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Abstract

Allopolyploidy is long recognized as an essential driving force in plant evolution. Recent studies have demonstrated 
that small RNAs, including microRNAs (miRNAs), play important roles in the process of allopolyploidy. However, the 
question that how the distinct parent-of-origin miRNAs are maintained in allopolyploids and how these small RNAs affect 
gene expression and phenotype remain to be answered. Therefore, we investigated the miRNA expression profiles of a 
synthesized allotetraploid, Cucumis ×hytivus and its parents. The different developmental stages of leaves of C.×hytivus 
showing contrasting leaf colour were compared as well. Following high-throughput sequencing, 546 conserved   d 287 novel 
miRNAs were identified. The expressions of nine miRNAs obtained by real-time quantitative PCR were consistent with the 
sequencing results. We detected that 15 miRNAs were divergently expressed between the parent species, and 23 miRNAs 
were differentially expressed in C. ×hytivus compared to either of its parents or both, which suggests the significant effect 
of allopolyploidization on miRNAs accumulation. Additionally, 26 conserved and 13 novel miRNAs differed in expression 
between the young and mature leaves of C. ×hytivus, indicating an essential role of miRNA-mediated regulation of leaf 
development following allopolyploidization. This study enriches the context of allopolyploidy effect on miRNAs and lays 
a foundation for the elucidation of the miRNA-mediated regulatory mechanism in phenotypic variation in allopolyploids.
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Introduction

Polyploidy, including autopolyploidy (within species) 
and allopolyploidy (between species), is prevalent in 
angiosperm and plays an important role in the evolutionary 
force in plants (Jiao et al. 2011). However, the research 
concerning allopolyploidization is restricted within a few 
plant species, i.e. wheat (Kenan-Eichler et al. 2011), cotton 
(Wang and Zhang 2015), Arabidopsis (Ha et al. 2009), 
Brassica species (Ghani et al. 2014, Shen et al. 2014) 
and chrysanthemum (Wang et al. 2014). In addition, the 
existing allotetraploids are often formed between extant 
progenitors more than million years ago, and the exact 
progenitors are vanished or evolved (Guan et al. 2014). 
Synthesized allopolyploids with known parents provide 
perfect solutions to allow researchers to investigate the 
exact effects of polyploidization through more critical 
comparisons of allopolyploids and parents. 

The narrow genetic base of cucumber (Cucumis 

sativus L.) is a significant bottleneck in the development 
of cucumber cultivars to meet the needs of growers and 
industry. Through interspecific hybridization between a 
wild Cucumis species C. hystrix Chakrav. (2n = 2x = 24, HH) 
and cultivated cucumber (C. sativus L. cv. Beijingjietou, 
2n = 2x = 14, CC), and somaclonal variation, C. × 
hytivus (HHCC) is obtained (Chen and Kirkbride 2000). 
Previous studies reported that phenotypic differences 
(e.g., flowering time, fruit shape, and other morphological 
traits) can be observed between C. × hytivus and its diploid 
parents (Chen et al. 2002, 2003). Extensive genomic and 
epigenetic changes are also detected in C. ×  hytivus (Chen 
et al. 2007, 2008). These results suggest that C. ×hytivus, 
a newly synthesized allotetraploid, is an ideal model 
system to study the allopolyploidization and clear genetic 
relationship of hybrid with its diploid parents. 

MicroRNAs (miRNAs) are approximately 21 - 22 
nucleotides (nt) long noncoding RNA molecules that 
play crucial regulatory roles in animals and plants (Bartel 
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2004). To date, thousands of miRNAs have been identified 
across the plant kingdom thanks to the boost in the next-
generation high-throughput sequencing technology (Morin 
et al. 2008, Mao et al. 2012, Yang et al. 2013, Cao et al. 
2014, Ghani et al. 2014, ). Many miRNAs are conserved 
among plants species, whereas some are specific to certain 
plant species or lineages (Zhang et al. 2006, Ha et  al. 
2008). Moreover, conserved miRNAs do not necessarily 
display the same expression or pattern in different species 
or even at different stages within a species (Ha et al. 2008). 
Therefore, sequence and expression divergence in miRNAs 
between species may affect miRNA accumulation and 
target regulation in allopolyploids that contain two or more 
divergent genomes, leading to developmental changes 
and/or phenotypic variation in the new species. 

This study aims at identifying conserved miRNAs and 
predicting novel miRNAs in the synthesized allotetraploid 
and revealing differences of miRNAs both between 
sub-species in Cucumis and between different leaf 
developmental stages that may contribute to the variation 
in phenotypes.

Materials and methods

Plants and sample collection: Single seeds after soaking 
and pre-germination were sown in a plug tray and then 
cultured in climate chambers (RDN-1000E-4, Dongnan 
Instruments, Ningbo, China) at air temperatures of 
25/20°C (day/night), a 14-h photoperiod, a light intensity 
of 280 ± 20 µmol m-2 s-1, and a 60 ± 10 % relative humidity. 
On the 20th day after sowing, healthy and uniform seedlings 
were transferred to plastic plots (11 cm diameter, 9 cm 
height) and cultured in the climate chambers with the same 
climate setting. The seedlings were irrigated by flooding 
the bench for 10 min two times per day with the Japanese 
Garden test formula. Twenty days later,  uniform plants 
were used for sample collection. The young leaf (first leaf 
counting from the top) and the mature leaf (the first fully 
developed leaf) of self-cross plants (S10) of synthesized new 
species, Cucumis ×hytivus (HHCC_Y and HHCC_M) and 
the mature leaves of the diploid parents, Cucumis hystrix 
Chakraw. (HH_M) and Cucumis sativus L. (CC_M) were 
used for sequencing. Leaf samples were separated into 
two packs, one for sequencing and the other for real-time 
quantitative PCR (qPCR) analysis.

Small RNA libraries construction for high-throughput 
sequencing: There were two biological replicates for each 
leaf samples, which were differed with number 1 and 2. 
To construct the eight sRNA libraries, leaf samples were 
subjected to sRNAs extraction with TruSeq small RNA 
sample preparation kits (Illumina, San Diego, CA, USA). 
After isolation and ligation, the sRNAs were reversely 
transcribed M-MLV reverse transcriptase (Invitrogen, 
Carlsbad, CA, USA) to cDNAs using M-MLV reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA). The cDNAs 
were used for PCR amplification and gel purification. The 
purified cDNAs were sequenced with Illumina Hiseq2500  
(LC-BIO, Hangzhou, China).

Identification of conserved and novel miRNAs: After 
sequencing, raw reads were further analyzed using the 
ACGT101-miR program (LC Sciences, Houston, TX, 
USA). After removing junk reads and sequences < 18 nt 
and > 25 nt, remaining sequences were aligned using Rfam 
(http://rfam.janelia.org), Cucumber Genome Network 
database (http://www.icugi.org/cgi-bin/ICuGI/index.cgi) 
and repeat database (http://www.girinst.org/repbase). The 
sequences that matched Rfam, mRNA, rRNA, tRNA, 
snoRNA, snRNA, other non-coding RNAs and repeat 
sequences were filtered out. The valid sequences were 
blasted against the reported pre-miRNAs and mature 
miRNAs in plants from miRBase 21.0 (ftp://mirbase.org/
pub/mirbase/21/). A maximum of one mismatch between 
target and known miRNAs from miRBase database was 
allowed. The prediction of novel miRNA was carried 
out as Cao et al. (2014). UNAfold software were used to 
predicted hairpin RNA structures (http://mfold.rna.albany.
edu/?q=mfold/RNA-Folding-Form). Only miRNAs with 
stable hairpin structures were considered. miRNAs that 
are conserved among plants as compared with miRBase 
and with stable hairpin structures were classified as 
conserved miRNAs. Novel miRNAs were only considered 
when minimal folding free energy index (MFEI) of their 
pre-miRNAs was ≥ 0.80 in this study.

Data normalization and differential expression 
analysis: Data normalization was performed according to 
Cer et al. (2014) with minor modification: 1) Looking for 
a set of common sequences among all samples to construct 
a reference data set, in which each data is the copy number 
median value of a corresponding common sequence. 
2) Calculation of the 2-based logarithm with copy numbers 
of all samples and reference data set Log2 (copy#). 
3)  Calculation of the difference ΔLog2 (copy#) between 
each sample and the reference data set. 4)  Selection of  
sequences |ΔLog2 (copy#)| < 2, meaning that less than 
(22 =) 4 fold change from the reference set. 5) Derivation 
of linear equations y = aix + bi from linear regressions 
between individual samples and the reference set on the 
subset of selected sequences, where x is Log2 (copy#) of 
the reference set, ai and bi are the slop and interception, 
respectively, and y is the expected Log2 (copy#) of library 
i on a corresponding sequence. 6)  Calculation of the 
mid value xmid = [max(x) -min(x)]/2 of the reference set. 
Calculation the expected Log2 (copy#) of sample i yi,mid = 
aixmid + bi, make yr,mid = xmid, and make Δyi = yr,mid - yi,mid, 
which is the logarithmic correction factor of sample i. 
7) Derivation of the arithmetic correction factor fi = 2Δyi of 
sample i; 8) Multiplication of a corresponding arithmetic 
correction factor to original copy numbers to get corrected 
copy numbers of individual samples. MicroRNAs were 
regarded as differentially expressed based on normalized 
data with the χ2-test and the Fisher-exact test.

The qPCR verification: The total RNAs of samples were 
isolated using Trizol (Invitrogen, Carlsbad, USA) and 
digested with DNase I (Fermentas, Loughborough, UK) 
at 25 °C for 30 min to remove DNA. The samples that 
met a standard of quantity and purity were used for qPCR 
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validation of nine miRNAs. The qPCR amplifications were 
performed as described by Cao et al. (2014). The cDNA 
synthesis was performed using the One Step PrimeScript® 
miRNA cDNA synthesis kit (Takara, Dalian, China). The 
sequences of the primers for the miRNAs are shown in 
Table 1 Suppl. The RT-at qPCR amplifications were 
performed using the SYBR Premix Ex TaqTM kit (Takara, 
Shiga, Japan). U6snRNA was used as the reference gene 
for RT-qPCR of miRNAs. The reactions were repeated 
three times, and the expressions were calculated by the 
2-ΔΔCt method. Three biological replicates of each miRNA 
were adopted for analysis.
Data assessment and analysis: The sequencing data 
of this study has been submitted to Gene expression 
omnibus (GEO) under the accession number of 
GSE79757 at http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE79757. To compare the expressions of the 
miRNAs or the target genes between samples, a modified 
global normalization (TPM, tags per million) were 
used to correct copy numbers among different samples.  
A 2-test and Fisher exact test were performed after the raw 
data were normalized from high-throughput sequencing. 
Log2 ratio was used as the threshold to detect differences 
in miRNA expressions. The miRNAs were considered to 
be significantly up-regulated or down-regulated when the 
P values of the χ2-test and Fisher exact test were ≤ 0.05 
and the |log2 ratio| was ≥ 1. qPCR data were analyzed by 
analysis of variance (ANOVA) using SPSS 16.0 (SPSS Inc., 
Chicago, IL, USA).

Results

A total of 11 980 476 (HH_M), 13 684 701 (CC_M), 
13 343 713 (HHCC_M), 13 036 332 (HHCC_Y) reads 
were obtained. After the redundant reads were screened 
out and removed, the 7 074 090, 7 247 941, 8 102 408, and 
7 710 834 valid reads in the HH_M, CC_M, HHCC_M, 

and HHCC_Y libraries corresponded to 564 614, 747 864, 
429 722, and 1 104 828 unique reads, respectively. The 
small RNAs originating in C. × hytivus and C. hystrix 
which did not perfectly match the C. sativus genome 
were excluded from the analyses because the complete 
C. ×hytivus or C. hystrix sequence was unavailable. Thus, 
the analyses were limited to C. sativus small RNAs.

The size of small RNAs were not evenly distributed in 
each library, ranged from 18 to 25 nt (Fig. 1). Among the 
unique sequences, 21-nt sRNAs represented the greatest 
proportion of sequences in the HH_M, HHCC_M, and 
HHCC_Y libraries, while 22-nt sRNAs represented the 
greatest proportion of sequences in the CC_M library 
(Fig.  1A). However, 21-nt miRNAs represented the 
greatest proportion in all the four libraries (Fig. 1B).

In total, 546 conserved miRNAs from 407 miRNA 
precursors and 287 novel miRNAs from 270 miRNA 
precursors were identified (Table 2 Suppl.). Both 
conserved and novel miRNAs were differentially 
expressed among the four libraries (Table 3 Suppl. and 
Table 4 Suppl.). Firstly, the expression of 15 miRNAs was 
significantly different between HH_M and CC_M library 
(Fig. 2). Of these miRNAs, the most up-regulated and 
down-regulated miRNAs in HH_M library comparing to 
the CC_M library were PC-132-5p (19.18-fold) and csa-
miR397-p3_cme (10.91-fold). Moreover, three of the 15 
divergently expressed miRNAs also showed significantly 
different expression between HHCC_M and HH_M 
library, while four miRNAs showed significant difference 
in expression between HHCC_M and CC_M library. In 
addition to that, nine miRNAs only showed significantly 
different expression between HHCC_M and HH_M 
libraries, and eight miRNAs between HHCC_M and 
CC_M libraries. However, only one of these miRNAs, csa-
miR156a_mtr, showed consistently changed expression in 
HHCC_M compared to both HH_M and CC_M libraries. 
Compared to HHCC_M, HHCC_Y showed significantly 
increased expressions of 15 conserved miRNAs and 12 

Fig. 1. The length distribution of small RNAs (A; y-axis refers to the proportion of each length of sRNA in the total number of reads) 
and miRNAs in the mature leaves of Cucumis hystrix and C. sativus (HH_M and CC_M), and young and mature leaves of C. × hytivus 
(HHCC_Y and HHCC_M) (B).
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novel miRNAs; 11 conserved miRNAs and one novel 
miRNA showed significantly decreased expression level 
in HHCC_Y library compared to HHCC_M library. 
Among these miRNAs, csa-miR171d-p5_cme had the 
largest increase in expression (34.29-fold), whereas csa-
miR156b_cme decreased 13.81-fold.

To verify the data obtained from the high-throughput 
sequencing, qPCR was performed to validate the 
expression patterns of seven conserved and two novel 
miRNAs in the samples from four leaves. All the nine 
miRNAs were detected through qPCR, though some of 
the miRNAs were detected in relatively low read numbers 
with deep sequencing. As shown in Fig. 3, the results from 
qPCR analyses illustrated similar expressions as those 
detected by next-generation sequencing, suggesting the 
reliability of our sequencing results.

Discussion

The success of allopolyploidization between C. sativus 
and a closely related Cucumis species, making it a 
useful model system to investigate the process of 
allopolyploidization, as indicated in our previous studies 
(Chen et al. 2008, 2009). High-throughput sequencing 

has opened the door for miRNA research, it has 
permitted research of allopolyploidy effects on miRNAs 
in Arabidopsis (Ha et al. 2009), wheat (Kenan-Eichler 
et al. 2011), cotton (Yang et al. 2013, Wang and Zhang 
2015) and Brassica species (Ghani et al. 2014, Shen et al. 
2014). However, it was still unclear that how the miRNAs 
were affected by allopolyploidy and the regulation of 
targeted genes mediated by miRNAs across different 
species. Moreover, it was unknown whether miRNAs 

Fig. 3. A comparison of quantitative PCR analyses (black bars) and high-throughput sequencing (white bars) results of miRNAs in 
Cucumis. A - csa-miR171e-p5_cme; B - csa-miR171d-p5_cme; C - csa-miR397-p3_cme; D - csa-miR171u-p5_gma; E - csa-miR156b_
cme; F - csa-miR156g_ath; G - csa-miR156a_cme; H - PC-260-3p; I - PC-131-3p.

Fig. 2. Venn diagrams of differentially expressed miRNAs in the 
allotetraploid and its parents in Cucumis (P < 0.05).
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have contributed to the variation of phenotypes in the 
process of allopolyploidization, including in the genus of 
Cucumis. Therefore, we globally investigated the miRNAs 
expression profile of the synthesized allotetraploid and its 
parents in Cucumis.

In total, 546 conserved miRNAs and 287 novel 
miRNAs were identified in the present study, enriched 
the numbers of Cucumis miRNAs. High abundance of  
20 - 24 nt sequences was found, which accounted for 
79, 78, 75, and 83 % of the clean reads in HH_M, 
CC_M, HHCC_M, and HHCC_Y libraries, respectively, 
representing the typical length of plant mature miRNAs 
(Ng et al. 2012). Of the sRNAs identified in our study, the 
24-nt sRNAs showed the highest abundance (Fig. 2), in 
agreement with the results from rice (Morin et al. 2008), 
cotton (Yang et al. 2013) and cucumber (Mao et al. 2012). 
Of the identified miRNAs, 21-nt miRNAs showed the 
highest proportion, which correlated well to other plant 
species (Yang et al. 2013).

Allopolyploids obtained by chromosome doubling after 
hybridisation between species or genera are genetically 
stable, meaning permanent fixation of heterozygosity (Ng 
et  al. 2012). MiRNAs play roles in the regulation of a 
broad range of biological and metabolic processes in the 
growth and development of plants (Yang et al. 2013, Wang 
and Zhang 2015). Many miRNAs and their targets are 
conserved among plants, whereas some are specific to a few 
plant species. Despite the extensive small RNAs studies in 
the context of growth and development as well as their 
tolerance to stress conditions, researches on allopolyploids 
have been few. Small RNAs were suggested act as a buffer 
against genomic shock in Arabidopsis allopolyploids, of 
which the expression variation of miRNAs was suggested 
to cause changes in gene expression, growth vigour, and 
adaptation (Ha et al. 2009). Results in hexaploid wheat 
suggested that miRNA-mediated homoeolog regulation 
may contribute to heterosis (Li et al. 2014). In our data, 
only 15 out of 833 miRNAs showed expression divergence 
between the parents, C. sativus and C. hystrix, which is 
much less than the results from Brassica hexaploids 
(Shen et al. 2014) and Arabidopsis allotetraploids (Ha 
et  al. 2009). Nevertheless, it should be noted that these 
results may consequently biased since the small RNAs 
originating in C. ×hytivus and C. hystrix but not perfect 
matching the C. sativus genome were excluded from 
analysis. Reanalysis after the availability of C. ×hytivus 
and C. hystrix genome in future could identify C. ×hytivus 
and C. hystrix specific miRNAs and cement results in the 
present study.

In polyploids, progenitor-biased gene expression 
has been widely reported (Wang et al. 2006, Xu et  al. 
2012). Moreover, progenitor-biased miRNA expression 
consistent with the progenitor-biased mRNA expression in 
the allopolyploids has also been reported (Ha et al. 2009, 
Shen et al. 2014). In our work, one conserved and two 
novel miRNAs of the 15 divergent miRNAs between the 
parents showed paternal biased expression in C. ×hytivus, 
whereas two conserved and two novel miRNAs showed 
maternal biased expression (Fig. 2). In addition, four 
conserved and four novel miRNAs were divergently 

expressed between the parents, however, they did not show 
significantly different expression in C. ×hytivus compared 
with both parents. In other words, the eight conserved and 
novel miRNAs displayed intermediate expression in the 
allotetraploid. Moreover, allopolyploidy also gives rise to 
the activation of new miRNAs and depression of miRNAs. 
Ten conserved and six novel miRNAs were observed 
divergently expressed in C. ×hytivus in comparison to 
its parents. Compared with the corresponding diploids, 
enhanced stress responses of polyploids have been widely 
observed (Manzaneda et al. 2012). As a result, these non-
additively accumulated miRNAs lead to non-additive 
expression of their targets in allopolyploids, which may 
finally lead to non-additive or novel phenotypes in the 
allopolyploids (Wang et al. 2006, Ha et al. 2009). The 
varied expression modes of miRNAs suggest more 
regulation possibilities in synthesized allopolyploids, 
which therefore may be the advantageous for the increasing 
of potential for fitness and selective adaptation during the 
new species establishment.

Conserved miRNAs among different species, however, 
do not necessarily express the same levels or patterns 
at different stages within a species (Ha et al. 2008). Ha 
et  al. (2009) reported differentially expressed miRNAs 
in different organs. It was proposed that every metazoan 
cell type at each developmental stage could have a distinct 
miRNA expression profile (Bartel 2004). Our data suggest 
that it might also apply to plants. The miRNAs have been 
confirmed for regulating the plant leaf morphogenesis 
(Palatnik et al. 2003). Moreover, miRNAs have essential 
roles in coordinating the leaf developmental processes both 
temporally and spatially (Pulido and Laufs 2010). It was 
reported that the expressions of miR156 showed dramatic 
difference between young and old leaves from a single 
plant in rice (Xie et al. 2012). Consistently, the young and 
mature leaves of C. ×hytivus displayed large difference 
in miRNAs expression profiles, including 26 conserved 
and 13 novel miRNAs. Many of these are known to be 
involved in the leaf growth regulation, such as miR156, 
miR159, miR166, and miR396 (Pulido and Laufs 2010). Of 
these miRNAs, three miRNAs from miR156 family, csa-
miR156a-cme, csa-miR156b-cme, and csa-miR156g-ath, 
showed increased expression from young to mature leaves, 
which is consistent with observations in rice (Xie et  al. 
2012). In addition, 5 miRNAs from miR171 family, csa-
miR171b-p5-cme, csa-miR171d-p5-cme, csa-miR171e-
p5-cme, csa-miR171e-3p-mtr, and csa-miR171u-p5-gma, 
were differently expressed between young and mature 
leaves of C. ×hytivus. miR171 was reported to be crucial 
for regulating chlorophyll biosynthesis through the gene 
encoding protochlorophyllide oxidoreductase (POR) (Ma 
et  al. 2014). Recently we have identified chlorophyll 
deficiency and repression of chlorophyll biosynthesis 
genes, including the POR gene, in C. ×hytivus (Yu et al. 
2018). The results presented here prompts us to further 
investigate the mechanism of how miRNAs regulate the 
chlorophyll biosynthesis in the allopolyploids.
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