounced [72]. In our study,
miR1432-5p was repressed in the hybrids, inducing PS1-
F, as a result, photosynthesis increased.

The miRNA-mRNA modules may regulate jointing
stage heterosis (Fig. 8). Among these miRNAs, the
miR1432, miR164, and miR528 families were repressed
in the four hybrid combinations; however, interestingly,
the miR408, miR395, miR399, and miR156 families were
expressed as different mature miRNA forms in the dif-
ferent hybrids and may exhibit different expression
trends, which we believe may have different regulatory

effects. Although many studies have worked on heterosis
from different levels, such as gene expression, presence/
absence variation, DNA methylation changes, protein
changes as well as metabolite changes, our study focus
on the miRNAs’ behaviour in hybrids and parents, which
provide new knowledge about miRNA-mediated regula-
tory mechanism on heterosis. However, heterosis is a
complicated, integrated scientific problem which still
needs further studied.

Conclusions

In this study, we found that 85 miRNAs were differen-
tially expressed between the four hybrid combinations
and parental lines at the V6 stage, and the union of the
differentially expressed miRNAs was classified according
to their D/A value. Of these scaled miRNAs, the expres-
sion of 25, 27, 21, and 26 miRNAs was repressed, while
the expression of 17, 23, 18, and 21 miRNAs was found
to be induced in Zhengdan 958, Anyu 5, Ye 478 x
Huangzaosi, and Zheng 58 x Huangzaosi, respectively.
Most of the scaled miRNAs were non-additively
expressed. The scaled miRNAs from the same family
expressed in different mature miRNAs exhibited differ-
ent patterns in the different hybrid combinations, which
may result in different posttranscriptional regulatory
mechanism effects, followed by various heterosis
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phenotypes. We also validated the expression of some
representative miRNAs by qRT-PCR. The potential
miRNA target genes were confirmed via degradome se-
quencing. Our results indicate that a miRNA-mediated
posttranscriptional regulation network, these scaled
miRNAs (miR408, miR528, miR1432, miR395, miR399,
miR156, miR164), may have roles in jointing stage heter-
osis via photosynthesis regulation. Our work provides
useful information for further exploration of mecha-
nisms involved in heterosis by miRNAs.

Methods

Plant materials

Zhengdan 958 (Zheng 58 x Chang 7-2), Anyu 5 (Ye
478 x Chang 7-2), Ye 478 x Huangzaosi, and Zheng
58 x Huangzaosi were developed in accordance with the
popular heterotic pattern Reid x Tang-SPT in China,
and their parental lines (Zheng 58 and Ye 478 are fam-
ous inbred lines from the domestic Reid group, and
Chang 7-2 and Huangzaosi were famous inbred lines
from the Tang-SPT group) were used as materials. We
crossed the Zheng 58 and Ye 478 (maternal lines) with
Chang 7-2, Huangzaosi (paternal lines) to gain four hy-
brid combinations, and the four hybrid combinations as
well as the four inbred lines were then planted in the

summer of 2018 on a farm at Henan Agricultural Uni-
versity (Zhengzhou, 113°42°E, 34°48'N) in northern
China. In each replication, forty-five seeds of each ma-
terial were planted in pots arranged in three lines in the
field with 0.25-m line spacing and 0.60-m row spacing,
such that the plant density was 67,500 ha™', and there
were three replications.

Photosynthesis index and grain yield measurements
When plants reached the V6 stage, the sixth leaf had just
fully expanded, photosynthesis of the sixth leaf of 10
randomly selected seedlings was assessed in each replica-
tion for the eight materials by an LI-6400 photosynthesis
system (LI-COR Biosciences, Lincoln, NE, USA) in
the field between 8:00a.m. and 11:00a.m. Then, for
the above-mentioned 10 selected seedlings, the length
and greatest width of the sixth-fully-expanded leaf
were used to measure leaf area according to the
method of Montgomery [73]. In each replication, the
middle row of each material was harvested to meas-
ure kernel weight per ear, and grain yield was calcu-
lated by the following formula: Grain vyield (kg
ha™!) = kernel weight per ear (kg) x plant density (67,
500 ha™'). Three replications were applied.



Hou et al. BVIC Plant Biology (2020) 20:541

Maize RNA extraction, SRNA sequencing and miRNA
identification

In each biological replication, equal amounts of tissue
from the mid-part of the fully-expanded sixth leaf of 5
randomly selected seedlings from each material were
harvested as soon as the plants reached the V6 stage and
the sixth leaf had just fully expanded. They were stored
at —80°C, and three replicates were obtained. Total
RNA from each material was extracted using TRIzol re-
agent, and 24 sRNA libraries were constructed at Beijing
Genomics Institute.

The raw data from Illumina sequencing were proc-
essed to filter and remove low-quality, repeats and low-
complexity reads. To identify conserved miRNAs,
unique sRNA sequences with lengths between 18 and
25nt were mapped to miRNAs reported in miRBase
21.0 (http://www.mirbase.org/). After conserved miR-
NAs were annotated, the remaining parts of small RNA
reads were used to identify novel miRNAs by the prediction
software MIREAP (http://sourceforge.net/projects/mireap/).
sRNAs that could map to the maize genome were consid-
ered potential miRNA candidates only if meeting the strict
criteria reported in the literature [74].

Identification of differentially expressed miRNAs and
expression pattern classifications

The expression levels were normalized as TPM values.
To evaluate statistical significance, a -test was applied.
Differentially expressed miRNAs between hybrid combi-
nations and parental lines were identified with the fol-
lowing criteria: P-value was < 0.01 and log,(fold change)
>1 or<-1. For each differentially expressed miRNA,
the scaled difference was calculated as dominance/addi-
tivity (D/A value), based on TPM; the degree of domin-
ance was calculated as hybrid - mid-parent; and the
degree of additivity was calculated as high-parent - mid-
parent. The D/A value was calculated by the formula:
(F1-MP)/(HP-MP) [22]. A D/A greater than zero was
considered induced, while a D/A less than zero was con-
sidered repressed. Scaled miRNA expression patterns
were divided into five groups: (1) “+ +”, extremely high
parental expression, with a D/A greater than 2; (2) “+”,
high parental expression, with a D/A greater than 0.5
and less than 2; (3) “+-”, additive expression, with a D/A
greater than - 0.5 and less than 0.5; (4) “-”, low parental
expression, with a D/A greater than - 2 and less than -
0.5; and (5) “--”, extremely low parental expression, with
a D/A less than -2 [34].

Degradome library construction and target identification

We equally mixed the 24 total RNAs used for miRNA
sequencing to construct a single degradome library ac-
cording to the method reported in the literature [75].
Single-end sequencing (50 bp) was performed on an
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Mumina HiSeq 2000 (Illumina, San Diego, CA USA). We
used CleaveLand 3.0 to analyse the generated sequencing
data. The identified target genes of the corresponding dif-
ferentially expressed miRNAs were annotated with GO
terms (http://www.geneontology.org/), which were consid-
ered significantly enriched when their P-value was < 0.05.

Quantification of selected miRNAs and their target genes

using qRT-PCR

We used a One Step PrimeScript miRNA ¢cDNA Synthe-
sis Kit (TaKaRa Co., Tokyo, Japan) to perform reverse
transcription reactions according to the manufacturer’s
instructions. qRT-PCR was performed with a SYBR Pri-
meScript miRNA RT-PCR Kit in conjunction with a
fluorescence detection system (Roche LightCycler 480
II). The expression levels of the miRNAs were calculated
using the 27T method (the primer sequences used are
given in Additional file 10: Table S10). Differences in ex-
pression levels between hybrids and inbred lines were
tested according to Fisher’s least significant difference
test using Statistical Program for Social Science (SPSS)
software; P < 0.05 was considered statistically significant.
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