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Abstract

fruit development stages were performed in this study.

sexual reproduction related genes.

propagation process and enhanced invasiveness.

Background: The invasion of Solidago canadensis probably related to polyploidy, which may promotes its potential
of sexual reproductive. S. canadensis as an invasive species which rapidly widespread through yield huge numbers of
seed, but the mechanism remains unknown. To better understand the advantages of sexual reproduction in hexa-
ploid S. canadensis, transcriptome and small RNA sequencing of diploid and hexaploid cytotypes in flower bud and

Results: The transcriptome analysis showed that in the flower bud stage, 29 DEGs were MADS-box related genes
with 14 up-regulated and 15 down-regulated in hexaploid S. canadensis; 12 SPL genes were detected differentially
expressed with 5 up-regulated and 7 down-regulated. In the fruit development stage, 26 MADS-box related genes
with 20 up-regulated and 6 down-regulated in hexaploid S. canadensis; 5 SPL genes were all up-regulated; 28 seed
storage protein related genes with 18 were up-regulated and 10 down-regulated. The weighted gene co-expression
network analysis (WGCNA) identified 19 modules which consisted of co-expressed DEGs with functions such as
sexual reproduction, secondary metabolism and transcription factors. Furthermore, we discovered 326 miRNAs with
67 known miRNAs and 259 novel miRNAs. Some of miRNAs, such as miR156, miR156a and miR156f, which target the

Conclusion: Our study provides a global view of the advantages of sexual reproduction in hexaploid S. canadensis
based on the molecular mechanisms, which may promote hexaploid S. canadensis owing higher yield and fruit quality
in the process of sexual reproduction and higher germination rate of seeds, and finally conductive to diffusion, faster
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Background

Biological invasion acted as a global threat to biodiver-
sity [1]. Many invasive species pose a serious threat to
local biodiversity, the invasion of alien plants will affect
and simplify the new state of ecosystem [2]. The invasive
plant show significantly negative impacts on the native
ecosystems. Thus, plant invasion will ultimately affect
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human and society include reduction of agricultural
production, obstacle of sustainable development and
influence on human health [3]. Many studies have been
dedicated to explore the mechanism of plant invasion [4—
6]. At present, no common mechanism has been found to
explain and predict that why some alien species rapidly
expand beyond their local range and become dominant
in non-native habitats [7, 8]. Thus, understanding the fac-
tors that support the rapid spread and successful growth
in invasive species is necessary to design effective control
strategies.
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Reproduction as an essential role for invaders when
they are introduced into a new habitat [9]. Thus, repro-
ductive traits especially for the sexual reproduction
generally have developed into important determinants
of invasion [10, 11]. The advantages of sexual reproduc-
tion include the increased offspring diversity, reduced
intraspecific competition and wider distribution poten-
tial for rapidly initiating new populations far from the
parental plants [12]. Invasive plants have greater advan-
tages in seed production capacity or seed size in the
introduced range to speed up naturalization and spread
[13]. Some invasive species spread rapidly via seed repro-
duction in the invasion process [11, 14]. Therefore, know-
ing the priority of sexual reproduction mechanism in the
invasion success of exotic species is essential to under-
standing invasion strategies for invasive species.

Polyploid plants have been developed a series of drastic
competitive traits. Polyploidy usually are morphological
different to diploid [15]. This significant morphological
variation will enhance plant vigor that may confer poly-
ploids a pre-adaptive advantage, making them more
likely to become invasive weeds than their diploid ances-
tors [16, 17]. Polyploid plant possessed a higher competi-
tive advantage in the early stages of invasion due to the
higher germination rate, faster growth and more robust
seedlings. A greater sexual and vegetative reproduction
ability may be helpful to establish and expand polyploid
population [18]. Therefore, polyploidy might be one of
the potential determinants in invasion success through
a greater competitive ability than diploids [17, 19]. The
comparative study of invasive species and native con-
geners is a common means to elucidate the evolution of
competitiveness [20, 21], and many studies have revealed
differences in the competitiveness of cytotypes in some
alien invasive species [22—24]. However, a comprehensive
overview of ploidy levels underlying molecular mecha-
nism across the most invasive plant species is still lack-
ing. Therefore, the studies of the difference of alien plant
with different cytotypes from molecular basis levels will
provide a better understanding of its molecular mecha-
nisms about invasiveness for polyploids. Furthermore,
such information may be essential for establishing the
importance of ploidy in determining invasion success.

The whole genome duplication will lead to large-scale
changes in the gene expression level [25-27]. These large
scale changes are mostly including chromatin remod-
eling, methylation, and the production and function of
small RNA [27-29]. MicroRNAs (miRNAs) are a class
of small noncoding RNAs, which consisting of approxi-
mately 20-24 nucleotides in eukaryotes. In general,
miRNA negatively regulate gene expression through
complementarity to target mRNAs at the post-transla-
tional level [30, 31].
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In recent years, small RNAs, especially miRNAs, have
become important regulators of plant growth, develop-
ment and stress response [32-34]. Some studies have
shown that miRNAs play an important role in the sex-
ual reproductive process of plants, which including the
regulation of flowering time and flower development
[34-37], and fruit ripening, seed yield and develop-
ment [37-40]. In addition, the regulation function and
expression pattern of miRNAs were changed and elu-
cidated important molecular mechanisms in polyploid
plant [41-43].

Solidago canadensis was a perennial herb with
three cytotypes, diploid (2n=2x=18), tetraploid
(2n=4x=36) and hexaploid (2n=6x=54), which has
been introduced into many areas in the world from
North American and has developed into invasive spe-
cies including China [44]. Based on the different cyto-
types, S. canadensis was also showed the different
invasiveness ability. Polyploidy facilitate S. canadensis
becoming competitive ability and promotes its suc-
cessful formation of invasive species in China [22]. For
example, polyploidization can promote S. canaden-
sis to adapt in new environment [45]. The allelopathy
potential of S. canadensis were enhanced by polyploidi-
zation, therefore, making the introduced polyploid S.
canadensis more competitive than diploid, which helps
its successful invasion [46]. Besides, reproductive traits
of invasive plants are important determinant of their
invasion. S. canadensis as an invasive plant can spread
by sexual reproduction and asexual reproduction by
rhizome. Studies suggested that sexual reproduction
facilitates new S. canadensis populations establishment
[44]. The advantage of invasiveness of S. canadensis has
owing to the abilities to yield a large number of seeds,
which is closely related to the number of inflorescences
[47]. The molecular basis for the allelopathic metabo-
lite synthesis has suggested that the altered related
gene expression may enhanced invasive potential of
polyploid S. canadensis [48]. While few studies fully
clarified the molecular mechanism for the sexual repro-
duction in S. canadensis.

In this study, we explored the expression of reproduc-
tion related genes and miRNAs between hexaploid and
diploid S. canadensis. Based on the gene and miRNA
expression characteristics in the inflorescence of flower
bud and fruit development stage between two cytotypes
of S. canadensis, we elucidate the biological function of
these genes and miRNAs. Furthermore, we combined
the expression profile of gene with miRNA to construct
miRNA-mRNA interaction network to explore the regu-
latory action of miRNAs. Our work will finally provided
the theoretical basis for further exploration of the inva-
sion mechanism of polyploid S. canadensis.
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Result

Gene expression patterns in diploid and hexaploid
cytotypes of S. canadensis

Total RNA was extracted from flower bud stage and
fruit development in hexaploid (HFa and HFb) and dip-
loid (DFa and DFb) samples with both of each group
including 3 biological replicates. To explore the gene
expression patterns in two cytotypes of S. canadensis,
the raw data which obtained by RNA sequencing of the
flower bud and fruit development stage in the hexa-
ploid and diploid S. canadensis (a total of 12 samples)
were filtered. The clean data for each sample was not
less than 6 G with more than 99% Q20 bases and more
than 96% Q30 bases were acquired (Additional file 1:
Table S1). Based on the assembly of transcripts and
the removal of low-abundance expressed genes, a total
of 121,278 expressed genes were detected, of which
67,095, 73,360, 65,976 and 71,551 were detected in
HFa, HFb, DFa and DFb respectively. Among all the
detected genes, 30,602 genes were expressed in all four
groups, 8035 genes were specifically expressed in HFa,
14,098 genes were specifically expressed in HFb, 5839
genes were specifically expressed in DFa, and 12,478
genes were specifically expressed in DFb (Fig. 1la).
Furthermore, based on the alignment of differentially
expressed genes (DEGs) between two cytotypes with
the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases, we found that
7892 genes were differentially expressed in the flower
bud stage and 8990 genes in the fruit development
stage. Among these differentially expressed genes, 4197
genes were detected in both flower bud and fruit devel-
opment stage, 3695 genes were only detected in flower
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bud stage, while 4793 genes were only detected in fruit
development stage (Fig. 1b).

GO functional analysis of DEGs

To explore the insight into functional categories of the
DEGs in the flower bud and fruit development stages,
a GO classification was performed. In the flower bud
stage, DEGs were distributed in 46 GO terms, which
were mainly included in three categories: biology
process, cellular component and molecular function.
In the biology process category, most of DEGs were
distributed in the subcategories of ‘cellular process,
‘metabolic process’ and ‘biological regulation’ (Addi-
tional file 2: Fig. S1). In the cellular component, most
of DEGs were distributed in the subcategories of ‘cell,
‘cell part’ and ‘membrane’ (Additional file 2: Fig. S1).
In the molecular function, most of DEGs were distrib-
uted in the subcategories of ‘catalytic activity, ‘bind-
ing’ and ‘transporter activity’ (Additional file 2: Fig.
S1). Furthermore, GO functional enrichment analysis
was used to collect genes that play important roles in
the flower bud stage. Based on the functionally de-
redundant analysis of significantly enriched GO terms
by REVIGO, we screened out many GO terms that are
involved in biological functions such as ‘nucleosome;
‘response to stress, ‘mature ribosome assembly; ‘pro-
tein catabolism, ‘double fertilization forming a zygote
and endosperm’ and ‘ethylene biosynthesis’ (Fig. 2a).
The expression of genes which involved in these GO
terms might be altered and played a vital role in the
flower bud stage of hexaploid S. canadensis. In the
fruit development stage, DEGs were distributed in 50
GO terms, which were also mainly included in three

HFa

Fig. 1 The distribution of expressed genes in each sample and differentially expressed genes between two cytotypes. a The distribution of
expressed genes in the flower bud and fruit development stages of hexaploid (HFa and HFb) and diploid S. canadensis (DFa and DFb). b The
distribution of differentially expressed genes at flower bud stage (DFa-vs-HFa) and fruit development stage (DFb-vs-HFb)

DFa-vs-HFa

DFb-vs-HFb
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Fig. 2 GO analysis of DEGs. a The DFa-vs-HFa comparision; b The DFb-vs-HFb comparision. Each rectangle indicates the enriched GO terms

categories. In the biology process and

nent category, most of DEGs were distributed similarly

cellular compo-

with flower bud stage (Additional file 3: Fig. S2). In the
molecular function, most of DEGs were distributed

in the subcategories of ‘catalytic activity, ‘binding’
and ‘structural molecule activity’ (Additional file 3:
Fig. S2). GO functional enrichment and functionally
de-redundant analysis in the fruit development stage



Wau et al. BMC Plant Biol (2021) 21:462

were also performed. Compared with the flower bud
stage, there were no significant changes in the func-
tional categories of DEGs in fruit development stage,
while some changes were appeared in the enriched GO
terms (Fig. 2b).

Pathway functional analysis of DEGs

The KEGG pathway classification and functional
enrichment analysis were carried out to further iden-
tify the function of DEGs in flower bud and fruit devel-
opment stages. The DEGs in the flower bud stage were
mapped into 131 KEGG pathways, which most of genes
were contained into the pathway of ‘Carbon metabo-
lism, ‘Ribosome; ‘RNA transport’ and ‘Ubiquitin medi-
ated proteolysis’ (Additional file 4 Table S2). The top
20 enriched pathways ranked by Q-value were mainly
about ‘plant hormone signal transduction, ‘circadian
rhythm-plant’” ‘biosynthesis of amino acids’ and some
of secondary metabolism related pathways such as
‘flavonoid biosynthesis;, ‘flavone and flavonol biosyn-
thesis’ and ‘anthocyanin biosynthesis’ (Fig. 3a). In the
fruit development stage, DEGs were also mapped into
131 KEGG pathways and most of genes were contained
into the same pathways with flower bud stage (Addi-
tional file 5 Table S3). Some of the top 20 enriched
pathways which ranked by Q-value were similar with
the flower bud stage, such as ‘carbon metabolism, ‘fla-
vonoid biosynthesis’ and ‘biosynthesis of amino acids.
Some pathways, such as ‘ribosome; ‘phenylpropanoid
biosynthesis’ and ‘linoleic acid metabolism’ were spe-
cially collected (Fig. 3b). The DEGs which enriched
in these pathways may play an important role in the
reproductive development of hexaploid S. canadensis.
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Secondary metabolism related DEGs

According to the MapMan analysis, many DEGs which
involved in secondary metabolite synthesis between two
cytotypes of S. canadensis were collected in flower bud
and fruit development stage (Fig. 4). In the flower bud
stage, most of DEGs which mapped into the ‘phenly-
propanoids, ‘flavonoids’ and ‘terpenoids’ pathways were
down-regulated in hexaploid S. canadensis (Fig. 4a).
For example, the PAL (phenylalanine ammonia lyase),
C4H (cinnamate 4-hydroxylase) and 4CL (4-coumaroyl:
CoA ligase) gene, which play a key role in ‘phenlypropa-
noids’ pathway, were down regulated (Additional file 6:
Fig. S3). In addition, many DEGs related with terpenoid
biosynthesis and metabolism were up-regulated. For
example, some key enzyme genes which involve in the
upstream of MVA pathway, such as ACAA, HMGCR, and
PMVK genes were up regulated in hexaploid S. canaden-
sis (Additional file 7: Fig. S4). In the fruit development
stage, many DEGs mapped into the ‘phenlypropanoids,
‘flavonoids’ and ‘terpenoids’ were down-regulated in
hexaploid S. canadensis (Fig. 4b). While, in the phenyl-
propanoid biosynthesis pathway, PAL, C4H, CHS and
CHI genes were up-regulated in hexaploid S. canadensis
(Additional file 8: Fig. S5). In terpenoid synthesis related
pathways, most of terpenoid biosynthesis related DEGs
were down-regulated in hexaploid S. canadensis (Addi-
tional file 9: Fig. S6).

Expression profiling of transcription factor (TF) genes

According to the differential expression analysis of TF
genes between two cytotypes of S. canadensis in flower
bud stage, 433 differentially expressed TF genes were
obtained to be classified into 45 TF gene families. The
most number of TF genes were MYB genes, with 27 were
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up-regulated and 25 were down regulated in hexaploid
S. canadensis. As follows, 43 AP2-EREBP TF genes with
21 were up-regulated and 22 were down-regulated; 32
NAC TF genes with 12 were up-regulated and 20 were
down-regulated; 31 bHLH TF genes with 16 were up-
regulated and 15 were down-regulated; 29 MADS TF
genes with 14 were up-regulated and 15 were down-reg-
ulated (Fig. 5a). In the fruit development stage, 448 dif-
ferentially expressed TF genes were classified into 48 TF
gene families. The most number of TF genes were AP2-
EREBP genes with 23 were up-regulated and 37 were
down-regulated in hexaploid S. canadensis. As follows
were 40 MYB TF genes, of which 21 were up-regulated
and 19 were down-regulated. In addition, other TF genes
were also have different expression patterns compared
with flower bud stage, such as NAC, WRKY and C3H TF
genes (Fig. 5b). All of these differentially expressed TFs
may play a major role in the growth and development
in S. canadensis. Compared with diploid, the regulation
mechanism in hexaploid S. canadensis may be altered.

Sexual reproductive development related DEGs

Based on the pathway enrichment analysis, 79 DEGs
were collected in plant-circadian rhythm pathway in
the flower bud stage (Table 1). The expression pattern
of these genes were various between two cytotypes S.
canadensis. For example, there were 7 PHYB genes with
5 were up-regulated in hexaploid S. canadensis, and 2
down-regulated; 2 GI genes were up-regulated, a CCAI
gene was down-regulated. Furthermore, 6 LHY genes
with 3 up-regulated and 3 down-regulated; 7 CO genes
with 5 up-regulated and 2 down-regulated. These DEGs

may be involved in regulating the flowering process and
flowering time in S. canadensis.

We have identified 29 differentially expressed
MADS-box related genes in the flower bud stage, of
which 14 were up-regulated in hexaploid S. canaden-
sis and 15 were down-regulated. Among them were
mainly about AGL (AGL11, AGL8 and AGL9 etc.), API
and SEPI genes (Table 2). In the fruit development
stage, 26 differentially expressed MADS-box related
genes were detected, of which 20 were up-regulated
and 6 were down-regulated in hexaploid S. canaden-
sis (Table 3). There were 16 genes co-differentially
expressed between two stages, 13 genes were differ-
entially expressed specially in the flower bud stage,
and 10 genes were differentially expressed specially in
fruit development stage. According to these differen-
tially expressed genes, which belong to MADS TF gene
families, we inferred that hexaploid S. canadensis may
be different with diploid in flower morphogenesis, fruit
ripening and development.

Besides, 12 differentially expressed SPL genes were
detected in flower bud stage, 5 of which were up-regu-
lated and 7 down-regulated in hexaploid S. canadensis.
In the fruit development stage, the detected DEGs with
5 SPL genes were up-regulated. In addition, 28 seed
storage protein related genes were also detected in fruit
development stage, 18 of which were up-regulated and
10 down-regulated in hexaploid. These genes played
an important role in improving seed yield and quality.
Therefore, the increased expression of these genes may
play an important role of sexual reproduction in hexa-
ploid S. canadensis.
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Fig. 5 The number of differentially expressed TFs. a The DFa-vs-HFa comparision; b The DFb-vs-HFb comparision. The red colour indicates
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Gene expression network analysis
A total of 12,685 DEGs from two comparison groups in
flower bud and fruit development stage were analyzed
by the weighted gene co-expression network analysis
(WGCNA). We identified 19 gene expression modules,
which was classified the number of gene from 30 to 2484
(Fig. 6a). Based on the correlation analysis of the mod-
ule and trait, many co-regulatory modules were collected
(correlation coefficient > 0.6, p < 0.05) (Fig. 6b).

In the HFa group, four modules with cyan, grey60,
green and red were collected. To examine the transcript

profiles of these modules, we depicted the heatmaps
of genes across all samples. The cyan module with 61
genes were collected, most of which were up-regulated
in DFa group and HFa group and down-regulated in
DFb and HFb group (Fig. 7a). The network analysis
showed that many of functional genes were included
in this module (Fig. 8a), such as starch synthase gene
(CL15636.Contig7_All), histone H3 gene (CL18639.
Contig3_All, Unigene44875_All), histone H2A gene
(CL19683.Contigl_All, CL19683.Contig5_All), histone
H2B gene (CL8238.Contig2_All), auxin-responsive
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Table 1 Differentially expressed genes in the plant-circadian
during flower bud stage

Gene ldentifer Gene Name log,(Fold Change) UP/DOWN

CCA1 CL7858.Contig1_All  —5.86 down
CDF1 CL8491.Contig1_All  3.19 up
CDF1 CL7233.Contig2_All - 1.82 up
CDF1 CL839%6.Contig2_All  —1.76 down
CDF1 CL7233.Contig3_All  —4.00 down
CHE CL6494.Contigl_All 343 up
CHE CL12062.Contig1_All 292 up
CHE CL11296.Contig1_All 238 up
CHE CL2760.Contig2_All -~ 2.15 up
CHE Unigene11750_All —2.098 down
CHS CL657.Contig2_All 552 up
CHS CL14895.Contig7_All 3.13 up
CHS CL657.Contige_All —1.39 down
CHS CL657.Contig5_All —3.20 down
CHS CL657.Contig1_All —345 down
CHS CL14895.Contig8_All  —3.49 down
CHS CL657.Contig3_All —4.55 down
CK2b CL12797.Contig4_All  1.93 up
CK2b CL3344.Contig2_All  —3.45 down
CK2a Unigene40721_All 1.20 up
CK2a CL5122.Contig1_All  —5.14 down
CK3a CL5122.Contig2_All =171 down
CKéa CL5450.Contig1_All - 1.13 up
CK5a CL6117.Contigl_All - 4.06 up
CKéa CL6117.Contig2_All 137 up
CK7a CL8572.Contig1_All  1.66 up
CK8a CL8572.Contig2_All  —1.39 down
Cco CL9716.Contig2_All 529 up
CcO CL3756.Contig2_All  2.23 up
€0) Unigene56230_All 191 up
CcO CL15403.Contig1_All  1.90 up
co CL6412.Contig4_All - 1.60 up
Cco CL4613.Contig1_All - —1.90 down
CcO CL6412.Contig3_All  —3.46 down
CRY CL4897.Contig3_All - —1.80 down
Gl CL4000.Contig2_All  4.31 up
Gl CL4000.Contig1_All 291 up
HY5 Unigene48602_All —1.94 down
HY5 CL16959.Contig2_All  —3.53 down
HY5 CL18750.Contig1_All —4.64 down
HY5 CL19480.Contig4_All  1.65 up
HY5 CL19480.Contig7_All  —3.95 down
LHY CL270.Contig10_All - 1.73 up
LHY CL7858.Contig2_All  1.09 up
LHY Unigene40243_All 1.04 up
LHY CL487.Contig3_All —1.26 down
LHY CL447 Contig5_All —3.06 down
LHY CL7858.Contigl_All  —5.86 down
PHYB CLe361.Contig2_All 599 up
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Table 1 (continued)

Gene Identifer Gene Name log,(Fold Change) UP/DOWN

PHYB CL12517.Contig3_All  5.03 up
PHYB Unigene81014_All  4.04 up
PHYB CLe361.Contigl_All - 3.83 up
PHYB CL9505.Contigd_All  2.79 up
PHYB CL7348.Contigd_All  —1.71 down
PHYB CL8822.Contig3_All  —4.64 down
PIF3 Unigene175_All 440 up
PIF3 CLe913.Contig1_All - 4.20 up
PIF3 CL7457 Contig2_All  3.97 up
PIF3 CL1280.Contig2_All  2.88 up
PIF3 Unigene95348_All 274 up
PIF3 CL4218.Contig1_All 243 up
PIF3 CL11226.Contig3_All  2.05 up
PIF3 ClL4218.Contig3_All - 1.83 up
PIF3 Unigene33236_All —1.04 down
PIF3 CL18653.Contig4_All  —2.40 down
PIF3 CL7457 Contig1_All =351 down
PIF3 CL17590.Contig4_All  —4.22 down
PIF3 Unigene44150_All —4.26 down
PIF3 CL1280.Contig3_All  —5.69 down
PRR5 CLe647.Contig2_All - 2.51 up
PRR5 Unigene56230_All 191 up
PRR7 CL19525.Con- 557 up
tig10_All
PRR7 CL19525.Con- 5.04 up
tig13_All
PRR7 CLe647.Contig2_All - 2.51 up
PRR7 CL2037.Contig3_All 167 up
PRR7 CL12994.Con- —3.03 down
tig10_All
PRR7 CL6647 Contigd_All - —3.33 down
ZTL CL14110.Contig2_All  4.68 up
ZTL CL14110.Contig1_All —2.82 down

protein gene (CL7139.Contig3_All), gibberellin recep-
tor GID1 gene (Unigene56138_All), MADS-box TF gene
(CL9917.Contig5_All), MYB TF gene (Unigene52378_
All) and FLOWERING LOCUS T gene (Unigene832_
All). In the green module, 1337 genes were collected,
most of these genes were up-regulated in HFa and
HFb group and down-regulated in DFa and DFb group
(Fig. 7b). The network representation of 150 genes
with WGCNA edge weight>0.46 for further analy-
ses (Fig. 8b), which included ubiquitin related genes
(CL2636.Contig2_All, Unigenel7130_All, CL2880.
Contig5_All, CL4786.Contig3_All, CL1625.Contigll
All, CL1677.Contig2_All and CL13448.Contig2_All),
histone related genes (CL1658.Contigd All and Uni-
gene37108_All), translation initiation factor genes
(Unigene75377_All, CL17267.Contig3_All, CL17350.
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Table 2 Differentially expressed MADS-box genes in the flower
bud stage
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Table 3 Differentially expressed MADS-box genes in the fruit
development stage

Gene ldentifer Gene Name log,(Fold UP/DOWN Gene Identifer Gene Name log,(Fold UP/DOWN
Change) Change)
AGL11 CL12154.Contig2_All 5.09 up AG2 CL9917.Contig5_All 1.55 up
AGL1 CL12154.Contig1_All —2.00 down AG2 CL9917.Contig4_All 1.19 up
AGL11 CL12154.Contig3_All —2.55 down AGLT1 CL12154.Contig2_All 8.96 up
AGL12 CL10755.Contig4_All —1.36 down AGLT1 CL12154.Contig1_All 291 up
AGL16 Unigene90070_All —4.60 down AGL65 CL14171.Contig1_All 5.76 up
AGL65 CL14171.Contigl1_All 4.83 up AGL8 Unigene10808_All 530 up
AGL8 Unigene24590_All 453 up AGL8 CL1694.Contig5_All —3.09 down
AGLS Unigene7682_All 3.03 up AGL9 CL14513.Contig1_All 3.86 up
AGLS8 Unigene10808_All 236 up AGL9 CL6383.Contig9_All 342 up
AGL8 Unigene15863_All —391 down AP1 CL8240.Contig1_All 6.18 up
AGL9 CL6383.Contig3_All 8.90 up AP1 Unigene25953_All 244 up
AGL9 CL6383.Contig7_All 2.19 up AP1 CL18395.Contig1_All 1.51 up
AP1 CL8240.Contig1_All 7.60 up AP1 CL8240.Contig3_All —1.56 down
AP1 Unigene25953_All 1.69 up DEFA Unigene26195_All 2.89 up
AP1 CL18395.Contig1_All 1.21 up EJ2 CL12001.Contig1_All 1.96 up
AP1 CL8240.Contig3_All —5.68 down MADS15 CL4864.Contig8_All 417 up
EJ2 CL12001.Contig1_All 1.16 up MADS15 CL4864.Contig1_All 393 up
MADS16 Unigene12177_All —3.64 down MADS32 Unigene56483_All —5.22 down
MADS6 CL6559.Contig3_All —335 down MADS5 CL10755.Contig4_All 340 up
PHE1 Unigene56591_All —1.38 down MADS6 CL6559.Contig3_All —2.09 down
PMADS!1 CL2428.Contig2_All —4.07 down PHE1 Unigene56591_All 6.34 up
PMADS1 CL13463.Contig1_All —5.57 down PMADS2 CL915.Contig7_All 1.36 up
PMADS2 Unigene40486_All 6.87 up PMADS2 CL915.Contig6_All —2.07 down
PMADS2 CL915.Contig7_All 1.55 up SEP1 CL1712.Contig5_All 1.68 up
PMADS?2 CL915.Contig6_All —1.77 down SEP1 CL1712.Contig11_All 117 up
PMADS2 Unigene40485_All —244 down SEP1 CL1712.Contig17_All —1.79 down
SEP1 CL1712.Contig5_All 1.38 up
SEP1 CL1712.Contig17_All —244 down
SEP1 Unigene45_All —3.70 down

Contig2_All, Unigene28891_All and CL16220.Contig2_
All) and some TF genes such as MYB gene (CL17002.
Contigl_All), SBP gene (CL3869.Contigl_All) and TCP
gene (CL2760.Contig4_All). In the red module, 1077
genes were collected, most of these genes were up-reg-
ulated in HFa group and down-regulated in DFa, DFb
and HFb group (Fig. 7c). The network representation of
154 genes with WGCNA edge weight > 0.47 were used
for further analyses (Fig. 8c), which included flavone
and flavonol biosynthesis genes (CL11.Contigl_All and
CL11.Contig2_All), ubiquitin related genes (CL19520.
Contigl_All, Unigenel7221_All, CL6885.Contig6_All,
CL1548.Contig2_All, CL1203.Contig2_All, CL12120.
Contig5_All, CL7593.Contigl_All and CL13587.Con-
tigl_All), MADS-box TF gene (CL8783.Contigl_All,
Unigene24590_All), ARF gene (Unigene25133_All),

CHS gene (CL14895.Contig7_All) and SBP gene
(CL2806.Contigl_All).

In the HFb group, three modules with salmon, light-
cyan, and turquoise were collected. In the lightcyan
module, 41 genes were collected, most of these genes
were down-regulated in DFa and DFb group, and up-
regulated in HFa and HFb group (Fig. 7d). The network
analysis showed that some TF genes and secondary
metabolite synthesis related genes were included in this
module (Fig. 8d), such as cinnamyl-alcohol dehydroge-
nase (CAD) gene (Unigenel8113_All and Unigene5751_
All), flavonol synthase (FLS) gene (CL6377.Contig4_All),
carotenoid cleavage dioxygenase (CCD) gene (CL11186.
Contig2_All), Tify (CL2464.Contigl2_All) and MYB
(CL12049.Contigl_All) gene. In the turquoise module,
2484 genes were collected, most of these genes were up-
regulated in HFa and HFb group, and down-regulated
in DFa and DFb group (Fig. 7e). The network represen-
tation of 102 genes with WGCNA edge weight>0.45
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were used for further analyses (Fig. 8e), which included
ubiquitin related genes (CL15905.Contig2_All, CL5915.
Contigd_All and CL779.Contig7_All), 4CL gene (Uni-
gene28994._All), calcium-dependent protein kinase gene
(Unigene26697_All), FLS gene (CL11344.Contig2_All)
and germacrene D synthase gene (CL16768.Contig3_
All). These collected genes may be vital for the regula-
tion of sexual reproduction, metabolism and hormone
signal transduction related processes in hexaploid S.
canadensis.

Small RNA profiling in diploid and hexaploid cytotypes

of S. canadensis

Despite the numerous mRNAs involved in sexual repro-
duction, miRNAs, which, regulate mRNA expressions at
the post-transcriptional level, also play vital roles in floral
development. To investigate the small RNAs component
and the dynamic changes of miRNAs between two cyto-
types of S. canadensis, twelve small RNA libraries were
generated from the flower bud and fruit development
stage samples. After the deep sequencing, and removing
low quality reads, adaptor, insert and poly (A) contami-
nations, average about 25.2, 26.7, 27.2 and 27.1 million
clean reads were obtained in three replicate samples of
DFa, DFb, HFa and HFb respectively (Additional file 10:
Table S4). The length of distributions of miRNAs were
range from 18 to 30 nucleotides, and the lengths of miR-
NAs in all samples were concentrated between 21 and
24 nt (Additional file 11: Fig. S7).

A total 67 known miRNAs were finally identified
in the flower bud and fruit development stage of S.
canadensis, of which 61 were identified in DFa, 64 were
identified in DFb and HFa, 63 were identified in HFb.
There were 60 miRNAs in all libraries, 2 specifically
expressed in HFa, and 1 specifically expressed in DFb
(Fig. 9a). In addition, based on the structure of miR-
NAs, 259 novel miRNAs were predicted, of which, 241
were predicted in DFa, 235 in DFb, 238 in HFa and 239
in HFb. There were 212 novel miRNAs expressed in
all libraries, 2 specifically expressed in DFb, HFa and
HFb respectively, and 3 specifically expressed in DFa
(Fig. 9b).

Differential expression analysis of miRNAs and target
prediction of miRNAs

Based on differential expression analysis of miRNAs, 114
differentially expressed miRNAs (DEMs) were detected
in the flower bud stage, of which 52 were up-regulated
and 62 down-regulated in hexaploid S. canadensis. There
were 3365 genes putatively targeted by multiple miRNAs
in the flower bud stage. The GO functional classifica-
tion revealed that these target genes were distributed in
43 GO terms. In the biology process category, most of
DEGs were distributed in the subcategories of ‘cellular
process, ‘metabolic process’ and ‘biological regulation’
(Additional file 12: Fig. S8). Based on the GO enrichment
analysis of these target genes and functional de-redun-
dant analysis of the enriched GO terms, we found that
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Fig. 10 GO analysis of target genes of differentially expressed miRNAs. a The DFa-vs-HFa comparision; b The DFb-vs-HFb comparision

many target genes were involved in some biological func-
tions such as ‘response to biotic stimulus, ‘thiol—depend-
ent ubiquitinyl hydrolase activity, ‘stamen development’
and ‘auxin influx transmembrane transporter activity’

(Fig. 10a).

Furthermore, 163 DEMs were detected in the fruit
development stage, of which 109 were up-regulated and
54 down-regulated. There were 4003 genes putatively
targeted by multiple miRNAs in the fruit development
stage. These target genes were also distributed in 43 GO
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Fig. 11 The interaction network of miRNAs with target genes. a The DFa-vs-HFa comparision; b The DFb-vs-HFb comparision

terms and most of genes distributed into the same GO
terms with flower stage (Additional file 13: Fig. S9). The
GO enrichment analysis and functional de-redundant
analysis revealed that many target genes were involved in
‘response to biotic stimulus; ‘histamine N-methyltrans-
ferase activity’ and ‘coenzyme binding’ (Fig. 10b).

Visualization of miRNA-mRNA interaction network

Based on the negative regulatory role of miRNA in the
process of mRNA expression, in this study, the interac-
tion network between miRNA and target genes in the
flower bud and fruit development stage of S. canadensis
were constructed. In the flower bud stage, 36 DEMs were
detected to negatively regulate 383 target DEGs, of which
17 down-regulated miRNAs negatively regulate 36 target
genes (Fig. 11a). In the fruit development stage, 56 DEMs
were detected to negatively regulate 490 target DEGs, of
which 17 down-regulated miRNAs negatively regulate 40
target genes (Fig. 11b). These target genes include SPL
genes which involved in promoting growth and devel-
opment, regulating flowering time and seed yield, TF
genes and some enzyme-related genes. In the flower bud
stage, some miRNAs were putative to target functional
genes, such as miR156b_2 targeted with SPL12 (CL2806.
Contig2_All) and SPLI3A (CL6003.Contig2_All) gene,
miR172a_2 targeted with ERF (Unigene44257_All) TF
genes, novel_mir50 targeted with MYB (CL824.Con-
tigl_All) and zinc-finger protein (Unigene77225_All) TF
gene. In the fruit development stage, some miRNAs were
putative to target the same functional genes with that of
flower bud stage, furthermore, these miRNAs were also
have specific regulation effects. For example, except for
targeting SPL12 and SPL13 genes, miR156 also targeted
with SPLI10 (Unigene40563_All) gene. In addition, the

specific differentially expressed miR156 and miR156a
during this period targeted with SPL12 (CL2806.Con-
tigd_All) gene, miR156f targeted with SPLI0 (Uni-
gene40563_All), SPL13B (CL6003.Contig2_All) and
SPL18 (CL17383.Contig4_All) gene. These DEMs may
play a vital role in the flower bud and fruit development
stage in hexaploid S. canadensis, and these miRNAs have
differences regulation in the different stages.

Confirmation the expression profile data of mRNAs

and miRNAs by the quantitative real-time PCR (qRT-PCR)
To verify the accuracy of the expression of mRNA and
miRNA obtained from mRNA-seq and miRNA-seq, we
randomly selected 12 genes (Additional file 14: Fig. S10)
and 7 miRNAs (Additional file 15: Fig. S11) for the qRT-
PCR analyses. The relative expression levels of selected
genes and miRNAs in each groups, which determined
by qRT-PCR, were consistent with RNA-seq. The primer
sequences used in this study were listed in the Addi-
tional file 16: Table S5.

Discussion

S. canadensis spread rapidly in the invasion area owing
to its great capacity for sexual reproduction [47]. Hexa-
ploid S. canadensis have developed into an invasive plant
may related to polyploidization [17], which induced the
gene expression level alteration [48]. This study depicted
mRNA and miRNA integrated analyses in the flower
bud and fruit development stage of the S. canadensis.
The results showed that hexaploid S. canadensis has sig-
nificant differences in the regulation of gene expression
related to hormone signal transduction, reproductive
development and the synthesis of secondary metabo-
lites. These differentially expressed genes in hexaploid
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S. canadensis may provide a certain advantage in sexual
reproduction, and lay a foundation for its rapid spread
and formation of invasive plants.

Plant circadian rhythm related genes may affect

the growth and development in hexaploid S. canadensis
Plants have capacities to adapt its survival environment
by its internal circadian rhythm and regulate a series of
physiological processes such as photoperiod, flower-
ing time, hormone signal transduction, plant growth
and metabolism, and response to biological and abiotic
stresses. Studies have shown that CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1) protein can inhibit the expres-
sion of phytochrome B (PHYB) activation-tagged sup-
pressor 1 (BASI) gene to regulate the synthesis of
brassinosteroids [49]. Cryptochrome 1 (CRY1) and phyB
genes can directly interacted with auxin response fac-
tor (ARF) gene to regulate auxin signaling pathway [50].
The circadian rhythm system will affect flowering time in
plants by sensing altered surrounding environment con-
ditions (such as light and temperature) [51, 52]. GI and
CO act as the key genes in the photoperiodic pathway,
besides, the interaction of phyA, CRY1 and CRY2 genes
will affected the expression of GI gene, which promote
the expression of CO gene. The CO gene coding proteins
which activate the FT gene, and then affected the expres-
sion of LFY and API genes. These genes constructed a
series of complex networks that will eventually promote
the floral organs development. Polyploidy can induced a
series of related gene expression regulation changes, and
then significantly affected the plant morphological vigor
[53]. In this study, most of related genes were differen-
tially expressed in flower bud stage. The key genes with
a large number of differentially expressed genes, such as
phyB and PIF3, were up-regulated in hexaploid. They may
play an important role in the photoperiod signaling and
downstream regulation of hexaploid. In addition, PRR7,
PRRS5 and CO genes involved in flower development were
also up-regulated in hexaploid. These genes may play a
certain role in the growth and development of hexaploid
S. canadensis, and the advantages in reproductive level.

Flower and fruit development related genes may promote
the reproductive process of hexaploid S. canadensis
MADS-box genes are widely distributed in plants and
play an important role in the regulation of growth and
development, particularly in the development of floral
organs, flowering time regulation and fruit development
and ripeness in angiosperms [54—56]. In Arabidopsis,
AGL23 gene participate in the regulation of the devel-
opment of female gametophytes and the formation of
organelles during embryonic development [57]; AGL61
cooperated with AGL80 gene to participate in the
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differentiation of female gametophytes [58]; AGL62 gene
can be involved in the formation of endosperm cells;
SEP gene involved in the formation of floral organs [59];
PHE] gene plays an important role in the seed devel-
opment and nutrient storage [60]; AGL61 and AGL80
genes were also involved in the development of central
cells and endosperm [61, 62]. In addition, API gene will
interferes with the specification of floral organs from
common primordia into floral organs, and the true con-
version of flowers into inflorescences in legumes [63].
MADSI and MADS?7 genes in orchids play a role in the
development of stamens and ovary [64]. In this study,
many MADS genes were differentially expressed between
two cytotypes of S. canadensis in the flower bud and
fruit development stage. In the flower bud stage, most
of the up-regulated genes were AGL8 and API genes,
while some AGL genes, such as AGLI2 and AGL16 were
down-regulated in hexaploid S. canadensis. These differ-
ent expression patterns in flower bud stage indicate that
there were different regulatory modes between two cyto-
types, and may be a certain bias in functional selection,
which may causing in the formation and development of
flowers. In fruit stage, most of MADS-box-related genes
were up-regulated in hexaploid S. canadensis, which indi-
cates that hexaploid S. canadensis may have a significant
effect compared with diploid during fruit formation and
development. The number of differentially expressed
AGL8 and PMADS2 genes was decreased when com-
pared with flower bud stage, while the number of genes
such as API, AGL9 and AGL65 was not altered. This
indicated that these related genes may have a temporal
and spatial bias among the flower bud and fruit devel-
opment stage in S. canadensis. For example, AGL8 and
PMADS?2 genes may play a more important role in the
flower bud stage compared with the fruit development
stage. While, some genes such as AG2, MADSI15, AGL11,
PHE]I, and SEPI were detected up-regulated in hexaploid
fruit development stage. Some of these genes were spe-
cifically and differentially expressed in the hexaploid S.
canadensis, such as AG2 and MADSI15, which may be
vital to the development of the fruit. In addition, plant
seeds accumulate a large amount of storage protein to
improve seed quality during maturation. In this study, a
large number of seed storage protein genes were differen-
tially expressed between two cytotypes and most of them
were up-regulated in hexaploid S. canadensis, which was
likely to improve seed quality and provide material basis
for higher germination efficiency after dissemination.

miRNA may play a vital role in the reproductive
development of hexaploid S. canadensis

MiRNAs in plants play an important role in various
regulatory processes such as growth, development, and
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stress resistance. Altered the regulation of miRNAs with
target genes may lead to phenotypic changes in plants.
OsmiR156 directed regulate the expression of SPL14 gene
and activates the expression of downstream genes, which
affected the panicle branching and grain yield in rice
[65, 66]. miR172 affected the flowering time and flower
organ development in plants by regulating the expres-
sion of AP2 genes [67]. Blue light alters the expression
of miR167 and the target genes of auxin response factor
genes in Arabidopsis, which finally affected the process of
plant growth and generative development [68]. Research
on the miRNA of S. canadensis shown that many DEMs
were detected in flower bud and fruit development
stages. Some DEMs have the same trend of expression
in flower bud and fruit development stages, for example,
the expression level of miR156b_2, and miR167d_1 were
down-regulated in both stages of hexaploid S. canadensis.
While, the expression level of miR156k_2, miR167d-5p
and miR168a were up-regulated. Some miRNAs owing
opposite trends of expression level between flower bud
and fruit development stage. For example, miR156a-3p
was up-regulated in flower bud stage, however, it down-
regulated in fruit development stage; miR166m_2 was
down-regulated in flower bud stage, however, it up-reg-
ulated in fruit development stage. There were also some
miRNAs that were specifically differentially expressed
in flower bud stage, such as miR162-3p, miR167f-5p
and miR396b, and fruit development stage, such as
miR156f, miR156f-5p, miR166-3p and miR172c-3p. The
number of DEMs was different between flower bud and
fruit development stages, which indicated that miRNAs
may play special roles in different periods of hexaploid
S. canadensis. Some of DEMs were predicted to target
genes which involved in sexual reproduction, such as,
miR156, miR156a and miR156b_2. These results suggest
that DEMs may be involved in the growth, development
and reproduction of S. canadensis.

Conclusions

We combined transcriptome and miRNA sequence
technologies to study the molecular mechanism of inva-
siveness in hexaploid S. canadensis under the sexual
reproduction. In this study, based on the screening of
differentially expressed genes and miRNAs in flower bud
and fruit development stages of hexaploid S. canadensis,
we found that many genes involved in the reproductive
development process were up-regulated in hexaploid. In
addition, some miRNAs involved in the expression regu-
lation process may play an important role in the repro-
ductive development of hexaploid S. canadensis. The
result may lead to hexaploid S. canadensis owing higher
yield and fruit quality in the process of sexual repro-
duction and higher germination rate of seeds which
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conductive to diffusion, faster propagation process and
enhanced invasiveness.

Materials and methods
Plant materials, cDNA and small RNA library construction
and sequencing
The inflorescence of hexaploid cytotype (2n=2x=>54),
which contained in flower bud (HFa) and fruit develop-
ment (HFb) stages, were collected from Wuhan (30°32'N,
114°25’E), Hubei Province, China. The rhizomes of dip-
loid cytotype (2n=2x=18) were transplant into the
Wuhan University open-air garden from Kunming
(24°55’N, 102°47’E), Yunnan Province, China [69]. The
diploid were used for flower bud (DFa) and fruit develop-
ment (DFb) preparation. Three replicates for each sam-
ple of hexaploid and diploid were harvested from three
independent individuals. The fresh tissues between two
cytotypes were collected and immediately frozen in liq-
uid nitrogen and stored at —80°C for further investiga-
tion. S. canadensis as an invasive plant in China and the
specimen has been deposited in many publicly available
herbarium, such as Herbarium of Chen shan Botanical
Garden (0007639), Wuhan Botanical Garden Herbarium,
Chinese Academy of Sciences (0005503). The plant mate-
rial used in the study was consistent with Xu et al. 2019,
and the formal identification was undertaken by Xu.
Total RNAs were extracted using TRIzol Reagent and
then treated with DNase I. The RNA quality was verified
by Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano
Kit) with RIN number>7.0. The cDNA and small RNA
library were constructed by the methods provided by
Beijing Genomics Institute (BGI, Shenzhen, China).

De novo assembly and unigene annotation

All of the constructed libraries were sequenced on an
[lumina Hiseq X ten (Illumina Inc., MI, USA) platform.
The raw reads of sequencing which include low-quality,
contained adaptors, high content of unknown bases
(more than 5%) and low-quality bases (more than 20% of
the bases with a quality score less than 15) were removed.
The trinity (version: v2.0.6) software with parameters as
follows: --min_contig_length 150 --CPU 8 --min_kmer_
cov 5 --min_glue 5 --bfly_opts-V 5 --edge-thr=0.1
--stderr’ [70] were used to assemble the obtained clean
reads. Then the TGICL (version: v2.0.6) software with
parameters as follows: -1 40 -c 10 -v 25 -O'-repeat_strin-
gency 0.95 -minmatch 35 -minscore 35’ [71] were used to
further cluster the transcripts to remove the redundant
Trinity-generated transcripts. Finally, the “All-Unigene”
was obtained for subsequent analysis. The “All-Unigene”
sequences were aligned with the Kyoto Encyclopedia
of Genes and Genomes (KEGG) public databases [72]
by Blast (version: v2.2.23) and Gene Ontology (GO) by
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Blast2GO (version: v2.5.0) software [73] with the default
parameter respectively.

Transcription factor (TF)-encoding gene prediction

To identify candidate genes for TF, getorf (version: EMBOSS:
6.5.7.0) software with parameters as follows: -minsize 150
was used to detect the ORF of unigene [74], and then used
hmmsearch (version: v3.0) with default parameter [75] to
identify the ability of the TF gene family according to the
characteristics described by the PlantTFDB database.

Quantification of gene expression level and analysis

of differently expressed genes

The Bowtie2 (version: v2.2.5) software [76] was used to
align clean reads to assembled “All-Unigene” with the
parameters as follows: -q --phred64 --sensitive --dpad
0 --gbar 99,999,999 --mp 1,1 --np 1 --score-minlL,0,-
0.1 -p 16 -k 200, and then based on the fragments per
kilobase of transcript per million mapped reads (FPKM)
analysis, RSEM (version: v1.2.8) software [77] was used
to normalize the gene expression levels of each sample
with the default parameter. The DEGseq [78] was used
to identify differentially expressed genes (DEGs) by the
value of |log, Ratio|>1.00 and adjusted p-value <0.001
which was corrected by FDR for comparisons between
diploid and hexaploid cytotypes with three biological
replicates. Based on the result of annotation, GO and
KEGG enrichment analyses were performed by phyper
function. The hypergeometric test with the threshold of
FDR (Q-value <0.05) to find the significantly enriched
terms (or pathways) in DEGs compared with the whole
background.

Weighted gene co-expression network analysis (WGCNA)
WGCNA was used in gene co-expression network iden-
tification, which has been widely applied in various bio-
logical contexts for gene expression studies, and can be
used for finding highly correlated genes from clusters or
modules [79]. All the DEGs of the flower bud and fruit
development stage between two cytotypes were used
to construct gene network by R package WGCNA. The
clustered modules were collected numbers of genes,
which were assembled by unique color. For each mod-
ule which satisfied with correlation coefficient>0.6 and
p <0.05 as the significant correlation. The co-expressed
genes in these modules were extracted and visualized by
Cytoscape 3.7.1 for network construction [80].

Identification of known and novel miRNAs in S. canadensis

The clean reads were obtained by removing low-quality
contaminated reads and adaptors. The length of clean
reads which range from 18 to 30nt was chosen for fur-
ther analysis. The unique reads were immediately used
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to search against the miRBase 22.0 database by using the
BLASTn program to annotate the conserved miRNAs.
In addition, the miRNA precursor can be characterized
by its hairpin structure, which was used to predict novel
miRNA. Here, we used the software miRA (V1.2.0) [81]
to predicted novel miRNAs through exploring the sec-
ondary structures and subsequent precursor.

Differentially expressed miRNAs (DEMs) analysis

The expression profiles for small RNAs were calculated
by using Transcripts Per Kilobase Million (TPM), which
based on the formula as follows: Normalized expres-
sion=Actual miRNA count x 106/ Total count of clean
reads. After normalization, the calculated small RNA
expression level data was used directly to perform the
differential expression analysis between the samples by
the DEGseq R package. The threshold which satisfied
with |log, Ratio| >1.00 and adjusted p-value <0.001 were
acted as significant DEMs.

Target gene prediction

To find more accurate targeted genes of miRNAs, multi-
ple types of software were used. We used psRobot (ver-
sion: V1.2) software [82] with parameter as follows: -gl 17
-p 8 -gn 1 and TargerFinder (version: V1.0) software [83]
with parameter as follows: -c 4 to predict miRNA targets.
The function of these target genes were also detected by
using similar method based on GO and KEGG database.

MiRNA-mRNA interaction network analysis

The annotation and GO enrichment analysis of target
genes was performed to explore the biological and critical
functions of DEMs. Based on the integrated analysis of
DEMs and the target genes, the Cytoscape 3.2.0 was used
to construct the miRNA-mRNA regulatory network.

Quantitative real-time PCR (qRT-PCR) validation

To validate the sequencing result, qRT-PCR was used to
detect the expression patterns of DEGs and DEMs of each
stage of diploid and hexaploid S. canadensis. The primer
sequences of qRT-PCR were designed with Primer 5 soft-
ware. The GAPDH gene was used as an internal control.
The selected genes and miRNAs were calculated by the
2 ~AACt method for relative expression with the PCR
reaction condition was set as first denaturation at 95°C
in 10min, then followed by 40cycles of denaturation at
95°C for 105, annealing and extension at 60°C for 30S.
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