Zhang et al. BMC Genomics (2018) 19:819
https://doi.org/10.1186/s12864-018-5204-x

BMC Genomics

RESEARCH ARTICLE Open Access
@CrossMark

MicroRNAs and their targets in cucumber
shoot apices in response to temperature
and photoperiod

Xiaohui Zhang”, Yunsong Lai"?" Wei Zhang”, Jalil Ahmad”, Yang Qiu', Xiaoxue Zhang1, Mengmeng Duan’,
Tongjin Liu', Jiangping Song', Haiping Wang' and Xixiang Li""

Abstract

Background: The cucumber is one of the most important vegetables worldwide and is used as a research model
for study of phloem transport, sex determination and temperature-photoperiod physiology. The shoot apex is the
most important plant tissue in which the cell fate and organ meristems have been determined. In this study, a
series of whole-genome small RNA, degradome and transcriptome analyses were performed on cucumber shoot
apical tissues treated with high vs. low temperature and long vs. short photoperiod.

Results: A total of 164 known miRNAs derived from 68 families and 203 novel miRNAs from 182 families were
identified. Their 4611 targets were predicted using psRobot and TargetFinder, amongst which 349 were validated
by degradome sequencing. Fourteen targets of six miRNAs were differentially expressed between the treatments. A
total of eight known and 16 novel miRNAs were affected by temperature and photoperiod. Functional annotations
revealed that “Plant hormone signal transduction” pathway was significantly over-represented in the miRNA targets.
The miR156/157/SBP-Boxes and novel-mir153/ethylene-responsive transcription factor/senescence-related protein/
aminotransferase/acyl-CoA thioesterase are the two most credible miRNA/targets combinations modulating the
plant’s responsive processes to the temperature-photoperiod changes. Moreover, the newly evolved, cucumber-
specific novel miRNA (novel-mir153) was found to target 2087 mRNAs by prediction and has 232 targets proven by
degradome analysis, accounting for 45.26-58.88% of the total miRNA targets in this plant. This is the largest sum of
genes targeted by a single miRNA to the best of our knowledge.

Conclusions: These results contribute to a better understanding of the miRNAs mediating plant adaptation to
combinations of temperature and photoperiod and sheds light on the recent evolution of new miRNAs in
cucumber.
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Background

Temperature and photoperiod are two of the most import-
ant factors affecting plant development [1-3]. The cucum-
ber is an important vegetable worldwide and is extensively
produced via protected cultivation. Temperature and
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photoperiod can affect plant architecture, floral bud differ-
entiation, sex expression, stress tolerance, fruit productivity,
phytochemicals accumulation, flavours and nutrient forma-
tion in cucumbers [4—7]. Therefore, revealing the molecular
mechanisms underlying the developmental modification in
response to temperature and photoperiod changes will con-
tribute substantially to cucumber production.

The plant genome responds to environments via epigen-
etic, transcriptional and post-transcriptional regulations
[8]. The epigenetic modifications include chromosome
organization, DNA methylation and histone modifications
[9, 10]. DNA methylation changes have been revealed in
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cucumber shoot apexes grown in differential temperatures
in previous studies [11]. The DNA methylation patterns
also changed in male gametophytes of cucumber plants in-
fected by viroids [12]. Transcriptional regulation of genes
encoding photosynthetic enzymes, H*-ATPase, leaf volatile
compounds, Argonaute, Dicer-like, RNA-dependent RNA
polymerase, NAC transcription factors and superoxide dis-
mutase (SOD) have been proven to play roles in suboptimal
temperature and light adaptation and abiotic stress toler-
ance in cucumbers [13—19]. Transcriptome sequencing has
been performed on cucumbers to analyse the transcripts re-
sponsible for sex expression, fruit length, waterlogging reac-
tion and Phytophthora capsici resistance [20—23]. From the
post-transcriptional control level, non-coding small RNA is
the best-studied mechanism till now. Small RNAs not only
play fundamental roles in post-transcriptional regulation
via mRNA cleavage and translation inhibition but also link
up these three levels of regulation in the way of epigenetic
reprogramming [24, 25].

MicroRNAs (miRNAs) are a class of well-studied small
non-coding RNAs. In plants, miRNAs are generated
from primary miRNA transcripts (pri-miRNAs) contain-
ing a distinctive hairpin structure, which are first
trimmed by DICER-LIKE1 (DCL1) to generate miRNA
precursors (pre-miRNAs) in the nucleus and then trans-
ported to the cytoplasm and further processed to gener-
ate ~ 21 nt mature miRNAs [26, 27]. Subsequently, the
mature miRNAs are loaded onto the RNA-induced si-
lencing complex (RISC) and guide transcript cleavage
(Bartel, 2004; Baulcombe, 2004) or translational repres-
sion of their target mRNAs [25, 28]. Plant miRNAs are
highly complementary to their targets, which make it
possible to predict and verify their targets using bioinfor-
matics and degradome sequencing methods.

miRNAs play important roles in a wide range of plant
developmental processes, including plant architecture
[29], leaf morphology [30], root development [31], tuber-
ization [32], the vegetative-reproductive phase change
[33], floral organ identity [28, 34], flowering time [35],
self-incompatibility [36], cytoplasmic male sterility [37],
plant nutrient homeostasis [38], and response to biotic
and abiotic stresses [39—41]. In cucumbers, the miRNAs
derived from leaf, root, stem and phloem exudate were
analysed in three independent high-throughput sequen-
cing studies [42—44]. However, neither miRNAs in the
shoot apex nor the miRNAs at different temperature
and photoperiod changes were profiled in cucumber
plants.

In cucumbers, approximately 10-15 axillary buds or
primordia are formed at the shoot apex in seedlings.
The environmental conditions of the seedling stage de-
termine the lateral organs such as male or female
flowers in the formation of the next 10—-15 nodes. Thus,
the performances of genes in the cucumber shoot
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apexes are particularly significant from a horticulture
perspective.

In this study, the miRNAs in cucumber shoot apexes
were identified. The expression profiles from short and
long photoperiods, low and high temperatures were
compared, by a series of small RNA sequencing experi-
ments. The targets of these miRNAs were predicted and
proven by degradome sequencing. The expression levels
of the predicted targets were also profiled by transcrip-
tome sequencing. Based on these data, the roles of miR-
NAs on the cucumber adaptation to environmental
temperature and photoperiod changes were investigated.
A newly evolved cucumber specific novel-miRNA and
its evolutionary path were highlighted.

Results

sRNA sequencing and miRNA identification

To reveal the roles of miRNAs in plant adaptation to
temperature-photoperiod environments, small RNAs were
pyrosequenced from the shoot apical tissues of cucumber
plants grown in four differential temperature-photoperiod
treatments (16 h light at 28 °C /8 h dark at 25 °C, HL; 8 h
light at 28 °C /16 h dark at 25 °C, HS; 16 h light at 20 °C
/8 h dark at 15 °C, LL; 8 h light at 20 °C /16 h dark at 15 °
C, LS). The 16 h/8 h and 8-h/16 h of light/dark photope-
riods simulated long- and short-day seasons. The 28 °C/25 °
C and 20 °C/15 °C conditions were used to simulate the
high and low temperature climates, respectively. A total of
209.25 M reads were produced from the 12 samples (four
treatments, three biological replicates). Approximately
16.63 ~ 17.65 M high quality clean reads were obtained for
each sample (Additional file 1: Table S1). The majority of
the tags ranged in size between 18 and 28 nt, with the
24 nt and 21 nt lengths dominating (Additional file 2:
Figure S1). The total reads were converted to
non-redundant unique tags and then were aligned to Gen-
Bank, Rfam and the cucumber genome. The reads anno-
tated as potential miRNAs and those derived from intronic
regions and exon antisense regions as well as the unanno-
tated reads were used for miRNA mining based on the sec-
ondary structure (hairpin folding) of their precursors and
other criteria defined in the Methods section. The miRNA
candidates were aligned to all known plant miRNAs in
miRBase 21.0, allowing two-base mismatch and a
two-nucleotide overhang. The matched miRNAs were
termed as known miRNAs and named after their
best-match families. The members within the same miRNA
family were alphabetical labelled according to their genome
location. A total of 68 known miRNA families containing
164 members were identified (Table 1). The largest family
was miR7129, which contains 13 members, followed by
miR169, which harbours 12 members. Both 5p and 3p miR-
NAs were detected for 76 precursors, while the remaining
88 precursors had only one mature miRNA for each.
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Detailed information, including nomenclature, genome lo-
cation, mfe, sequences and counts of 5p and 3p mature
miRNAs, precursor sequences and their secondary struc-
tures are listed in (Additional file 1: Table S2). The
remaining 203 miRNAs that could not be incorporated
into the known families were termed novel miRNAs.
Amongst these, 31 novel-mirs were merged into 10 novel
families and the other 172 were single copy miRNA genes
(Additional file 1: Table S3). Out of these, 19 novel miR-
NAs contained both 5p and 3p sequences (Table 2).

Comparative expression patterns of miRNAs in the
cucumber shoot tips

The expression levels of known and novel miRNAs were
profiled based on tag counts. For multiple precursors
sharing the same mature miRNA sequences, only one
member of the mature miRNA was used for expression
profiling. miR166, miR167 and miR157 were the three
highest expressed known miRNAs, which had
200,167-485,949, 91,482-378,695 and 68,360—369,907
copies, respectively, in the cucumber shoot apical tissues
(Additional file 1: Table S4). The two highest abundant
novel miRNAs were novel-mirl66 and novel-mirl75,
which had 7139-10,992 and 4605-8714 copies, respect-
ively (Additional file 1: Table S5). Another 16 novel miR-
NAs also had more than 1 thousand copies for each
samples. The detailed expression levels of the known
and novel miRNAs are listed in Additional file 1: Tables
S4 and S5.

The expression level between the treatments was com-
pared using normalized tag counts from the three bio-
logical replicates. A total of 8 known and 16 novel
miRNAs were differentially expressed (more than
two-fold change, p < 10™ %) between at least one pair in
an environmental comparison (Fig. 1). Among them,
three known miRNAs (miR398, miR530, and miR860)
and two novel miRNAs (novel-mir47 and novel-mir87)
were suppressed by higher temperature in both short
and long photoperiod conditions. One known miRNA
(miR7741) and six novel miRNAs (novel-mir3, novel-
mirl4, novel-mirl5, novel-mirl25, novel-mir140 and
novel-mir321) were suppressed by higher temperature in
the long photoperiod but did not fulfil the p-value cut
off level in short-photoperiod conditions. Three known
and four novel miRNAs were induced by higher
temperature. Among these, miR827, novel-mir97 and
novel-mir200 were induced specifically in the short
photoperiod; miR8125 and novel-mir250 were stimu-
lated only in the long photoperiod, while miR399 and
novel-mir55 were significantly up-regulated in both con-
ditions. In low temperatures, no miRNA expression was
affected by the photoperiod. However, in high tempera-
tures, two known miRNAs (miR399 and miR827) and
three novel miRNAs (novel-mirl70, novel-mirl73 and

Page 3 of 15

novel-mir206) were suppressed by long-day conditions.
Interestingly, one novel miRNA (novel-mir51) was
down-regulated by both high temperature and long
photoperiod considering the fold-changes. However, nei-
ther of them fulfilled the p-value <10™3 cut off level.
When comparing the high-temperature, long-photoperiod
to low-temperature, short-photoperiod conditions, both
the fold-change and the p-value were improved to being
past the cut off level. When comparing the high-
temperature, short-day condition (as often happens in nat-
ural light greenhouses in the winter season) to the
low-temperature, long-day condition (as often happens in
low latitude and high elevation regions), the miRNA expres-
sion resembled that of the high vs. low temperature in the
short-day condition. Comparison of the high-temperature,
long-day condition with the low-temperature, short-day
condition resembled the summer vs. winter season, show-
ing similar miRNA expression patterns to high vs. low
temperature in the long-day condition.

Target prediction by degradome analysis

Using the psRobot [45] miRNA target prediction tool,
2027 and 6423 targets were assigned to the 66 known and
184 novel miRNAs (Additional file 1: Tables S6 and S7).
Using another tool, TargetFinder [46], we predicted 2775
targets for known miRNAs and 8291 targets for novel
miRNAs (Additional file 1: Tables S8 and S9). Assign-
ments of 1007 of the known miRNA targets and 3604 of
the novel miRNA targets were the same between the two
methods (Additional file 1: Tables S10 and S11).

In plants, miRNAs function mainly by degrading their
target mRNAs. Thus, we performed a degradome se-
quencing analysis to validate the miRNA targets. A total
of 17.05 M clean tags were generated from the mixed
samples of cucumber shoot tips cultivated in the four
temperature-photoperiod conditions. Among them,
12.34 M (72.38%) tags were mapped to the reference cu-
cumber (Chinese Long) genome (Cucumis sativus L. var.
sativus cv. 9930 _v20) [47]. A total of 7.70 M (45.13%)
tags were mapped to cDNA sense chains and were used
for target prediction. A total of 349 mRNAs (394 target
sites) were identified as miRNA targets, including 102
genes targeted by 37 known miRNA families and 256
genes targeted by 45 novel miRNAs. Amongst these,
novel-mir153 had 232 targets on 201 genes. The cut
sites are shown in (Figs. 2, 3 and 4) and the annotation
of the targets are list in (Additional file 1: Table S12). A
large proportion of miRNAs, including 31 known and
137 novel, had no targets detected, possibly due to the
target mRNAs being expressed at low levels that the cut
ends were not detected by our pipeline.

The targets were classified by gene ontology (GO) an-
notation, with the top two terms being “metabolic
process” and “cellular process” in the “biological process”
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Table 1 Known miRNAs in cucumber shoot tips
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miRNA Family member®  Dominant sequence (5p) count(5p) Dominant sequence (3p) count(3p) Previously identified
csa-miR156 7 TGACAGAAGAGAGTGAGCAC 407,153 TGCTCACTTCTCTTTCTGTCAGC 128 M Y X
csa-miR157 4 TTGACAGAAGATAGAGAGCAC 2,059,132  GCTCTCTATGCTTCTGTCATC 158 Y X
csa-miR159 1 - - ATTGGATTGAAGGGAGCTCC 14 M Y X
csa-miR160 3 TGCCTGGCTCCCTGTATGCCA 11,461 GCGTATGAGGAGCCAAGCATA 24,040 M Y X
csa-miR162 1 GGAGGCAGCGGTTCATCGACC 318 TCGATAAACCTCTGCATCCAG 3306 Y X
csa-miR164 5 TGGAGAAGCAGGGCACGTGCA 253447  CACGTGCTCCCTTTCTCCAAC 1649 M Y X
csa-miR166 8 GGAATGTTGTCTGGCTCGAGG 92,459 TCGGACCAGGCTTCATTCCCC 3561572 M Y X
csa-miR167 6 TGAAGCTGCCAGCATGATCTA 2,016,681  GATCATATGGTAGCTTCACC 34 M Y X
csa-miR168 2 TCGCTTGGTGCAGGTCGGGAA 172,731 TCCCGCCTTGCATCAACTGAA 17,238 M Y X
csa-miR169 12 AAGCCAAGGATGAATTGCCGG 35,494 GGCAATTCCATTCTTGGCTAAG 511 M Y X
csa-miR171 7 TATTGGTCCGGTTCACTCAGA 1589 TGATTGAGCCGCGCCAATATC 4086 M Y X
csa-miR172 5 GCGGCATCATCAAGATTCACA 3255 AGAATCTTGATGATGCTGCAT 132,778 M Y X
csa-miR390 4 AAGCTCAGGAGGGATAGCGCC 174310  CGCTATCCATCCTGAGTTTCA 1220 M Y X
csa-miR393 3 TCCAAAGGGATCGCATTGATC 146 ATCGTGCGATCCCTTAGGAAT [ M Y X
csa-miR394 2 TTGGCATTCTGTCCACCTCC 1749 AGGTGGGCATACTGCCAATTG 1 Y X
csa-miR395 4 GTTCCCTTCCAAACACTTCAGA 1 TGAAGTGTTTGGGGGAACTC 33 X
csa-miR3%6 5 TTCCACAGCTTTCTTGAACTT 223 GCTCAAGATAGCTGTGGGAAA 1433 M Y X
csa-miR397 1 TCATTGAGTGCAGCGTTGATG 188 - - M Y X
csa-miR398 1 GAGTGAACCTGAGAACACAAGA 15,821 TTGTGTTCTCAGGTCACCCCT 105 M Y X
csa-miR399 6 GGGCGGATCTTTTTTGGCAGG 239 TGCCAAAAGAGACTTGCCCTG 6739 M Y X
csa-miR408 1 GCGGGGAACAGACAGAGCATG 2242 ATGCACTGCCTCTTCCCTGGC 352 M Y X
csa-miR477 2 TTCTCTCCCTCAAGGGCTTCGA 324 GAAGCCCACGAGGAGGGGATG 228 Y
csa-miR530 2 TGCATTTGCACCTACACCTTC 3949 - - Y X
csa-miR827 1 - - TTAGATGACCATCAACGAACG 90 M Y
csa-miR860 1 - - TCAAAGATTGGACAAAATTAT 12

csa-miR1038 1 CAATGGTGGAATCGATCAGGC 7 - -

csa-miR1041 5 - - TTTGTACGGGTGAGAGTGGTCAG 28

csa-miR1044 3 - - TTGAATAATGCATATTTTTTT 7

csa-miR1120 1 TAAGTATAAGATCGTTTAGAC 14 - -

csa-miR1886 1 - - TGAAGAAGTAGATGAAGAGTC 170

csa-miR1888 1 TTATTAAGATTGTTTGAAGAA 7 - -

csa-miR2111 2 TAATCTGCATCCTGAGGTTTA 14,800 GTCCTTGGGATGCAGATTATC 39 Y X
csa-miR2628 1 CTGAAAGAGAAGATGAATAA 14 - -

csa-miR2950 1 TTCCATCTCTTGCACACTGGA 6356 TGGTGTGCATGAGATGGAATA 14,275 M Y X
csa-miR3512 1 - - TCACAAATGAAGACAATAGA 32

csa-miR3704 1 - - GGTGTACGGTGGAGTGGAAAATA 26

csa-miR4234 1 - - CAAATTAAAATCGTGGGCAT 8

csa-miR4249 3 - - TGAATTTGGAGAAGGAGAGTA 18

csa-miR4383 1 TATTGGAGCATCAGTGAAACGTC 234 - -

csa-miR4414 1 AGCTGCTGACTCGTTGGCTCA 716,542 AACCAACGATGCAGGAGCCAA 123 X
csa-miR5041 1 CTTAGAGCAGATGAAGATGAA 20 - -

csa-miR5083 1 AGACTACAATTATCTGATCA 1274 - -

csa-miR5225 1 CCGCAGGAGAGATGACACCCAC 14 - -

csa-miR5242 1 TTGTAGAAATCAAAGATGACA 7 - -
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Table 1 Known miRNAs in cucumber shoot tips (Continued)
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miRNA Family member® Dominant sequence (5p) count(5p) Dominant sequence (3p) count(3p) Previously identified
csa-miR5337 1 TTAGGAACGGTAGCAATTTGA 16 - -
csa-miR5532 1 TGGAATATATGACAAAGGTGG 59 - -
csa-miR5667 1 AAAAGAGATCAAATGGATGCC 13 - -
csa-miR5671 1 - - TATGGTAGTAGACATCGGGTGAC 11
csa-miR5747 1 TTAGAATACTCATACATACATTA 8 - -
csa-miR5751 1 TTGATGTTGATCAATGGATATTT 174 - -
csa-miR5760 1 - - TGCTTTAGGATTTGTTTAGGAT 6

csa-miR5788 2 - -

TGGATGTGAAGACAGCTAGTA 53

csa-miR6182 1 TGTAGTTGATGGATGGATGCTTT 12 - -
csa-miR6257 1 - - TCTTAACTAGTTGAATTATGT 9
csa-miR6300 1 - - GTCGTTGTAGTATAGTGGTA 9345
csa-miR6421 1 TACGATGAGATTGTAAGGGAG 8 - -
csa-miR6426 5 - - GTAGAGACATGGAAGTGGAGACA 252
csa-miR6440 1 GAGTTGATCGAATTTCGTAGTTT 14 - -
csa-miR7129 13 TCAAATCTAAACGATCGTTTTTC 137 - -
csa-miR7499 1 TATATTTTCGGGTTATTTGGGTT 8 - -
csa-miR7741 1 - - TGTTATTGTGGAAGTTCTTGA 1286
csa-miR8125 1 CAGGAGAAGAATGTGAAAAGGTA 64 - -
csa-miR8608 1 TTTCTACACGATCGTTTGACATG 6 - -
csa-miR8657 1 - - TCGTAGAAATTGTAGAAGCAGGC 15
csa-miR8693 2 - - AGATGAAAGAGATAGATGAGCAT 30
csa-miR9408 1 CAACAATCGTCAGGATAGAAAAT 56 - -
csa-miR9759 1 TATGAACCAAGGTAGAATTTAAA 37 - -
csa-miR9776 1 - - TTCGGACGAGGATGTTAACGG 12
Total 164 5992813 3,781,493

Detailed information including nomenclatures, genome location, mfe, sequences and counts of 5p and 3p mature miRNA, precursor sequences and their
secondary structures are listed in Additional file 1: Table S2. M: previously identified in ref [44]; Y: previously identified in ref [43]; X: previously identified in ref [42]

cluster. “Cell” and “organelle” were the two most common
“cellular component” targets. “Binding” and “catalytic
activity” were the two most common terms in the
“molecular function” cluster. The “cellular nitrogen com-
pound biosynthetic process”, “macromolecule biosynthetic
process”, “aromatic compound biosynthetic process”,
“translation”, “gene expression”, “nucleic acid binding”
and “binding” were the over-represented GO terms for the
targets (Fig. 5, Additional file 1: Table S13). These targets
were further categorized by KEGG, and the “Plant hor-
mone signal transduction” pathway was the only signifi-
cantly over-represented pathway (Additional file 1: Table
S14). Among the 629 genes of this pathway, 27 were pre-
dicted as targets of miRNAs in cucumber shoot tips.

Target expression profiles based on transcriptome
sequencing

To profile the expression of the targets, a transcriptome
sequencing project was performed using the same sam-
ples as those used for miRNA sequencing. A total of

25.35-27.60 M clean reads were generated from each of
the 12 samples (three biological replicates for four treat-
ments). For each sample, 19,045-19,242 genes were
expressed (Additional file 1: Table S15). A total of 544
genes were differentially expressed between at least one
pair of the six comparisons. The expression levels of the
target genes were extracted from the transcriptome data.
Amongst these, 14 targets of six miRNAs were differentially
expressed among at least one pair of comparison. There
were seven targets (one target of novel-mir97, one target of
novel-mirl132 and five targets of novel-mirl53) were
up-regulated and the six targets (three targets of miR156/
157, one target of miR164 and two targets of novel-mir153)
were down-regulated by high temperature, respectively.
One gene targeted by miR7741 were down-regulated by
long-day condition (Fig. 6, Additional file 1: Table S16).
Amongst, novel-mirl53 targeted to seven genes, which
composed 50% of the total differentially expressed targets.
However, the expression of novel-mirl153 among the treat-
ments displayed more than two-fold changes but did not



Zhang et al. BMC Genomics (2018) 19:819 Page 6 of 15

Table 2 Novel miRNAs harbouring both 5p and 3p sequences

miRNA mfe seq(5p) count(5p) seq(3p) Count(3p)
csa-novel-mir3 —242 ATCAAGTCAGGATGGCCGAGT 44 TCAAGTTCTGGTCTTCGTGA 16
csa-novel-mir7 —-93.1 TTCGACTGCCTATATCTTTCCTT 5 GGAATGATGTAGCATGAAAG 3
csa-novel-mir12 —-56.9 TTTTTAACAGATTAATTGGACA 2207 ACCAAATTGATTTAAGAGGC 8
csa-novel-mir13 -1827 TCGAACATAAAGGAACATGAGTT 22 CCATCATGGTTCTTTTGTTTGGAC 2
csa-novel-mir29 -4129 AACTACTATTCATTTCAAAAT 1 TTGGAAATGAATAGTAGTTTA 14
csa-novel-mir33 —478 TACAAGTTATGACTTATGAGT 3 TCATAACTTGTAACTTGTCCG 8
csa-novel-mir36 -29.62 TTTTTGTGATTCGTGGATTTTTC 51 AATATCCACGTATTGATGGAAATT 1
csa-novel-mir42 —-582 TGAAGTATGAACTGAAAGGAA 29 CCTTTCAATTCATACTTATTT 9
csa-novel-mir54 —45.1 TCGGTGGTCGTGTGGTTTCAG 22 AATCACACAACCATCGATC 1
csa-novel-mir62 —60.5 CATGACCAAAATGCGAACTTA 38 AGTTTGTTTTTTGGTCATGTC 1
csa-novel-mir63 -317 TCTTTAATCAACTCAACCAAA 1 TGGTTGAGCTGATTTAAGGAT 9
csa-novel-mir68 —403 TTTAAAAACCATACCAGAATT 6 TTTTGGCATGGTTTTTAAACC 1
csa-novel-mir75 —438 CGGTGGAGCGATGTTCTTGGACT 1 TTCGAGAAGGGCTTGATTGGT 14
csa-novel-mir89 —42.51 TTGCTGCTCATTCGTTAGTTC 37 TCTAACGATGTAGGAGCAATC 238
csa-novel-mir104 —46.9 TCGGACATCGGCGACTTGGAA 51,816 TTCCAAGTCCACCCATGCCCGC 5481
csa-novel-mir106 —-1496 TAGCTGTTAAATATGAAGACGA 32,337 GTCTTCATATTTAACAGCTAAT 37
csa-novel-mir113 —41.1 TCGCAGAAGAGATGGTGCCGT 4628 GGCATCATATCCTCTGCGCAA 322
csa-novel-mir136 —66.54 AGTCTACTGTTTCATTCTTGA 3 AAGAATGAAACAGTAGACTCA 147
csa-novel-mir141 -219 TTTGACACGAGCACCTGAAAAAT 4188 TTTTCGGTTTCTCGAGTTACGAAC 3
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csa-novel-mirl4 | -1.09 | 4.5E-03 -0.19 | 5.1E-01 -0.74 | 1.9E-03 -0.86 | 2.9E-02
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csa-novel-mir140( -1.46 | 5.4E-03 -0.19 | 6.3E-01 -0.19 | 7.1E-01 -1.22 | 1.5E-02
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csa-novel-mir3 0.22 5.6E-01 0.74 | 5.86-02] [ -0.76 [ 1.6E-03 047 [ 2.7E-01
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csa-miR157 0.41[ 2.7E-01 -0.82 [ 8.3E-02 -1.25| 1.5E-02
csa-miR827 -1.12 [ 1.0E-01

csa-miR399 0.13 | 8.5E-01] | -0.33[ 1.6E-01

csa-novel-mir55 0.03 | 9.9E-01 -0.09 | 8.2E-01

csa-novel-mir200 1.17 | 4.6E-03 0.01 [ 1.0E+00| [ -0.59 [ 4.4E-02
csa-novel-mir97 0.55| 2.0E-01 0.59 | 22E-01] | -0.79[2.8E-02
csa-novel-mir250| 1.0 | 1.6E-02| 0.14 [ 7.3E-01 0.36 [ 1.1E-01 0.89 [ 2.3E-02

csa-miR8125 - -0.02 [ 9.6E-01 030 [ 1.7E-01 0.87 [ 1.7E-03

Fig. 1 Differentially expressed miRNAs. HS, high temperature, short day; LS, low temperature, short day; HL, high temperature, long day; LL, low
temperature, long day. The red shading indicate up-regulated expression; the green shadows indicate down-regulated expression; and the light
green shadows indicate down-regulated expression with p-value slightly exceeding the 1E-3 level
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Normal Reads

Csa3M567830.1 position (nts)

CsadM631590.1 1631  UUGCUCUCUCUBUUCUGUCAC 1651 CsalM629050. 1 1590  UUCCAGCAUCGICGAGAUUCU 1610
Csa6M094760.1 1752 GUGCUCUCUCUBUUCUGUCAA 1772 Csa2M279250.1 2355  CUGCAGCAUCATICAGGAUUCC 2375
Csadl842100.1 1875  CUUCUCCUUCUBUUCUGUCLU 1895 CsabM491020.1 2523  CUGCAGCAUCAICAGGAUUCG 2543
Csadl809420.1 1800 1820 .1 2316 2336
Csadl567830.1 1776 GUGCUCUCUAUBUUCUGUCAU 1796 CsadM292470.1 2214  CUGCAGCAUCAUICAGGAUUCC 2234
Csadl117960.1 1620  GUGCUCUCUCUEUUCUGUCAU 1640 Csadi175970.1 2226 UUG GGAUUCU 2246
Csall074980.1 1617  UUGCUCUCUCUBUUCUGUCAC 1637 wiRi728 3 Ui .
Csall051590.1 1650  GUGCUCUCUCUEUUCUGUCAU 1670
Csall039890.1 2244  GUGCUCUCUCUBUUCUGUCAU 2264
Csall015680.1 2223  GUGCUCUCUCUBUUCUGUCAU 2243 sa2M049970.1 1394  6GUGCA-CUUGKUGAUGCUGC 1413
Csalll001450. 1 1878 R T
Csall039890. 1 2244  GUGCUCUCUCUT miR172e-5p 3" AGAGUUAG 65
(R1560- : .
miR1565-Sp 3 CACGGGAGAUAGAAGACAGUU & CsadM608680. 1 1252  UUAUGAA-CUUBAAGAUGUUG 1271
CsadM083490.1 1298 uguacuuccuf}cmuccua 1317 miR172a-5p 3" AACACUUAGAACUUCUACGAU 5°
miR159 3' COUCGAGGGAAGUUAGEUUA 5 PR " 2033
Csadl293870.1 1457  UA-GCUUAGCUUCUCAUAUGC 1476 miR172a-5p 3" AACACUUAGAACUUCUACGAU 5'
miR160a-3p 3" AUACGAACCGAGGAGUAUGCG 5° CsalM066530. 1 1055  GGOUCUAUCCCUACUGAUCLU 1075
Csa2li354040.1 2432 UAGUCUAUCCCUCOUGAGUUU 2452
Csa6M141390.1 2335 AGGCAUACAGGQAGDCAGGCA 2355 12390 6 cuc 2410
.1 2323 AGGGAT 243 miR390a-5p 3' CCGCGAUAGGGAGGACUCGAA 5'
Csa2l315390.1 2275 UGGCAUGCAGGEAGCCAGGCA 2295
0sa6445210.1 2350 USGCAUGCAGGEAGOOAGGOA. 2370 CoatisoTIs0. 1 2502
miR160a-5p 3" ACCGUAUGUCCOUCGGUCCRU 5 niR393a 3 GGG ARAGRY 5+
Csadll116650.1 4295  CUGGAUGCAGAGBUGUUAUCGA 4316 CsasM184300.1 2116 seAseuueAc%wuecum 2135
. 3 R 0sa6H087700. 1 2149 GGAGGUUGACRGAAUGCAA 2168
miR394a 3" COUCCACCUGUCUUACGGUU 5°
CsasM637160.1 1653  CGCACGUCUCCJGCUUCUCCA 1673
1 1749 CsadM144230.1 1334 GAGUUCCUCCARACGCUUCA 1353
Csall038340.1 1632  CUCACGUGCCCUGCUUCUCCA 1652 g S S
Csadl234520.1 1701  UGCACGUGACCUGUUUCUCCA 1721 miR9%h 3 CUCAAGGGGGLUUGUGAAGU &
Csadl523580. 1 1647 1667 1m0 &
Csa3l824990.1 1644  UGCACGUGACCUGCUUCUCCA 1664 .
= : ? Csadl651860.2 1336 UCGUUCAAGARRGCCUGUGGAA 1357
miR16da 3" ACGUGCACGGGACGAAGAGGU 5' Csa2M354030.1 1897  UCGUUCAAGAAABCCUGUGGAA 1918
Csadl124990.1 1570  GCGUUCAAGAAABCCUGUGGAA 1591
Csa7l452940.1 1551  CUGGAAUGAAGBCUGGUCCGG 1571 oot 701 a1 ggguuwc"&mm”“:ﬁ ]
CsaM525430. 1 1569  UUGGGAUGAAGCCUGGUCCGE 1589 i 3
0.1 1563 miR396e-5p 3' GUC w s
Csall538230.1 1566  UUGGGAUGAAGECUGGUCCGG 1586
(CEACHIA1SS0-1E 063 CUEACALICAASECURRIICERG 11563 CsabMd86730.1 1022 UACUUGGAGAARGCCGUGGAG 1042
miR166a-3p 3" GGOOLWAGUUCRGAGGARGGU §° miR396e-5p 3" GUCAAGUUCUUUCGGCACCUU 5
Csall536820.1 3429  CAGAUCAGGCUBGCAGCUUGU 3450 Csa2i215500.1 1217
CsabM315370. 1 3105  UAGAUCACGOUSGCAGCULCU 3126 . .
CsablM139750.1 993 CAGAU-ACGAUBGCAGCUUCA 1012 miR169-5p 3
Csa7M379090.1 843  UAGAUCAUGCUEGCAGCUUCA 863
: : Csa7M448670.1 3323 UCACUUACAGEUUUCUUGEA 3342
miR167a-5p 3" AUCUAGUACGACCGUCGAAGU 5° TNy P
miR396d-3p 3' AGAGGGUGUCGAAAGAACUU  5'
0salM031900. 1 1368 UUGCOGAG b oM 1388 s e " oh 165
miR168 3' AAGGGOUGGACGUGGUUCGCU 5 niR397a O LTI EL L
CsadM782710.1 2117  CUGGCAAGUCAJUUUUGGCUC 2137 Csa6M091910.1 4652  UCUGCCAGUGGAGAG-AGCCCA 4672
CsaM434390.1 2607  UCGGUAAGCCATICCUUGGCUA 2627 ) . : Pt
Csa7M428130.1 2143  CAGGCAAL niR399c-5p 3' GRAGSAIN CUUGGGEA 5
miR169d 3" aecoauu Csab105680.1 1724 AAAAGGAAGUCUOUUUUGGCA 1744
CsatM613580. 1 1920 GaooccARAUCAUicUUGGCULL 1942 miR399F-3p SRS
miR169a 3" CRGCOGUUCAGUAAGAACCGAGU 5' CsabH095910.1 2490 GUA-GUGCAGGUGCARAUGCA 2509
Csadl143500.1 1097  UCAGGUGUAGGUECARAUGCA 1117
11573 & 1593 miR530b 3" CUUCCACAUCCACGUUUACGU 5°
CsadM020600. 1 2284 GAUAUUGGGGEGISCUCAAUCA 2304
ContlOA20.1 1409 GUAGCHAGUGAALCA 1509 CoaZMO06E30. 1 1080 ACGAGAUCAACKAGARAAGAA 1100
wiRI7H P LTt miRg27 3" UCUACUGGUUGUUGUUUUCAU 5'

Csa1M038340.1 position (nts)

miR156/157 cut Csa3M567830.1 at nt 1787 py—— - miR164 cut Csa1M038340.1 at nt 1643 o Canage s
PRty © s Gosu
ahsie H
G R o
e =
4
g
LIRS
— T T T — — r T T —
o 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

X

.1 3285 b 3304
Csa3M855380. 1 198 218
miR1044-3p 3" UUUUUUUAUACGUAAUAAGUU 5°
CsatM005630. 1 1201 GuouuaachotAucuuaauAA 1221
miR1888a 3" AAGAAGUUUGUUAGAAUUAU  5'
Csa3M892730.1 1390  UACACOUCAGGRUGUGGAUGA 1410
CsadM586950. 1 1162 GAAACCUCAGGRUGCAGAUUA 1182
miR2111a-5p 3" AUUUGGAGUCCUACGUCUAAU 5
Csall001380.1 1790  UUAUCAAUCHficUCUULUAC 1809
Csalll025100.1 921  UUA-UGUUCUUCUCUULUAU 939
Csadl099760.1 1009 CUCUUCCUCUUCUUY 1028
csamiR2628 3" AAUAAGUAGAAGAGAAAGUC 5°
Csadl595970.1 1095  CAUUCUCUUACUCCARAUUCA 1115
miR4249 3' AUGAGAGGAAGAGGUUUAAGU  5'
"

.1 3782 3802
miRd414a-5p 3" ACUCGGUUGCUCAGUCGUCGA 5'

1 903 B 923

11810 1830
Csadli589570.1 3167  AUCCUCUUCAUBUGCUUUAA 3187
miR5041-3p 3" AAGUAGAAGUAGAGGAGALLC 5'
Csa6M497020. 1
miR5242
CsasM577360.1 381 CCACGUUUGUCKUAUAUUCCA 401
miRs532 3' GGUGGAAACAGUAUAUAAGEU 5'
CsadM252910.1 4011 UCAUUGGAAUAKUUGUAGUUY 4031
miR5083 3" ACUAGUC-UAUUAACAUCAGA 5'
Csa2M445770.1 1315  U-COAGUAUACUAEGACGAA 1333
miR6300 3 AUGUUGCUG &

1 1184 \/ 1205
CsaZM139820.1 1148  CUUCCUUCACAAUUUCAUGGUA 1169
miR6421-3p 3' GAGGGAA-UGLUAGAGUAGCAU 5'
CsadM652070.1 1456 \ 1476
miR6426 3" AGGAUBAAGGUACAGAGAUGU 5
CsatM015720.1 628 caaaaacaavcctlibuacacuuea 651
miR7129 3 CUUUUUGCUA-GCAAAUCUARACY 5'
Csadh022990. 1 3976 AACCCAAA-AGCCEGAAGAUAUG 3997
miR7499 3
CsadM117930.1 5621  UCAGGAACCUCEGCAAUAACA 5841

1225 2275
CsadM127830.1 2725 UCUAUGGCUUCEAUAAUAACA 2745
CsadM500830. 1 1034 CCAAGAGOUGCLACAAUAACA 1054
CsadM502330. 1 1034 CCAAGAGCUUCEACAAUAACA 1054
miR7741-5p 3" AGUUCUUGAAGGUGUUAUUGU 5'
Csa2M428380.1 966  UccouuuucAccbucuucuucwy 988
miR8125 3' AUGGAARAGUGUAAGAAGAGGAC 5'

Fig. 2 Degradome proven targets of known miRNAs. a Cleavage site plots of two typical targets. b Pairing of the known miRNAs with the mRNA
target sites. The red arrows indicate the cut sites, the differential bases within a group are marked in blue

reach the p-value< 10~ cut-off level. The accumulation of
miR164 and novel-mir132 showed no significant different.
Only three miRNAs, including miR156/157, miR7741, and
cas-novel-mir97, were differentially expressed simultan-
eously with their targets (Additional file 1: Table S16).

miRNA-target modulating the adaptation to temperature-

photoperiod changes

The roles of the miRNA-target network in modulating the
plant adaptation to temperature-photoperiod changes

were investigated based on the functional annotations of
the expressional affected miRNAs and targets. Of the 24
temperature and photoperiod affected miRNAs, 12 have
32 targets detected by degradome analysis (Additional file
1: Table S17). Five out of the 32 targets were differen-
tially expressed (Additional file 1: Table S17). How-
ever, only miR156/157 and its three SBP-box targets
have shown negative correlated expression pattern
(Fig. 7a). MiR156/157 is well studied and negatively

controls

plant

juvenile to adult phase changes,



Zhang et al. BMC Genomics

(2018) 19:819

Page 8 of 15

CsaM517350.1 384  UUGGGCAAAULTICCUUUGGCA 404 Csa5M165300.1 2967 UGAAUGUUACBG-AUGCAAA 2985 Csa6M524670.1 3477 UGAGAUCAGGCUEGCAGCUUGU 3498
novel-mir-8 3' GGCCCGUUUAGAGGAAACCGU 5' nove l-mir-71 3' GCUUACGAUGGCUUAUGULU 5° nove l-mir-195 3 AMUCUAGUACGACCGUCGAACU 5
Csa3M073820.1 1763 CUGAUUGAUGYJUUGGAAUUUG 1783 sa2M270820.1 2480 AAUGAUUUUUAUCEUAUUUAAAA 2502 CsalM046830.1 1816 cAAuucaucuutAAcuucu—UCA 1837
novel-mir-14 3' GGCUCAUUAGAAACUUUAAAG 5' nove l-mir-73 3" UUGGUAAAAAUAGUAUAAGUULU 5° nove I -mi r-205 3" UUAAAGUAGAAGUUGAAGAUAGU 5'
Csabl188660.1 2313 UAGCAAAUACABCAGCACCUA 2333 Csa6M449250.1 1876 UCCACAACAAGCECUUCUCGAC 1897 Csabh046470.1 1336  GGAGCUCCOULIGACUCCAAU 1355
nove | -mir-18 3 GACGUUUACGUGGUCRUGGAR 5 novel-mir-75 3' UGGU-UAGUUCGGBAAGAGCUU 5' nove | -mir-206 3' CCUCGAGGGAAGUUAGGUUA 5'
Csa2M270730.1 3857 UUCACUUUUCU%AACCCUAGG 3877 Csall038980.1 1652 CUCAAGAGCAUBAUCAACGAG 1672 Csa3M775310.1 2320 ucuucuucuucbuc;meuuc;\ 2340
Csa5M148780.1 1467 CGAACUU-UCURAACCCUAAA 1486 Csall527950.1 2461 GOC-ACAACAUCAUBAGCAAA 2480 & . iiiiziicizinioes
Ciriinoiriiiiiiiiin: Citritiiiiriiiiniisis nove l-mir-211 3" AUGAGAGGAAGAGGUUUAAGU 5'
novel-mir-21 3' ACGUGAAGAGAUUUGGGAUUU 5' nove l-mir-97 3' UGGUUGUCGUAGUAGUUGUUU 5'
CsalM014530.1 928 UUAU-UCAUUCUUEUUCUUGUUG 949
Csa3liB48310.1 3552 UGCUUCUGUUGUUUACUULUUG 3573 Csa3M881590. 1 6650 AUCCCCAUCARUAUGAGGUCG 6670 Sriroiriiiiiiiriiio,
PrEfr RENELELE:iEeEd oot oo cina nove l-mir-219 3' AAUACAGUAAGAAGAAGAAGAGC 5'
nove | -mir-23 3' ACGAA-ACAAUAGAUGAAAAAU 5 nove l-mir-112 3' UACGGAUAGUUAUAGUCUAGU 5'
Csadl563290.1 1516  UCUUCUUCUUCUUBUUCUUCUAA 1538
Csa2M147910.1 970  AGAGoucuuaulithuugucuua 991 sa2M062620.1 963 ACGGUGCCAUCY}CUCCUGCGA 983 CsadM009890. 1 1121  UUUUCUUCUUCUUBUUCUUGUAU 1143
novel-mir-25 3" UCUCG-GAACGAAGAACAGAAA 5' novel-mir-113 3" UGCCGUGGUAGAGAAGACGCU 5' novel-mir—225 3" AACACAGGAAGAAGAAGAAGALU 5'
Csalll420320.1 948 GouGCcACAGclUUCUUGAC 967 Csa3M698540.1 3743 UGCAUGUGUUCYJGCCUUUCCA 3763 CsabM046220.1 1279 CAucsuu—eActhAcuuceAce 1298
CsaUNMO06760. 1 1340 CCUGGUACAGEUUUCUUUAU 1359 Csa3lB48300.1 2353 GACC-UUGAACUACUUCAAUC 2372
Critririiririiiin nove l-mir-114 3 UCGUACAGGGGACRGAGAGE 5 Chorririiiiiiiinn
nove | -mir-27 3' AGAGGGUGUCGAAAGAACUU 5 nove | -mir-239 3' GUGGCAAGUUGAUGAAGUUGU 5'
Csall423190.1 1100 CAUCGUAAUCEUARUCGUAAUGE 1122 CsadM651950.1 2745 AGAAUACAUCUABUUGUUUUUG 2766 Csa3M002610.1 1065 CCUCCGCCGCUBCCACUCCCA 1085
Csa3M873780.1 1245 CAUCC-AAUCCUARUCCCAAUCC 1266 Gr it otririteieine oo Csad293050.1 3148 CCGCUUCCACUBCCGCUCCCG 3168
Csa3M011640.1 1595 UUGCCUAAUCCUA’\UCCUAAUCC 1617 novel-mir-116 3' UG-UAAGUAGAUGAAGAAGAAC 5 CsadM304230.1 2540 CCAUUCCCACUCCCACUCCCA 2560
Csa5M141170.1 1104 CCUCUCCGAGULICCACUUCCA 1124
i ! Csa6M500520. 1 1549 GCACUCUGAGUEGCACUCCCA 1569
novel-min=38 3" UUAGGAUUAGGAUUAGGAUUAGG 5 sabM074680.1 2182  AACCUCACAUUUASUUGUACAAA 2204 CoabM523330.1 892 UGACUCUCACUCUGAGUCUCA 912
GeaTh268310.1 782 GAGUC?QG'_:A‘,\?‘?"_:A’_\FJ?W_“_“_\G 804 nove -mir-121 3" UUGGAGUGAUAAUGAACAGGULU 5' novel-mir-254 3 GGAGAGGRUCAGGALGAGRG 5"
nove -mip-41 3" CUUUGASCLLLGUUAGAUAU. 5¢ sa3M002340.1 1698 CGGGAUUUCUUECAGUUUCAA 1718 crasheos0. 1 3212 ol SR 5
............. sa :
CSEAROSOIE0FE = iloas = HeS GUCUC”UdJUUUGUCUCA 1655 novel-mir-129 3" GUCCAGUAGAACCUCGAGUU  5° s
.................. o .
Covelmiv—d5 o s B BRI nove I -mir-255 3' CUACCAGUAGAGUGACAGAGU 5'
salM023070.1 1619  uuuuuucuuuitlibuucaucuuy 1641 Csadll553660. 1 4580 GAGUU- CUCC’\AGCACUUCU 4598
CeacMo1296051 12065 CUCACUCUUA‘_\Q_"\CACUL’CAAA 2087 CsadM036600.1 1148  CUUCUUCUUCU-UCUUCUUGUUC 1170
) . Crririiiiiiiinr otrii novel-mir-276 3' GUCAAGGGGGUUUGUGAAGU 5'
nove | -mir-46 3' AAUUUAGGAUUGUUGUGAAGUUU 5' v =ih g s R L S
Csa6M324830.1 1536 UAAAACUAAAAYJGCAGCUCAA 1556 Csa5M198240.1 222 GAACUCAACUUAABCCAACCCUC 244
Csa5M153080.1 2574 CGAAACCUCCAYJCAACAAUUG 2594 i i, R TSR
nove | -mir-47 3" AUUUUGAUUUUACGUCGAGUU 5' ) nove I -mir-286 3' GUUGGGUUGGAUUGGGUUGGGUU 5'
nove l-mir-170 3" AUUUCGGAGGUAGUUGUUAGU 5'
CsasM623540.1 1225 AGCCUCUU—UGU‘CAUGUCCACC 1246 Csa2M094380. 1 3250 GUUUAAUUAUAYJCAUUUUAAA 3270
nove l-mir-49 3" UUGGAGAAUACAUGUAUAGGUGE 5' Csa3M651860.2 1336  UCGUUCAAGAARGCCUGUGGAA 1357 nove |-mir-304 3" UAGGUUGAUAUAGUAAAAULU 5'
Csa2l354030.1 1897 uceuuc;\AcAﬂtccueusGAA 1918
Csa5M608170.1 1929 AAACUCUGUCUAYJCAGCUCUUG 1950 GEaZM21SSOUSE HZE GAGHIITAGHAGILEURC GrI 257 CsaM517360.1 1700  GUaGGCAAAUCTICCULUGGCA 1720
novel-mir-58 3' CCUGAGA-AGAUGGUCGAGAAC 5' novel=mir-173 81" WICAAGUICHULG-BACAGEULS novel-mir-315 3' GCCCCGUUUAGAGGAAACCGU 5'
Csa6M136530.1 2112 UUGUUAUCAACURCGAUAUUCG 2133 Csadl043840.1 1570 UGUGAUAUUGGHACGGCUCAA 1590 CsabM139750.1 993 CAGAU-ACGAUBGCAGCUUGA 1012
nove | -mir-70 3" UUCGAUGRLUGAUGCUAUARGE 5 novel-mir-193 3' GCACUAUAACCGUGCCGAGUU 5 novel-mir-320 3' GUCUAGUACGACCGUCGAAGU 5'
Fig. 3 Pairing of the novel miRNAs (except novel-mir153) with the mRNA target sites. The red arrows indicate the cut sites, the differential bases
within a group are marked in blue

flowering, and other developmental processes via
SBP-box targets [29, 48, 49]. By down-regulation of
miR156/157, the long-day condition promoted the ju-
venile to adult phase changing, flower initiation and
other developmental and metabolic processes in
cucumber.

Though did not achieve the significantly different
cut-off level, the expression of novel-mirl53 among the
treatments displayed negative correlation pattern with its
five high-temperature induced targets (Fig. 7b). These tar-
gets include an aminotransferase, an ethylene-responsive
transcription factor, a senescence-related protein and an
acyl-CoA thioesterase coding gene. As ethylene is the cen-
tral regulator signal for flower sex development in cucum-
ber, the novel-mir153 has the potential to play roles in sex
ratio regulation.

A newly evolved novel miRNA targets a large number of
genes

Noticeably, a novel miRNA (novel-mirl53) targeted
2087 mRNA targets, predicted by the intersection of the
psRobot and TargetFinder tools, which accounted for
45.26% of the total targets in this plant. Amongst, 232
cut sites were proved by degradome analysis, which
accounted for 58.88% of the total degradome results.
This is the largest sum of genes targeted by a single
miRNA in plants. By BLAST on NCBI, we did not find a
similar hairpin structure sequence from other organisms.
When this novel-mirl53 precursor was traced back to
the cucumber (Chinese Long 9930) genome, we noticed
that it was generated from the third intron of the alcohol
dehydrogenase-like 6 gene (CsalG044860). We then re-
trieved its homologue genes from seven other cucurbit
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-
CsaZM169190.1 768 ucuucuucudouucudtuucy 788 Csall004930.1 909 ucuucuucug UUCUUCUUCA 929 Csa3Mé51740.1 1127 CUUCAUUCUUCDUCUUCUUCU 1147
Csalli042600.1 928  UCUUCUUCUJCUUCUUCUUBU 948 Csall132710.1 882  UCUUCUUCU é UCUUCUUCA 902 Csa3M194380.1 1672 UGUUGUUCUUCDUCUUCUUCU 1693
CsallM589100.1 1037  UCUUCUUCUUEUUCUUCUUCU 1057 Csall276440.1 1033 UCUUCUUCUU Eucuucuum 1053 1846 C 866
Csa2W249850.1 687  UCUUCUUCUUCUUCUUCUUCU 707 Csall586860.1 1640  UCUUCUUCUUCUUCUUCUUCA 1660 Csa7M013950.1 1034  GCAU-UUCUUCDUCUUCUUCU 1054
sadiB39850.1 970  Ucuucuucuuctuclucuucy 990 CsalM629050.1 1023  UCUUCUUCUUCUUCUUCUUCA 1043 Csa3M011650.1 1673  UAAAUUUCUUCDUCUUCUUCU 1693

1 1148 1168 C5a3M002370.1 935  UCUUCUUCUUCLUCUUCUUCA 955 Csall423100.1 970  CUUCUUUCUUCUUCUUCUUCU 991
Csall023600.1 1196  UcUUCUUCUUCUUCUUCUUCU 1216 Csa3M043910.1 2836  UCUUCUUCUUCUUCUUCUUCA 2856 Csa3l736940.1 1495 1515
Csall526840.1 953 973 Csadi389830.1 926 Ic 946 Csa5M215130.1 1068 1087
CsallM586860.1 1622 UCUUCUUCUUCUUBUUCUUCU 1642 1965 U 985 Csa5M640550. 1 2367 2387
Csall586860.1 1625 1645 1 1425 ol 1445 Csa7M432060.1 1037 1057
Csa2M000110.1 1028 1048 1 464 484 Csa5M031960.1 876 896
Csa2345910.1 789  UCUUCUUCUUCUUBUUCUUCU 809 Csash517730.1 1417 UCUUCUUCUUCULCUUCUUCA 1437 Csall589100.1 1031 1051
Csa2M360590.1 910 930 Csa5M622830.1 2066 2086 Csa2M427310.1 205 225
Csa2l428380.1 924  UCUUCUUGUUCUYEUUCUUCU 944 CsaSM645160.1 1667  UCUUCUUCUUCDUCUUCUUCA 1687 : :
Csa3M002340.1 917 y 937 M078530.1 1073 1093 csa-novel-mir153 3’ AGUAGAAGAAGAAGAAGAAGU  5'
Csa3M002340.1 923 0 943 CsabM417890.1 927 947
0sa3M002590.1 1007 1027 CsabM510300.1 807  UCUUCUUCUUCUUCUUCUUCA 827 Csa7M039270.1 1106  CCAUCUUCUUCUUCUUCCUCC 1126
Csa3i002720.1 1500 UCUUCUUCUUGYUBUUCULCU 1520 i : CsadM017160.1 1112 cOUUCUUCUUGDUCUUCCUCU 1132
Csa3M006710.2 730 750 a mirls3 3’ 5 Csadi101270.1 958  UC-UCUUCUUCDUCUUCCUCU 978
Csa3M144110.1 1050  UCUUCUUCUUCUUBUUCUUCU 1070 Csadi285680.1 881  UCLUCUUCUUCDUCUUCCUCU 901
CsadM152120.1 1241 1261 sa3l002590. 1 2982 ucfucuucuug%ucuucuucu 3001 Csall423100.1 2509  CAAUCUUCUUCDUCUUCCUCA 2529
Csadl236550.1 2734 2794 Csa3M829170.1 501  UC-UCUUCUUCUUCUUCUUCU 521 Csadl285680.1 1246  UUAUCUUCUUCDUCUUCCUCA 1266
CsadM238210.1 655 675 10.1 955  UC-UCUUCUUCUUCUUCUUCY 974 Csadi180400.1 866  UCLUCUUCUUCUUCUUCCUCA 836
Csa3M374210.1 408 428 1 931 uch 951 : i
Csadl588480. 1 872 UcuucuucUUCUUGhUCUUCU 892 Csall062910.1 1142 UCCUCUUCUUEIUCUUCUUCG 1162 csa-novel-mir153 3’ AGUAGAAGAAGAAGAAGAAGU  5°
Csa3M627700.1 1127  UCUUCUUCUUCUUBUUCUUCU 1147 Csa3M639040.1 1083  UCCUCUUCUUCDUCUUCUUCU 1103
Csa3M645880.1 867 887 0.1 875 895
CsadM646570.1 1013 UCUUCUUCUUCUUBUUCUUCU 1033 Csa7M074910.1 811 UCGUCUUCUUCUUCUUCUUCC 831 Csa2l169190.1 719 UU-UCUCCUUCUUCUUCUUCC 738
CsadM651740.1 1142 UGUUCUUGUUCUUBUUCUUGU 1162 Csadli543180.1 2623 UCGUCUUCU| th UUCUUCE 2643 Csa6M155540.1 912 UcoucuuUUuCucuucuuce 932
CsadM734270.1 924 UCUUCUUCUUCUUCUUCUUCY 944 CsalM003540.1 1082  UGGUCUUCH UUCUUCU 1102 Csa1M064800. 1 92 UcaUcAUCUUCUUCUUCULUC 112
Csa3M736940.1 2112 UCUUCUUCUUCUUBUUCUUCU 2132 Csa3M128930.1 1337 ucaucuucuu%ucuucuucu 1357 CsaSM139900.1 1081  UCUUCUCCUUCUUCUUCUUCE 1101
CsadlM764550.1 705  UCUUCUUCUUCUUBUUCUUCU 725 Csa7M429620.1 1106  UGGUGUUGUUCUUGUUGUUCY 1126 0sa4M307960.1 1169 1189
CsadM842100.1 1710  UCUUGUUCUUCUUBUUCUUCU 1730 = . 0sa3#002600.1 921  UCUUCUUCUUCUUCUUCULUG 941
CsadM860270.1 1067  UCUUCUUCUUCUUCUUCUUCU 1087 csa-novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5 C0sa3#016990.1 1489 UCUUCUUUUUGUUCUUGUUCC 1509

11100 1120 CsadM119430.1 1026  UCUUCUUGUUCUUCUUCUUUG 1046
Coad063470. 1 294  UCUUCULCUUCULBLUCUUCU 314 " 1 932 952 CsadM271360.1 2242 UCUUGUUUUUCDUUUUCUUCG 2262

1 e 848 0.1 830 850 Csa2M222070.1 1373 UUUUCUUCUUCUUCUUCUUUG 1393

.1 834 854 Csa2M370350.1 695  CCUUCUUCUUCUUCUUCUUCE 715 CsalM002140.1 2619 UCGACUUULUCUUCUUCUUCY 2639
Csa5M082300.1 823 U 843 CsalM629050.1 1020  CCUUCUUCUUCJIUCUUCUUCU 1040 Csa6M319710.1 1623 UCGUUUUCUUCUUUUUCUUCY 1643
Csa5M152890.1 1061  UCUUCUUCUUCUUEUUCUUCU 1081 CsadM038760.1 1959  CCUUCUUCUUC[IUCUUCUUCU 1979 CsalM246610.1 1308  UCUUCUGUUUCUUCUUCUUCU 1328
Csa5M152900.1 1928  UCUUCUUCUUCUUEUUCUUCU 1948 CsadM290830.1 1199  CCUUCUUCUUCIUCUUCUUCU 1219 Csa3M150240.1 403  UCUUCUUAUUCUUCUUCUUCY 423
Csa5M167120.1 939 959 Csa6M519650.1 914 GCUUCUUCUUC[IUCUUCUUCU 934 Csa3M164460.1 1133 UcUUCUUCCUCUUCUUCUUCY 1153
Csa5M168750.1 1175  UCUUCUUCUUCUUEUUCUUCU 1195 Csa7M039270.1 881  CCUUCUUCUUCUUCUUCUUCU 901 Csa2i325960. 1 2130 UCUUCUUCUUCUUCUUCUULU 2150
CeasMI76000 1 951  UCUUCUUCUUCUUBUUCUUGU 971 Wa52360 1 718 738 Csa2M100560.1 751  UCUUCUUCUUCUUCUUULULY 771
Csa5M176000.1 954  UCUUCUUCUUCUUEUUCUUCU 974 Csa6M497080.1 1003  GCGUCUUCUUCIUCUUCUUCU 1023 Csa6M358710.1 1305  UCUUCUUCUUCUUUUUCUUCY 1325
CsaSM381800.1 837  UCUUCUUCUUCUUCUUCUUCU 857 Csa2M082200.1 967  GCUUCUUCUUCUUCUUCUUCU 987 Csa2M350470.1 782  UUUUCUUULUGUUUUUCUUCY 802
CsabM609790.1 1046 UCUUCUUCUUCUUBUUCUUCU 1066 H 22 12149 2169
CsaSM623540.1 943 ucuucuucuucu!dguucuucu 963 csa—novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5 Csa6M290900.1 970  UCUUCULULUCUUCUUCUUCY 990
Csa6M075190.1 827  UCUUCUUCUUCUUBUUCUUCU 847 : . s : ;
CsaM087980.1 1520  UCUUCUUCUUCUUCUUCUUCU 1540 CsabM499110.1 1994  AAuucuucuuchuguucuucy 2014 csa-novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5
Csa6M108530.1 2015  UCUUCUUCUUCUICUUCUUCU 2035 Csadi182020.1 2165  CUUUCUUCUUCLUCUUCUUCC 2185
Csa6M108530.1 2495  UCUUCUUCUUCUUCUUCUUCU 2515 CsasM139150.1 540 cuuucuucuuc%‘ucuucuucc 560 CsabM621930.1 373 UCUGCAUUUUCDUCUUCUUCA 393

886 906 CsabM499110.1 1994  AAUUCUUCUUCUUCUUCUUCU 2014 Csadi154320.1 1029  UCCUCCUCCUCDUCUUCUUCA 1049
CsabM497270.1 609  UCUUCUUCUUCUUBUUCUUCU 629 I : Csad578870.1 1444  UCCUCCUCCUCDUCUUCUUCA 1464
Csa6M511030.1 821  UCUUCUUCUUCUUBUUCUUCU 841 csanovel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5' CsabM171150.1 1477 UUGUGCUCUUCUUCUUCUUCA 1497
Csa7M067490.1 1065  UCUUCUUCUUCUUBUUCUUCU 1085 A CsadM597350.1 407 427
Csa7M075680.1 1133  UCUUCUUCUUCUUBUUCUUCU 1153 Csa2W406780.1 662  UCAUCUUCUUC[UCUUCUUCU 682 Csabi109780.1 1255 1275
Csa7M075680.1 1124 1144 Csa2M008670. 914 Csa2M171840.1 1748 1768
Csa7M372310.1 1511  UCUUCUUCUUCUUGUUCUUCU 1531 Csa2M252020.1 2221 2241 CsadM630000. 1 940 960
Csa7M372320.1 873  UCUUCUUCUUCUUBUUCUUCU 893 Csa3M782790.1 2182  UCAUCUUCUUCUYCUUCUUCU 2202 Csa2M075460.1 1144 1164
Csa7M432640.1 701 UCUUCUUCUUCUUCUUCUUCU 721 CsadMB78810.1 1420  UCAUCUUCUUCUUCUUCUUCU 1440 CsadM062580.1 362 382
Csa7M433380.1 1052 UCUUCUUCUUCUUEUUCUUCU 1072 .1 880 900 CsabM199780.1 1489 1459
Csa7M448010.1 1013 1033 : 3 oocotnoiin i
.1 785 805 csanovel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5 csa-novel-mir153 3' AGUAGAAGAAGAAGAAGAAGU  5'
csa-novel-mir153 3’ AGUAGAAGAAGAAGAAGAAGU 5 CsaZM287110.1 2590 (;ucucuucuucpucuucuuc/« 2610 CsaSM605730.1 1739 ACAACUUCUUCUUCUUCUUUU 1759
11753 c 1773 CsabM373190.1 2086  UCA-CUUUUUCUUCUUCUUUU 2105
Csalh033250.1 977  ucuudbucuuguubuucuuce 997 1962 982 Csall181410.1 822  UCAUCUCCAUCUUCUUCUUCU 842
CsalM045900.1 907 ucUUcuucuu‘guucuucuucs 927 CsadM652140.1 1232 UUUUCUUCUUGUUCUUCUUCA 1252 CsadM128930.1 1331  UCAUCUUCGUCUUCUUCUUCU 1351
Csa2M223670.1 610  UCUUCUUCUUCDUCUUCUUCE 630 CsadM637130.1 922 CCAUCUUCUUBLUCUUCUUCA 942 Csadi236550. 1 2287 2307
Csa2Md06780.1 665  UCUUCUUCUUCUUCUUCUUCG 685 Csall002100.1 1414  UCGUCUUCUUCUUCUUCUUCA 1434 CsabM602190.1 336  UCAUUUCUUUCUUCUUCUULU 356
Csa3M152120.1 1244  UCUUCUUCUUCDUCUUCUUCG 1264 CsadM651720.1 971  UCCUCUUCUUBUUCUUCUUCA 991 CsabM151590.1 851  UUAGCUUCUUCUUUUUUUUCU 871
CsadM631570.1 1103 UcuucuucuuclUCUUCUUCG 1123 1 814 834 CsadM846010.1 934  U-AUCUCCUUCUUCUUCUUUC 953
5 5 i : Csadi236550. 1 2398 2418
csa-novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU  5' csa-novel-mir153 3’ AGUAGAAGAAGAAGAAGAAGU 5' CsadM842100.1 1978  UUAUCUCCUUCUUCUUCUUUG 1998
CsadM636390. 1 4404  U-AGCUUUUUCUUCUUCUUUU 4423
csa2M173060.1 871 ucuucuucuugliugpucuuce 891 CsalM505910.1 867 MGAcuucuug%ucuucuucc 887 Cen2M123600.1 1446 UAAUCLIGIUCLGLLIGUURY. “1466
Csa2M264610.1 804  UCUUCUUCUUBUUCUUCUUCC 824 Csa3W851830.2 1120  UACCCUUCUUCUUCUUCUUCG 1140 - : :
Csa2M270210.1 1031 UCUUCUUCUUCUUCUUCUUCC 1051 CsalM043270.1 1119 AcAccuucuuculcuucuucA 1139 osamnovel-mir153 3" AGUAGAAGAAGAAGAAGAAGU 5
Csa2W382480.1 1007  UCUUCUUCUUCDUCUUCUUCC 1027 CsalM043280.1 3574  ACACCUUCUUCDUCUUCUUCA 3594
Csa3M164460.1 840  UCUUCUUCUUCDUCUUCUUCC 860 Csa2M100560.1 745  COUCCUUCUUCDUCUUCUUCU 765 Csa5M593360.1 2824  ACAUCAUCUUCUUCUUCUUCA 2844

1906 926 Csall084330.1 851  GCUGCUUCUUCDUCUUCUUCG 871 Csa6M091900.1 940  ACUUCUUCUUCDUCUUCUUUA 960

Csa7M039270.1 884  UcUUCUUCUUCUUCUUCUUCC 904 Csall073050.1 2918  UUA-CUUCUUCDUCUUCUUCC 2938 Csa6ld97050.1 2224  UAGUCUUCUCCUUCUUCUUCA 2244
s : Csall597720.1 1770  UUGCCUUCUUCUUCUUCUUCC 1790 Csa2M352930.1 1052 UGAUCAUCAUCUUCUUCUUCA 1072
csa-novel-mir153 3' AGUAGAAGAAGAAGAAGAAGU  5' Csadi307960.1 1142 UCUACUUCUUCDUCUUCUUCC 1162 CsalM074980.1 1072 UCAUCUUCAUCDUCUUCUUCA 1092
11574 1594 CsalM042660.1 1357  UUAUCUUUUGCUUCUUUUUCA 1377

Csadl304230.1 811  UCUCCUUCUUCDUCUUCUUCC 831 :

1 1064 i 1084 1217 2190 csa-novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5'
Csa7M072880.1 918  UUCUCUUCUUCUUCUUCUUCC 938 Csa7M072880.1 1951 1971

1 1165 1185 o & Csa6M155540.1 869  CCAUCCUCUUCDUCUUCUUCU 889

1 755 775 csa—novel-mir153  3' AGUAGAAGAAGAAGAAGAAGU  5' Csa3M357100.1 966  UCCUCCUCUUCUUCUUCUUCC — 986
Csa7M341240. 1 1573 Uueucuucuuclucuucuucy 1593 2 CsabM363000. 1 1564 1584
CsadM083590. 1 912 UUUUCUUCULY QUGUUGUUCU 932 Csa2M350300. 1 855 o\ 875 Csa1M250140. 1 2275  UCUUCCUCUUCUUCUUCUUCA 2295

4 1148 1168 1112 1145 Csall250150.1 855 875
csa-novel-miri53 3' AGUAGAAGAAGAAGAAGAAGU 5' csanovel-mir153  3' AGUAGAAGAAGAAGAAGAAGU 5 csa-novel-mir153 3’ AGUAGAAGAAGA 5

Fig. 4 Pairing of the novel-mir153 with its mRNA target sites. The red arrows indicate the cut sites, the differential bases within a group are marked in blue
J
genomes, including two cucumbers (Gyl4 and progenitor of cucumber, melon and watermelon after di-

PI1183967), melon (DHL92), two watermelons (97,103
and Charleston Gray), Cucurbita maxima (Rimu) and
Cucurbita moschata (Rifu) [50]. The coding sequences
were highly conserved between these plants (Additional
file 2: Figure S2). However, the intron regions have di-
verged between these species. The 3'-end part of the
third intron was conserved between these five species,
indicating that these introns were generated from a
common ancestor. The direct repeat sequence at the
borders indicates the intron was probably derived from
transposable element insertion. The 5'-end of the third
introns was lost in pumpkins or gained by the

vergence from pumpkins. After this, two regions highly
diverged between Cucumis and Citrullus. One of them
evolved the novel-mirl53 in cucumber (9930 and wild)
by at least three steps (Fig. 8a and b). The secondary
structure of the precursor of novel-mir153 showed per-
fect hairpin folding (Fig. 8b). This novel-miRNA is very
young, evolved from the ancestors of melon and cucum-
ber to cucumber cultivar Gyl4 and then to cucumber
cultivar Chinese long by two rounds of “AGA” duplica-
tions. The novel-mirl53 and its targets matches are
shown in Figs. 4 and 8c, perfectly meeting the criterion
for regulation.
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Fig. 5 GO annotation of targets of miRNAs
.

Molecular Function

We checked the functions of these targeted genes, 182
out of the 201 genes were functionally annotated. These
targets covered quite wide biological functions, including
RNA transcription, protein translation, protein, lipid and
carbohydrate metabolic, growth regulation, environmen-
tal response, transporters, etc. (Additional file 1: Table
S12). It is worth mentioning that 23 transcription fac-
tors, nine kinase and seven cyclin-like genes were puta-
tive targets of novel-mirl53, indicating this novel miRNA
plays an important role in cucumber development.

Discussion

Three previous studies by Ling et al., (2017); Mao et al,,
(2012) and Martinez et al., (2011) have identified 25, 29
and 31 known and 7, 2 and 49 novel families of miRNAs
in cucumber plants (leaf, root and stem tissues) [42-44].

Among these previously identified miRNAs, 27 families
of known miRNAs were also detected in our present
study. The other eight known miRNA families (miR170,
miR319, miR858, miR894, miR1030, miR1515, miR2911
and miR2916) identified in these previous reports were
not detected in our study. However, our present study
detected 41 new known miRNA families that have never
been identified in previous reports (Table 1). These dif-
ferences present the differential tissue patterns of miR-
NAs between the leaf, root, and stem in the previous
reports and the shoot apex in our present study.

The expressional profiling showed that the miRNAs
were primarily affected by temperature rather than by
photoperiod. The temperature had an epistatic effect on
photoperiod (Fig. 1). When cultivated in low temperature,
the change of photoperiod did not affect the expression
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Fig. 7 Negative correlation pattern of miRNAs and targets

levels of miRNAs in these cucumber shoot tips. However,
when temperature rose above a suitable level, the photo-
period significantly influenced the expression of many
miRNAs. These results give guidance for cucumber pro-
duction, especially for greenhouse-based cultivation, in
that temperature has a greater impact than photoperiod
and merits greater attention. When cucumbers are grow-
ing in a greenhouse during the winter season, if the
temperature is not high enough, the extension of the
photoperiod will be insufficient. Only when the
temperature are high enough will a prolonged photoperiod
stimulate flowering and other developmental processes.
However, cucumber has many ecotypes. The “Chinese long
(9930)” used in this study is a cultivar successfully used in
greenhouse cultivation in winter and early spring seasons.
The above findings should be cautiously used if extended
to other ecotype cucumbers such as the “Xishuangbanna”
variety.

The functional annotations of the differentially expressed
miRNAs provide some answers for the performance of cu-
cumber within differential temperature-photoperiod envi-
ronments (Additional file 1: Table S18, Additional file 2:
Figure S3). For example, down-regulation of miR7741 and
seven other miRNAs releases the activity of targets involved
in transcription initiation, elongation, mRNA processing,
degradation, and protein translation in high temperature.
This can explain the fact that these plants are more vigor-
ous in higher temperatures. Under miRNA regulation, the

expression or translation of proton-dependent transporter
genes and vacuolar transport genes were biased towards
high or low temperatures, respectively. This can contribute
to the phenomena of mineral element absorbance and
transport being more efficient in high temperatures, while
the carbohydrate and alkaloid storage in vacuoles is more
efficient in low temperatures. It is well known that low tem-
peratures can cause fungal diseases in cucumber. The sup-
pression of the resistance and defence related genes via
miRNAs can partially explain this phenomenon. However,
due to the limited sequencing depth, a lot of predicted tar-
gets were not proven in the degradome analysis. Therefore,
deeper degradome sequencing is needed to prove these
functional deductions.

One of the important outputs of the temperature-photoperiod
influence is the flower sex ratio changes. DNA methyla-
tion has been proven to play a role in this process [11].
DNA methylation achieves its functions by transcrip-
tional regulation of genes. miRNA is a more rapid and
direct regulator of gene expression. In this study,
miR156/157 differentially expressed and regulated the
SBP-box transcription factors. SBP-box genes regulate
flowering time, male fertility and gynoecium patterning
in Arabidopsis [48, 49] but did not play a strong role in
sex determination, according to the studies that were
carried out using hermaphrodite flowering plants.
Thus, we cannot exclude the possibility of these
SBP-box transcription factors playing roles in flower
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Fig. 8 Evolution of novel-mir153 in cucumber. a alignment of novel-mir153 harbouring sequences of three cucumber genotypes and the
homologous sequences in melon, watermelons and pumpkins. Grey shading shows the exons, the multicolour shading shows the intron, the
green shading shows the conserved sequences, and the yellow shading shows the novel-mir153 hairpin sequences. The blue shading shows the
watermelon retained sequences. b secondary structures of the novel-mir153 hairpin and its homologs in watermelon, melon and Gy14
cucumber. The yellow shading shows the mature RNA and its homologs. ¢ alignment of novel-mir153 and its targets

sex ratio regulation in cucumber. Beside the significant
differentially expressed miRNAs, those miRNAs such
as novel-mir153 target Ethylene-responsive transcription
factors whose expression was significantly affected by
temperature and photoperiod. As ethylene is the central
regulator signal for flower sex development in cucum-
ber, these genes and the corresponding miRNAs have
the potential to play roles in sex ratio regulation.

There are three models that describe miRNA origin
and evolution: origination from a random formation
of hairpins in non-coding sections such as introns or
intergenic regions; origination from inverted duplica-
tions of protein-coding sequences; and origination
from the miniature inverted-repeat transposable ele-
ments [51, 52]. In this study, we found a solid ex-
ample of a new miRNA (novel-mirl53) that
originated from an intron. The comparison of the
genes from pumpkins, watermelons, melons and cu-
cumbers displayed the step-by-step evolution of this
miRNA. Because novel-mirl53 is a quite newly

evolved miRNA and absent in other plants, it is not
an indispensable element for the plant life cycle.
However, it does target a surprisingly large number of
target genes. The detailed function of novel-mirl53
and its contribution to cucumber evolution is worthy
further investigation.

Materials and methods

Plant materials and RNA extraction

The cucumber inbred line 9930 was used in this study.
Seedlings were grown in artificial climate chambers with
conditions set as follows: 16 h light in 28 °C /8 h dark in
25 °C (high temperature, long day, HL), 8 h light in 28 °
C /16 h dark in 25 °C (high temperature, short day, HS),
16 h light in 20 °C /8 h dark in 15 °C (low temperature,
long day, LL), and 8 h light in 20 °C /16 h dark in 15 °C
(low temperature, short day, LS). A 70% humidity was
used for all of these plants. When four true-leaves were
unfolded, shoot apical tissues (1 mm) were dissected
under a microscope and snap-frozen in liquid nitrogen
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and kept at — 80 °C for further use. In each experiment,
more than 500 shoot apices and three biological replicates
were used. Total RNA was extracted using the TRIzol re-
agent (Invitrogen, USA). DNase (Promega, USA) was used
to remove potential DNA contamination.

Small RNA library construction and sequencing

The RNA samples were quantified and equalized. A total
of 30 pg of RNA was resolved on denatured polyacryl-
amide gels. Gel fragments with the size range of 18-30 nt
were excised and recovered. These small RNAs were li-
gated with 5" and 3'RNA adapters using T4 RNA ligase.
The adapter-ligated small RNAs were subsequently tran-
scribed into cDNA by Super-Script II Reverse Transcript-
ase (Invitrogen) and amplified using primers specific for
the ends of the adapters. The amplified cDNA products
were purified and finally sequenced using Illumina se-
quencing technology (BGI, Shenzhen, China).

Identification of known and novel miRNAs
The adapter sequences, impurities, and sequences with
less than 18 nt or more than 30 nt were filtered out from
the raw sequence reads. For miRNA identification, the
total reads were converted to non-redundant unique tags
to filter out duplicates. The unique tags were aligned to
GenBank, Rfam and the cucumber genome [47] and
therefore annotated as rRNA, miRNA, snRNA, snoRNA,
tRNA, repeat, exon sense, exon antisense, intron sense,
intron antisense, and unannotated sequences. The puta-
tive miRNA tags, unannotated reads and those derived
from the intron regions and exon antisense regions were
used for miRNA mining based on the criteria as follow:
hairpin pre-miRNAs that can fold into secondary struc-
tures and mature miRNAs that were present in one arm
of the hairpin precursors; the 5-p and 3-p mature miR-
NAs present 2-nucleotide 3’ overhangs; hairpin precur-
sors lacking large internal loops or bulges; the secondary
structures of the hairpins were steady, with a free energy
of hybridization lower than or equal to — 18 kcal/mol;
and the copy number of mature miRNAs with predicted
hairpins should be greater than 5 in the alignment result.
The candidates were first aligned to all known plant
miRNAs in miRBase 21.0 allowing a two-base mismatch
and a two-nucleotide overhang. The matched miRNAs
were termed as known miRNAs and named after their
best-match families. The members within the same
miRNA family were alphabetical labelled according to
the genome location of their precursors. The rest of the
miRNAs that could not be incorporated into known
families were termed as novel miRNAs.

The expression of miRNAs was produced by summing
the total count of tags with no more than 3 mismatches
on the 5" and 3" ends and no mismatches in the middle
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from the alignment result. The differentially expressed
miRNAs were calculated with the following procedures.
First, the expression of miRNAs was normalized to ob-
tain the expression of transcript per million (TPM). The
normalization formula was as follows: Normalized ex-
pression = Actual miRNA count/Total count of clean
readsx 1,000,000. Second, the fold-change and P-value
were calculated from the normalized expressions.

Degradome library construction and target identification
Total RNA was extracted from the same samples as
those used for sSRNA sequencing. Approximately 200 pg
of total RNA was polyadenylated using the Oligotex
mRNA mini kit (Qiagen). A 5" RNA adapter was added
to the cleavage products (which possessed a free
5’-monophosphate at their 3’ termini) using the T4
RNA ligase (Takara). Then, the ligated products were
purified using the Oligotex mRNA mini kit (Qiagen) for
reverse transcription to generate the first strand of
¢DNA using an oligo dT primer via SuperScript II RT
(Invitrogen). After the cDNA library was amplified for
6 cycles (94 °C for 30 s, 60 °C for 20 s, and 72 °C for
3 min) using Phusion Taq (NEB), the PCR products were
digested with restriction enzymes and further ligated to
double-stranded DNA adapters. The ligated products
were subjected to PCR amplification and gel purification
and finally used for high-throughput sequencing with
the Illumina HiSeq 2000.

Low-quality sequences and adapters were removed,
and the unique sequence signatures were aligned to the
cucumber (9930) genome [47] using SOAP software
[53]. CleaveLand was used to detect potentially cleaved
targets [54]. The tags mapped to cDNA sense strands
were adopted to predict cleavage sites. The
miRNA-mRNA pairs and p-values were analysed using
PAREsnip, p-values less than 0.05 were used for the
t-plot [55]. All alignments with scores not exceeding 4
and possessing the 5° end of the degradome sequence
coincident with the tenth and eleventh nucleotides of
the miRNA complementary were retained. The targets
were GO annotated using Blast2GO [56].

Target gene profiling

Total RNAs (10 pg) were subjected to poly-A selection,
fragmentation, random priming and cDNA synthesis
with the Illumina Gene Expression Sample Prep kit (CA,
USA). The ¢cDNA fragments were end repaired, ligated
to adapters and then enriched by PCR. The fragments
were purified with 6% TBE PAGE gel electrophoresis.
After denaturation, the single-chain fragments were
fixed onto the Solexa Sequencing Chip (Flowcell) and
consequently grown into single-molecule cluster sequen-
cing templates through in situ amplification [57].
Double-end pyrosequencing was performed on the
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[lumina HiSeq 2000 with the read lengths of 90 bp for
each end. The clean reads were aligned to cucumber ref-
erence genes [47]. Gene expression levels were calcu-
lated using the FPKM. Statistical comparison between
treatments was performed using the data from three bio-
logical replicates. Unigenes were considered to be differ-
entially expressed when the mean FPKM between
treatments displayed a more than two-fold change with
a probability of more than 0.8. The expression profiles
of the target genes were extracted from the transcrip-
tome data.

Additional files

Additional file 1: Table S1. summary of sSRNA sequencing data. Table
S2. summary of known miRNAs. Table S3. summary of novel miRNAs.
Table S4. expression levels of known miRNAs in cucumber shoot tips
grown in four temperature-photoperiod conditions. Table S5. expression
levels of novel miRNAs in cucumber shoot tips grown in four
temperature-photoperiod conditions. Table S6. targets of known miRNAs
predicted by psRobot. Table S7. targets of novel miRNAs predicted by
psRobot. Table S8. targets of known miRNAs predicted by TargetFinder.
Table S9. targets of novel miRNAs predicted by TargetFinder. Table S10.
targets of known miRNAs predicted by both psRobot and TargetFinder
(intersection). Table S11. targets of novel MiRNAs predicted by both
psRobot and TargetFinder (intersection). Table S12. targets identified by
degradome sequencing. Table S13. GO term enrichment of targets.
Table S14. KEGG classification of miRNA targets. Table S15. statistics of
transcriptome sequencing for each sample. Table S16. differentially
expressed degradome confirmed targets. Table S17. targets (degradome
proven) of the temperature and photoperiod affected miRNAs. Table
$18. functional annotations (computer predicted targets) of the
temperature and photoperiod affected miRNAs. (XLSX 1042 kb)

Additional file 2: Figure S1. Length distribution of small RNAs in
cucumber shoot tips. Figure S2. Alignment of exons of alcohol
dehydrogenase-like 6 genes Figure S3. Schematic diagram of the miRNA-
target network modulating the plant adaptation to temperature changes.
(DOCX 590 kb)

Acknowledgements

We thank the National Mid-term Genebank of Vegetable Germplasm Re-
sources, the National Science & Technology Infrastructure, and the Beijing Re-
search Station of Vegetables Crop Gene Resource & Germplasm
Enhancement, Ministry of Agriculture, P.R. China.

Funding

This work was supported by grants from the National Key Research and
Development Programme of China (2016YFD0100204), the National Natural
Science Foundation of China (31171961), the National Key Technology R & D
Programme of China (2013BAD01B04), and the Science and Technology
Innovation Programme of the Chinese Academy of Agricultural Sciences
(CAAS-ASTIP-IVFCAAS).

Availability of data and materials

The RNA sequencing datasets generated or analysed during the current
study are available in NCBI Sequence Read Archive (SRA) with the accession
numbers SRP104621 and SRP104378 and in NCBI Gene Expression Omnibus
(GEO) with the accession number GSE117867.

Authors’ contributions

XHZ, XL designed the experiments, analysed the data, and wrote the
manuscript; WZ, YL, XHZ performed the experiments; XXZ, MD, TL, JS, HW,
YQ participated in plant material growth and experiments; and JA
participated in manuscript writing. All authors read and approved the final
manuscript.

Page 14 of 15

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Key Laboratory of Biology and Genetic Improvement of Horticultural Crops,
Ministry of Agriculture; Institute of Vegetables and Flowers, Chinese Academy
of Agricultural Sciences, Beijing 100081, China. “Institute of Pomology &
Olericulture, Sichuan Agricultural University, Chengdu 611130, China.

Received: 21 March 2018 Accepted: 25 October 2018
Published online: 15 November 2018

References

1. Schultz TF, Kay SA. Circadian clocks in daily and seasonal control of
development. Science. 2003;301:326-8.

2. Lagercrantz U. At the end of the day: a common molecular mechanism for
photoperiod responses in plants? J Exp Bot. 2009,60:2501-15.

3. Kahlen K, Chen TW. Predicting plant performance under simultaneously
changing environmental conditions-the interplay between temperature,
light, and internode growth. Front Plant Sci. 2015;6:1130.

4. Bian ZH, Yang QC, Liu WK. Effects of light quality on the accumulation of
phytochemicals in vegetables produced in controlled environments: a
review. J Sci Food Agr. 2015,95:869-77.

5. Miao M, Yang X, Han X, Wang K. Sugar signalling is involved in the sex
expression response of monoecious cucumber to low temperature. J Exp
Bot. 2011,62:797-804.

6. Skupien J, Wojtowicz J, Kowalewska L, Mazur R, Garstka M, Gieczewska K, et al.
Dark-chilling induces substantial structural changes and modifies galactolipid
and carotenoid composition during chloroplast biogenesis in cucumber
(Cucumis sativus L.) cotyledons. Plant Physiol Bioch. 2017;111:107-18.

7. Sawvides A, Dieleman JA, van leperen W, Marcelis LF. A unique approach to
demonstrating that apical bud temperature specifically determines leaf
initiation rate in the dicot Cucumis sativus. Planta. 2016;243:1071-9.

8. LiuJ, Feng L, Li J, He Z Genetic and epigenetic control of plant heat
responses. Front Plant Sci. 2015;6:267.

9. Neto JR, da Silva MD, Pandolfi V, Crovella S, Benko-Iseppon AM, Kido EA.
Epigenetic signals on plant adaptation: a biotic stress perspective. Curr
Protein Pept Sci. 2017;18:352-67.

10.  Pandey G, Sharma N, Sahu PP, Prasad M. Chromatin-based epigenetic
regulation of plant abiotic stress response. Curr Genomics. 2016;17:490-8.

11. Lai YS, Zhang X, Zhang W, Shen D, Wang H, Xia Y, et al. The association of
changes in DNA methylation with temperature-dependent sex
determination in cucumber. J Exp Bot. 2017,68:2899-912.

12, Castellano M, Martinez G, Marques MC, Moreno-Romero J, Kohler C, Pallas V, et
al. Changes in the DNA methylation pattern of the host male gametophyte of
viroid-infected cucumber plants. J Exp Bot. 2016;67:5857-68.

13. Mohanty S, Grimm B, Tripathy BC. Light and dark modulation of chlorophyll
biosynthetic genes in response to temperature. Planta. 2006;224:692-9.

14.  Bi HG, Wang ML, Jiang ZS, Dong XB, Ai XZ. Impacts of suboptimal
temperature and low light intensity on the activities and gene expression of
photosynthetic enzymes in cucumber seedling leaves. Ying Yong Sheng Tai
Xue Bao. 2011;22:2894-900.

15. Zhang XM, Yu HJ, Sun C, Deng J, Zhang X, Liu P, et al. Genome-wide
characterization and expression profiling of the NAC genes under abiotic
stresses in Cucumis sativus. Plant Physiol Bioch. 2017;113:98-109.

16. Janicka-Russak M, Kabala K, Wdowikowska A, Klobus G. Response of plasma
membrane H(+)-ATPase to low temperature in cucumber roots. J Plant Res.
2012;125:291-300.

17. Gan D, Zhan M, Yang F, Zhang Q, Hu K, Xu W, et al. Expression
analysis of argonaute, Dicer-like, and RNA-dependent RNA polymerase


https://doi.org/10.1186/s12864-018-5204-x
https://doi.org/10.1186/s12864-018-5204-x

Zhang et al. BMC Genomics

20.

21.

22.

23.

24.
25.
26.
27.
28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2018) 19:819

genes in cucumber (Cucumis sativus L) in response to abiotic stress. J
Genet. 2017;96:235-49.

Zhou Y, Hu L, Wu H, Jiang L, Liu S. Genome-wide identification and
transcriptional expression analysis of cucumber superoxide dismutase
(SOD) family in response to various abiotic stresses. Int J Genomics.
2017,2017:7243973.

Deng J, Yu HJ, Li YY, Zhang XM, Liu P, Li Q, et al. Leaf volatile compounds
and associated gene expression during short-term nitrogen deficient
treatments in Cucumis seedlings. Int J Mol Sci. 2016;17:E1713.

Wang L, Cao C, Zheng S, Zhang H, Liu P, Ge Q, et al. Transcriptomic analysis
of short-fruit 1 (sf1) reveals new insights into the variation of fruit-related
traits in Cucumis sativus. Sci Rep. 2017;7:2950.

Zhang Y, Zhao G, Li Y, Mo N, Zhang J, Liang Y. Transcriptomic analysis
implies that GA regulates sex expression via ethylene-dependent and
ethylene-independent pathways in cucumber (Cucumis sativus L.). Front
Plant Sci. 2017;8:10.

Xu X, Chen M, Ji J, Xu Q, Qi X, Chen X. Comparative RNA-seq based
transcriptome profiling of waterlogging response in cucumber hypocotyls
reveals novel insights into the de novo adventitious root primordia
initiation. BMC Plant Biol. 2017;17:129.

Mansfeld BN, Colle M, Kang Y, Jones AD, Grumet R. Transcriptomic and
metabolomic analyses of cucumber fruit peels reveal a developmental
increase in terpenoid glycosides associated with age-related resistance to
Phytophthora capsici. Hortic Res. 2017;4:17022.

Martinez G, Kohler C. Role of small RNAs in epigenetic reprogramming
during plant sexual reproduction. Curr Opin Plant Biol. 2017,36:22-8.
Khraiwesh B, Arif MA, Seumel GI, Ossowski S, Weigel D, Reski R, et al.
Transcriptional control of gene expression by microRNAs. Cell. 2010;140:111-22.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116:281-97.

Kurihara Y, Watanabe Y. Arabidopsis micro-RNA biogenesis through Dicer-
like 1 protein functions. Proc Natl Acad Sci U S A. 2004;101:12753-8.

Chen X. A microRNA as a translational repressor of APETALA2 in Arabidopsis
flower development. Science. 2004;303:2022-5.

Zhang X, Zou Z, Zhang J, Zhang Y, Han Q, Hu T, et al. Over-expression of sly-
miR156a in tomato results in multiple vegetative and reproductive trait
alterations and partial phenocopy of the sft mutant. FEBS Lett. 2011,585:435-9.
Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MC. microRNA-
mediated repression of rolled leaf1 specifies maize leaf polarity. Nature.
2004;428:84-8.

Guo HS, Xie Q, Fei JF, Chua NH. MicroRNA directs mRNA cleavage of the
transcription factor NACT to downregulate auxin signals for arabidopsis
lateral root development. Plant Cell. 2005;17:1376-86.

Bhogale S, Mahajan AS, Natarajan B, Rajabhoj M, Thulasiram HV, Banerjee
AK. MicroRNA156: a potential graft-transmissible microRNA that modulates
plant architecture and tuberization in Solanum tuberosum ssp. andigena.
Plant Physiol. 2014;164:1011-27.

Wang JW, Park MY, Wang LJ, Koo Y, Chen XY, Weigel D, et al. miRNA
control of vegetative phase change in trees. PLoS Genet. 2011;7:¢1002012.
Aukerman MJ, Sakai H. Regulation of flowering time and floral organ
identity by a MicroRNA and its APETALA2-like target genes. Plant Cell. 2003;
15:2730-41.

Zhou CM, Zhang TQ, Wang X, Yu S, Lian H, Tang H, et al. Molecular basis of age-
dependent vernalization in Cardamine flexuosa. Science. 2013;340:1097-100.
Tarutani Y, Shiba H, lwano M, Kakizaki T, Suzuki G, Watanabe M, et al. Trans-
acting small RNA determines dominance relationships in Brassica self-
incompatibility. Nature. 2010;466:983-6.

Wei X, Zhang X, Yao Q, Yuan Y, Li X, Wei F, et al. The miRNAs and their
regulatory networks responsible for pollen abortion in Ogura-CMS Chinese
cabbage revealed by high-throughput sequencing of miRNAs, degradomes,
and transcriptomes. Front Plant Sci. 2015;6:894.

He H, Liang G, Li Y, Wang F, Yu D. Two young MicroRNAs originating from
target duplication mediate nitrogen starvation adaptation via regulation of
glucosinolate synthesis in Arabidopsis thaliana. Plant Physiol. 2014;164:353-65.
Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M, et al. A plant
miRNA contributes to antibacterial resistance by repressing auxin signaling.
Science. 2006;312:436-9.

Sunkar R, Chinnusamy V, Zhu J, Zhu JK. Small RNAs as big players in plant abiotic
stress responses and nutrient deprivation. Trends Plant Sci. 2007,12:301-9.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 15 of 15

Zhang X, Zou Z, Gong P, Zhang J, Ziaf K, Li H, et al. Over-expression of
microRNA169 confers enhanced drought tolerance to tomato. Biotechnol
Lett. 2011,33:403-9.

Ling J, Luo Z, Liu F, Mao Z, Yang Y, Xie B. Genome-wide analysis of
microRNA targeting impacted by SNPs in cucumber genome. BMC
Genomics. 2017;18:275.

Mao W, Li Z, Xia X, Li Y, Yu J. A combined approach of high-throughput
sequencing and degradome analysis reveals tissue specific expression of
microRNAs and their targets in cucumber. PLoS One. 2012;7:233040.
Martinez G, Forment J, Llave C, Pallas V, Gomez G. High-throughput
sequencing, characterization and detection of new and conserved
cucumber miRNAs. PLoS One. 2011;6:219523.

Dai X, Zhao PX. psRNATarget: a plant small RNA target analysis server.
Nucleic Acids Res. 2011,39:W155-9.

Fahlgren N, Howell MD, Kasschau KD, Chapman EJ, Sullivan CM, Cumbie JS,
et al. High-throughput sequencing of Arabidopsis microRNAs: evidence for
frequent birth and death of MIRNA genes. PLoS One. 2007;2:219.

Huang S, Li R, Zhang Z, Li L, Gu X, Fan W, et al. The genome of the
cucumber, Cucumis sativus L. Nat Genet. 2009;41:1275-81.

Xing S, Salinas M, Hohmann S, Berndtgen R, Huijser P. miR156-targeted and
nontargeted SBP-box transcription factors act in concert to secure male
fertility in Arabidopsis. Plant Cell. 2010;22:3935-50.

Xing S, Salinas M, Garcia-Molina A, Hohmann S, Berndtgen R, Huijser P. SPL8
and miR156-targeted SPL genes redundantly regulate Arabidopsis
gynoecium differential patterning. Plant J. 2013;75:566-77.

Cucurbit Genomics Database [http://cucurbitgenomics.org/].

Cui J, You C, Chen X. The evolution of microRNAs in plants. Curr Opin Plant
Biol. 2017,35:61-7.

Piriyapongsa J, Jordan IK. Dual coding of siRNAs and miRNAs by plant
transposable elements. RNA. 2008;14:814-21.

Li R, LiY, Kristiansen K, Wang J. SOAP: short oligonucleotide alignment
program. Bioinformatics. 2008;24:713-4.

Addo-Quaye C, Miller W, Axtell MJ. Cleaveland: a pipeline for using
degradome data to find cleaved small RNA targets. Bioinformatics.
2009;25:130-1.

Folkes L, Moxon S, Woolfenden HC, Stocks MB, Szittya G, Dalmay T, et al.
PAREsnip: a tool for rapid genome-wide discovery of small RNA/target
interactions evidenced through degradome sequencing. Nucleic Acids Res.
2012;40:e103.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ, et al.
High-throughput functional annotation and data mining with the Blast2GO
suite. Nucleic Acids Res. 2008;36:3420-35.

Zhang X, Liu T, Duan M, Song J, Li X. De novo transcriptome analysis of
Sinapis alba in revealing the glucosinolate and phytochelatin pathways.
Front Plant Sci. 2016;7:259.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://cucurbitgenomics.org

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	sRNA sequencing and miRNA identification
	Comparative expression patterns of miRNAs in the cucumber shoot tips
	Target prediction by degradome analysis
	Target expression profiles based on transcriptome sequencing
	miRNA-target modulating the adaptation to temperature-photoperiod changes
	A newly evolved novel miRNA targets a large number of genes

	Discussion
	Materials and methods
	Plant materials and RNA extraction
	Small RNA library construction and sequencing
	Identification of known and novel miRNAs
	Degradome library construction and target identification
	Target gene profiling

	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

