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Abstract
Main conclusion In Hordeum vulgare, nine differentially expressed novel miRNAs were induced by colchicine. Five
novel miRNA in colchicine solution showed the opposite expression patterns as those in water.

Abstract Colchicine is a commonly used agent for plant chromosome set doubling. MicroRNA-mediated responses to
colchicine treatment in plants have not been characterized. Here, we characterized new microRNAs induced by colchicine
treatment in Hordeum vulgare using high-throughput sequencing. Our results showed that 39 differentially expressed miR-
NAs were affected by water treatment, including 34 novel miRNAs and 5 known miRNAs; 42 miRNAs, including 37 novel
miRNAs and 5 known miRNAs, were synergistically affected by colchicine and water, and 9 differentially expressed novel
miRNAs were induced by colchicine. The novel_mir69, novel_mir57, novel_mir75, novel_mir38, and novel_mir56 in col-
chicine treatment showed the opposite expression patterns as those in water. By analyzing these 9 differentially expressed
novel miRNAs and their targets, we found that novel_mir69, novel_mir56 and novel_mir25 co-target the genes involving the
DNA repair pathway. Based on our results, microRNA-target regulation network under colchicine treatment was proposed,
which involves actin, cell cycle regulation, cell wall synthesis, and the regulation of oxidative stress. Overall, the results
demonstrated the critical role of microRNAs mediated responses to colchicine treatment in plants.

Keywords Abiotic stress - Chromosome doubling - Colchicine - DNA repair pathway - Hordeum vulgare

Abbreviations Introduction

HVO Barley, untreated

HV5CK Barley, 5 h water treatment Polyploidization is a common phenomenon in the evolution
HVS5TR Barley, 5 h colchicine treatment of plants. Compared with diploid plants, polyploid plants
NFYAS5 Nuclear factor YA family are more tolerant and adaptable to the environment, such
TPM Transcripts per million as resistance to abiotic stress and stronger vitality (Liu and

Sun 2017; Wei et al. 2018; Zhou et al. 2019). Based on these
characteristics, to cope with the needs of modern agricul-
tural production, a variety of chemicals has been used for
artificial chromosome set doubling, including colchicine, tri-
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not split during the chromatid segregation (mitotic anaphase
or anaphase II) or chromosome segregation (anaphase 1),
thus doubling the chromosome set. With the extensive use
of colchicine and the discussion of mechanism (Dhooghe
et al. 2011), it has been demonstrated that colchicine binds
with - and B- tubulin dimers (Nogales et al. 1998), resulting
in the depolymerization of microtubules. During mitosis,
the microtubules can form a spindle, the microtubule silk
extends from the spindle onto the chromosomal kinetochore,
and then pulls the chromosomes toward the poles of cell.
The binding of colchicine to tubulin dimer will inhibit the
microtubule polymerization, thereby affecting the formation
of microtubules (Hastie 1991; Nogales et al. 1998), leading
to the inability of the spindle to form and the cells to divide.
Environmental stresses can induce misfolded protein
aggregation in plant cells, while colchicine treatment sup-
pressed misfolded protein aggregation in cultured grape and
tobacco cells that were exposed to environmental stresses
(Nakajima and Suzuki 2013). A recent transcriptome analy-
sis showed, when plants were treated with colchicine, col-
chicine inhibits the expression of genes related to microtu-
bules as well as to cytokinesis, and significantly restrains the
process of membrane, cellulose, chromatid separation and
cell wall development, which delayed cell activity, caused
the occurrence of advanced apoptosis and could reduce
the damage of waterlogging (Zhou et al. 2017). Although
the scientific community today considered that colchicine
generally prevents cell division by inhibiting the formation
of microtubules, the molecular mechanism on how plants
respond the colchicine treatment is still unclear.
MicroRNAs (miRNAs) are a class of non-coding small
RNA molecules which bind to mRNA in a complementary
base-pairing manner, and participate in regulating gene
expression via degradation of its target gene(s) or transla-
tional inhibition (Winter and Diederichs 2011; Iwakawa and
Tomari 2013). Many studies have shown that the expres-
sion of miRNA has a close relationship with the growth and
development of plants, and the loss of its function will affect
the growth and development of plants, such as plant size,
flowering time and plant fertility (Liu et al. 2009). Several
miRNAs were found to mediate the formation of plant stem
cells. As examples, miR165/miR 166 target class IIT homeo-
domain leucine zipper transcription factors (HD-ZIP III) to
regulate the development of stem apex meristem (SAM) of
mutant plant (Liu et al. 2009). miR394, synthesized in the
epidermis, maintained the SAM formation of stem cells by
acting as a mobile signaling molecule (Knauer et al. 2013).
Other miRNAs, such as miR393 overexpressed in rice pro-
longated main root and increased the number of lateral
roots (Bian et al. 2012). In addition, miR847 participates
in plant root development by regulating gene JAA28 expres-
sion (Wang and Guo 2015). Recent studies have also shown
that miRNAs play an important role in a variety of biotic
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and abiotic stresses (Zhang and Wang 2015). For example,
miR156 can enhance the heat resistance of Arabidopsis
(Stief et al. 2014), miR169 can improve drought resistance
and nitrogen utilization rate of tomato (Zhang et al. 2011;
Zhao et al. 2011), miR319 can significantly improve the abil-
ity of plants to resist various adversities (Sunkar and Zhu
2004; Yang et al. 2013).

Colchicine is a toxic alkaloid and secondary metabolite,
and becomes toxic as an extension of its cellular mechanism
of action via binding to tubulin (Finkelstein et al. 2010). The
affected cells will undergo impaired protein assembly with
reduced endocytosis, exocytosis, cellular motility (Finkel-
stein et al. 2010). The common practice for using colchicine
to double the chromosome set of plants is to soak plant tissue
in colchicine solution (Barnabas et al. 1999; Petersen et al.
2002), in which treated plants will respond to water, colchi-
cine, and combination of water and colchicine stress. It was
reported that miRNAs have played critical role in regulating
cell response to various biotic and abiotic stress, and a key
role in plant growth and development. Various plant growth
and development and stress related miRNAs have been iden-
tified in different plants (Liu et al. 2009; Zhao et al. 2011;
Chen et al. 2012; Knauer et al. 2013). However, microRNA-
mediated responses to colchicine treatment in plants has
not been characterized. To address this important scientific
question, and reveal the regulating role of miRNA during
colchicine treatment, high throughput microRNA analysis
was performed to identify novel miRNAs that responded
to colchicine treatment in diploid barley (Hordeum vulgare
L.). MicroRNA-target regulation network under colchicine
treatment was proposed. The results will enhance our under-
standing the critical role of microRNAs mediated responses
to colchicine treatment in plants.

Materials and methods
Colchicine treatment

The diploid plant seed of Hordeum vulgare L ‘11237’
(2n=2x=14) was provided by the Agricultural College
of Anhui Agricultural University (China), and was germi-
nated in a constant temperature and humidity chamber and
a humidity of 75%. The germinated seeds were transferred
to a foam grid board with uniform plant density for hydro-
ponic culture. The foam grid broad was placed on a plastic
box. The seedlings were suspended on a modified Hoagland
solution. The roots were immersed in a constantly aerated
nutrient solution, and transferred it to an artificial climate
chamber for growth at a temperature of 22/16 °C (day/
night), relative humidity of 65-75%, and the photoperiod
was 14 h/10 h dark/light. After the plant grew to the 3—4 leaf
stage, the whole plant was taken out of the plastic box and



Planta (2020) 251:44

Page3of 14 44

the residual nutrient solution was gently washed away using
running water. The ‘11z37’seedlings were randomly divided
into two groups with three replicates for each group. One
of these groups was grown in water and another group was
treated with the mix of 2.5 mM colchicine (0.1%, w/v) and
2% dimethyl sulfoxide (DMSO) (Sourour et al. 2014). Roots
of samples in each group were separated randomly into more
than 3 sub-groups, each with a few dozen of plants. Roots
tissues were harvested from each sub-group at the time of
0 h and 5 h, and preserved immediately in liquid nitrogen
for RNA isolation.

RNA extraction and high-throughput sequencing

Total RNA was extracted from approximately 100 mg of root
using TRIzol reagent according to the manufacture’s proto-
col (Sangon Biotech, Shanghai, China). Nine RNAs samples
(HVO: 0 h, non-treated; HV5hCK: 5 h, water treated; and
HV5hTR: 5 h, colchicine treated, each with three replicates)
of the variety ‘11237 were sent to the BGI (BGI Shenzhen
Corporation, Shenzhen, China) for sequencing using the
BGl-seq 500 platform.

Bioinformatics identification of novel and conserved
miRNAs

As described by Sunkar et al. (2005), we removed impu-
rities from the original data, including no insert fragment
sequences, sequences with too long insert fragment, low
quality sequences, poly A sequences and small fragment
sequences. Clean reads were mapped onto the reference
genome and other miRNA databases using Anchor Align-
ment Based Small RNA Annotation (AASRA) software.
The aligned small RNA was uploaded to the miBase 22.0
database to identify known miRNAs. Based on the miRNA-
precursor can form a hairpin secondary structure, we used
the miRA software to identify the novel miRNA using the
minimum folding free energy index (Evers et al. 2015). In
addition, to compare the common and unique miRNAs in
different libraries, the Venn program was used to generate
Venn diagrams. The expression criteria of each miRNA were
converted into transcripts per million (TPM) according to
the following formula: TPM = actual miRNA count/clean
readers X 1,000,000 based on the standardized expression
of each miRNA in the three libraries; RStudio Team (2015)
was used to generate heat maps to compare the expression
of miRNA among the three libraries.

miRNA differential expression analysis
To compare the miRNA abundance among the three sets of

libraries and identify the differentially expressed miRNAs
based on the number of genomic tags in each sample, we

used TPM to normalize the expression level of small RNAs,
since this kind of treatment can avoid the effect of quan-
titative accuracy of different sequencing amounts: TPM =
(C x 10%)/N, of which C represents the copy number of a
certain miRNA in the sample, and N represents the total
number of genomes on that certain sample. The normal-
ized data were used for the subsequent differentially expres-
sion comparison analysis. The fold change was calculated
using fold change =10g2 (miRNA TPM in HV5hTR/miRNA
TPM in HV5hCK). Positive values indicated upregulation
of miRNA, while negative values indicated downregulation
of miRNA. To identify genes specifically expressed, the P
value of each gene was corrected by multiple hypothesis
tests using Q value. Genes that conform to the double or
more differences and the Q value that is less than or equal
to 0.001 were considered to be significantly differentially
expressed genes. Volcano maps were generated using RStu-
dio Team (2015) to identify differentially expressed miRNAs
among treatments and control.

Verification of miRNA and target genes using
qRT-PCR

The miRNA tailing reverse transcription primer was
designed according to the method of Shi and Chiang (2005),
and used for the transcription of total RNA. The cDNA was
then used for qRT-PCR using specific forward primers and
universal reverse primers (10 pM). Reverse transcription was
performed using miRNA First Strand cDNA Synthesis-Tail-
ing Reaction (Sangon Biotech, Shanghai, China) according
to the manufacturer’s recommendation. The 18S rRNA was
used as an internal reference for tailing qRT-PCR. Quanti-
tative real-time PCR was performed using a Bio-Rad CFX-
96 Touch (Bio-Rad, Hercules, CA, USA). Each 20 pl reac-
tion contained 10 pl 2 X miRNA qPCR master mix; 0.5 pl
(10 pM) forward primer; 0.5 pl (10 pM) reverse primer;
7 pl RNase-free water and 2 pl cDNA template. The PCR
procedure was 95 °C for 30 s, followed by 40 cycles of 95 °C
for 5 s and 60 °C for 30 s. After the reaction was completed,
a melting curve was set to evaluate primer specificity. All
reactions were performed in triplicates. Relative expres-
sion levels were calculated using the 2~24€T method (Pfaffl
2001).

Thirty-three target genes were selected to verify their
expression in ‘11237’ 5 h samples. The primers of the tar-
get gene were designed using Primer 3.0.4.0 (Untergasser
et al. 2012). Suitable primers were selected for final PCR
experiments based on their specificity and amplification
efficiency. TransScript II Green one-step qRT-PCR Super-
Mix (Transgen Biotech, Beijing, China) was used to pre-
pare cDNA by reverse transcription. A total of 20 pl of each
reaction contained 10 pl 2 X TransStart Tip Green qPCR
SuperMix (Transgen Biotech), 2 ul cDNA template, 0.4 pl
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forward primer, 0.4 pl reverse primer, and 7.2 pl RNase-free
water. The qRT-PCR was run in 96-well plates using Bio-
Rad CFX-96 Touch (Bio-Rad) real-time fluorescence quan-
tification system. qPCR amplification procedure was 94 °C
for 30 s, followed by 40 cycles of 94 °C for 5 s and 55 °C
for 15 s, 72 °C for 10 s. The melting curve was set to assess
primer specificity. Three technical replicates were set for
each qPCR reaction. The average relative expression ratio
was calculated using the 2722¢T method, and 18S rRNA was
used as a reference gene.

Target gene prediction and GO function analysis

psRNAtarget and TargetFinder were used to predict potential
targets of all miRNAs. For the TargetFinder program, predic-
tion score cutoff value 4 was used for target prediction. For
the psRNATarget program, the following parameters were
used: position after which with gap/bulge permit 17, number
of processors to 8, and number of gaps/bulges permitted
(Katiyar et al. 2015). The jvenn program was used to draw
Venn diagram (Bardou et al. 2014). After finding the target
of miRNAs, the GO::TermFinder (http://www.yeastgenom
e.org/help/ analyze/go-term-finder) was used for enrichment
analysis. The target genes were divided into three parts using
the GO function package of RStudio Team: biological pro-
cesses, molecular functions, and cellular components.

Results
Data analysis of sequences

To identify and predict the miRNAs associated with col-
chicine treatment in plants, three small RNA libraries were
constructed using the RNA isolated from cultivated barley
that was grown under normal growth (HVO0), 5 h water treat-
ment (HV5CK), and 5 h 0.1% colchicine solution treatment
(HVSTR), and sequenced. After filtering and removing the
sequences of low quality tags, adaptors, shortages, and adap-
tor—adaptor ligation, we obtained 118644191, 101969804,
116439374 pure reads from HVO, HV5CK, HV5TR, respec-
tively. In Rfam database, the BLASTN program was used to
search for the clean tags of these three libraries. The number
and proportion of different types of small RNAs from these
three libraries were given in Tables S1-S3.

The sequence lengths of different small RNAs are impor-
tant features to distinguish them. Generally, the lengths of
small RNAs range from 18 to 30 nt, and the peak of length
distribution can help us judge the type of small RNA. The
results showed that most of the small RNAs in these three
libraries were 18 nt and 19 nt, followed by 20 nt and 16 nt
(Fig. S1). The small RNA of 16nt length is the most abun-
dant in the HV5TR library (Fig. Slc).
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Identification of conserved miRNA and novel miRNA

Forty-six conserved miRNAs and 75 novel miRNAs were
identified and predicted from the HVO library. In HV5CK
library, 38 known conserved miRNAs and 74 novel miR-
NAs were identified and predicted, 40 known conserved
miRNAs and 75 novel miRNAs were identified and pre-
dicted in HV5TR library (Fig. 1a). A total of 54 known
conserved miRNAs and 76 novel miRNAs were found from
these three libraries, of which 34 known conserved miRNAs
and 73 novel miRNAs were shared among the three librar-
ies. There are 36 known conserved miRNAs and 74 novel
miRNAs shared by HV0 and HV5CK. The HVO library and
the HVSTR library have the same 39 known miRNAs and
74 novel miRNAs, while the HV5CK and HV5TR shared
34 known conserved miRNAs and 73 novel miRNAs. Of
the three libraries, 54 known conserved miRNAs belong
to 12 miRNA families. There was no large-scale change in
miRNA expression patterns between water treatment and
colchicine treatment (Fig. 1b).

Differentially expressed miRNAs in the comparison
of HV5CK vs HV0 and HV5TR vs HVO

To identify miRNAs induced by water, as well as combina-
tion of water and colchicine stress, the expression of each
miRNA in HV5CK vs HV0 and HV5TR vs HVO0 was com-
pared. Multiple changes of each miRNA were calculated
according to the following formula: fold change =1og2
(miRNA TPM in the library of HV5CK or HV5TR/miRNA
TPM in library HVO). The results showed that there were 39
and 42 differentially expressed miRNAs in HV5CK vs HVO0
and HV5TR vs HVO, respectively (Fig. 2a, b). Compared
with untreated HVO, 18 and 24 novel miRNAs were up-
regulated in HV5CK and HVSTR, respectively. Two known
miRNAs were up-regulated in both HV5CK and HV5TR,
while 16 and 13 novel miRNAs were down-regulated in
HVS5CK and HVSTR, respectively. Three known miRNAs
were down-regulated in both HV5CK and HV5TR. Total
of 29 novel miRNAs and 5 known miRNAs were shared
by HV5CK vs HVO and HVS5TR vs HVO (Fig. 2¢). Among
the two comparisons, 11 novel miRNAs and 3 known miR-
NAs were down-regulated, and 17 novel miRNAs and two
known miRNAs were up-regulated, while one novel miRNA
showed opposite expression pattern.

Differentially expressed miRNA between HV5TR
and HV5CK

To identify miRNAs induced by colchicine, the follow-
ing formula was used to calculate the multiple changes of
each miRNA between plants treated with 0.1% colchicine
solution for 5 h and plants treated with water for 5 h: the
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a HVO

HV5TR

Size of each list

HvVO
HV5CK

HV5CK

HVSTR

Number of elements: specific (1) or shared by 2, 3, ... lists

hw-miR1436
hv-miR168-3p
hvu-miRS049f
hvu-miR6198
hvu-miR5049d

vu-miR5049b
_ hvu-miR6187
hw-miR397a
_ hvu-miRd4da
[ hw-miR5049a
hwu-miR6186
hv-miR6197
hv-miR1130
hvu-miR399
hvu-miR6207
hw-miR6177
hw-miR6180
hvu-miR6192
hw-miR6195
hv-miR6211
hvu-miR6204
hw-miR6188
hv-miR1120
hw-miR6185
I-miR6206
hv-miR6191
hv-miR6201
hvu-miR6209
hw-miR6203
hw-miR6179
Iw-miR6178
hw-miR6200
hv-miR6181
hvu-miR397b-3p
Iw-miR6205
hvu-miR6190
hw-miR6213
hv-miR6183
hvu-miR5049¢
hv-miR6214
hv-miR5049
hvu-miR5051
hvu-miR5048a, hvu-miR5048b
hvu-miR168-5p
hvu-miR 1662, hu-miR 166b, hvu-miR166¢
hvu-miR159b, hvu-miR159a
hvu-miR 1662, hvu-miR156b
hv-miR171-3p
hvu-miRd4db

HOAH
Z0AH
E0AH
IOGAH
DIDGAH
ENOGAH
WILSAH
TYLSAH
EH1GAH

Fig. 1 The identification and expression of miRN in different librar-
ies. a Venn diagram showing the number of common and unique
miRNAs in normal growth (HV0), 5 h treatment in water (HV5CK),
and 5 h treatment in colchicine solution (HV5TR). The following
bar graph showed all of the miRNAs in each library (HVO, HV5CK,

HVST R). b Heat map of the expression levels of each miRNA in
three different libraries (including 3 biological replicates): HVO,
HVS5CK, HV5TR. Different colors indicate different expression lev-
els, as shown in the scale
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Fig.2 The identification of differentially expressed miRNAs between
water treatment and colchicine treatment. Red colour represents up-
regulation and green represents down-regulation. a The histogram
showed differentially expressed miRNAs caused by water treatment
by comparing microRNA expression patterns between HVS5CK and
HVO. b The histogram showed the expression pattern of miRNAs

multiple changes =1og2 (miRNA TPM in HV5TR/miRNA
in HV5CK). Nine differentially expressed miRNAs were
identified in HV5TR vs HV5CK (Table S4). Compared
with HV5CK, five up-regulated novel miRNAs and four
down-regulated novel miRNAs were identified in HV5TR
(Fig. 2d). By analyzing the differentially expressed miR-
NAs and comparing these miRNAs with those in 5 h water
treatment, we found that four novel miRNAs (novel_mir21,
novel_mir56, novel_mir38, novel_mir3) were differentially
expressed between HV5CK vs HVO and HVS5TR vs HVO;
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novel_mir69-{
novel_mir57-
novel_mir21-
novel_mir75-
novel_mir56-
novel_mir38-
novel_mir25+
novel_mir37-

novel_mir3-

under treatment with colchicine solution. ¢ The Venn diagrams of dif-
ferentially expressed miRNAs between different comparisons. d The
histogram showed the differential expression of microRNAs caused
by colchicine via analyzing the expression pattern of miRNA between
colchicine treatment and water treatment

which were more influenced by colchicine (Table S4). Three
novel miRNAs (novel_mir69, novel_mir57, novel_mir75)
were only differentially expressed in HV5CK vs HVO;
one novel miRNA (novel_mir25) was only differentially
expressed in HV5TR vs HVO, and only one novel miRNA
(novel_mir37) was detected and differentially expressed in
HVS5TR vs HVO.

Two novel miRNAs (novel_mir25, novel_mir37) were
directly induced by colchicine (Table 1). In water treatment
(HV5CK vs HV0), novel_mir75, novel_mir56, novel_mir21
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Table 1 The comparison of differentially expressed miRNAs and nor-
mal growth group in water treatment and colchicine treatment

Table2 The differentially expressed miRNAs compared to water
treatment

Sample no. miRNAID  HV5CKvs HVO HV5TR
vs HVO

Differential expression in both groups of controls

1 novel_mir21 1 1

2 nonel_mir56 1 i

3 novel_mir3 l l

4 novel_mir38 | 1
Differential expression only in HV5CK vs HV0

5 novel_mir69 | 12

6 novel_mir57 | 1?

7 novel_mir75 1 i
Differential expression only in HV5TR vs HVO

8 novel_mir25 |* l
Only detected and differentially expressed in HV5TR vs HVO

9 novel_mir37 Not detected 1

1 Upregulated miRNAs, | downregulated miRNAs
Not detected miRNAs that were not expressed

*miRNAs that were not significantly differentially expressed

were up-regulated, and novel_mir69, novel_mir57, novel _
mir3, and novel_mir38 were down-regulated. When col-
chicine was included in solution (HV5TR vs HV5CK),
novel_mir3, novel_mir21, and novel_mir25 had the same
expression pattern in both water and colchicine treatments.
However, novel_mir69, novel_mir57, novel_mir75, novel_
mir38, and novel_mir56 showed the opposite expression
patterns as those in water treatment (HV5CK vs HVO0), In
addition, novel_mir37 was up-regulated only in colchicine
treatment (HVS5TR vs HV0), but not in water treatment
(Table 2).

Gene Ontology (GO) and KEGG function analysis
of target genes

The function of the targets of nine differentially expressed
miRNAs in HV5TR vs HV5CK was annotated, and these
target genes were divided into three different categories
based on their functions: biological processes, cellular
components and molecular functions (Fig. 3a). Among all
these possible target genes, the interesting findings were that
novel_mir69, novel_mir56, and novel_mir25 commonly tar-
get the genes for DNA repair (Table 3), and are involved in
DNA repair caused by mutation and injury as well as the
process of nuclear transcriptional mRNA catabolism—non-
sense-mediated decay, including inter-strand cross-linking
repair, telomere capping, protection from non-homologous
end joining of telomeres, telomere maintenance to cope with
DNA damage. These GOs present the highest and extreme
enrichment situation in all enriched GOs, which might be

Sample no. miRNA ID HV5CK vs HVO HVS5TR
Vs
HV5CK
Converse expression pattern
1 novel_mir75 1 l
2 nonel_mir56 1 l
3 novel_mir69 l 1
4 novel_mir57 l 1
5 novel_mir38 l 1
Same expression pattern
6 novel_mir3 l l
7 novel_mir21 1 1
8 novel_mir25 1* l
Only detected in HV5TR vs HVO
9 novel_mir37 Not detected 1

1 Upregulated miRNAs, | downregulated miRNAs
Not detected miRNAs which were not expressed

*miRNAs which were not significantly differentially expressed

related to the toxicity caused by colchicine. Novel _mir38
targets actin, including positive regulation of cytoskeletal
organization and protein polymerization as well as actin
filament polymerization, Arp2/3 complex-mediated actin
nucleation, actin nucleation, actin-based processes, actin
cytoskeletal organization. Novel_mir21 targets the synthe-
sis and development of high molecular substance in cell
walls and cellular components; novel_mir75 targets protein
kinase regulation and phosphorylation; novel_mir37 targets
the genes involving the process of synthesis and metabolism
of amino acid; novel_mir3 targets osmotic reactions as well
as the repair of stress damage, which might also be related
to the dimethyl sulfone that was added into solution. No
predicted target was found for novel_mir57. KEGG path-
way enrichment analysis revealed that these target genes
are enriched in 20 pathways, including phenylpropanoid
biosynthesis, plant-pathogen interaction, RNA transport,
spliceosome, ABC transporters, pentose and glucuronate
interconversions (Fig. 3b).

qRT-PCR analysis of differentially expressed miRNA

To validate high-throughput sequencing results and verify
the expression pattern of novel miRNAs detected in sequenc-
ing, the sample ‘11237’ treated with 5 h of water (ShCK)
and colchicine (ShTR) were used to validate 8 differentially
expressed novel miRNAs in HV5TR vs HV5CK. Com-
pared with ‘11237’ CK, the expressions of novell-mir69,
novel_mir21 and novel_mir37 were up-regulated, and the
expressions of novel_mir56, novel_mir75, novel_mir25 and
novel_mir3 were down-regulated in ShTR. The differentially
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Fig.3 GO and KEGG diagrams of target genes of differentially
expressed miRNA compared in HV5TR vs HV5CK. a Gene ontology
(GO) analysis of target genes of differentially expressed miRNAs in

Table 3 Gene Ontology (GO) analysis of potential targets of three novel miRNAs associated with DNA repair

miRNA ID Target gene GO annotation miRNA ID Target gene GO annotation

novel_mir56 MLOC_63780.14 novel_mir69 MLOC_13256.3

MLOC_63780.4
MLOC_73320.3
MLOC_63780.5
MLOC_63780.8
MLOC_63780.6
MLOC_73320.4
MLOC_63780.7
MLOC_63780.12
MLOC_73320.5
MLOC_63780.3
MLOC_73320.6
MLOC_63780.9
MLOC_63780.17
MLOC_73320.2
MLOC_73320.1
MLOC_63780.16
MLOC_63780.13

GO:0006281 DNA repair

novel_mir25

MLOC_4523.6

MLOC_13256.2
MLOC_13256.1
MLOC_13256.6
MLOC_13256.4
MLOC_13256.9
MLOC_13256.5
MLOC_13256.7
MLOC_13256.8
MLOC_54452.7
MLOC_54452.4
MLOC_54452.3
MLOC_54452.5
MLOC_54452.6

GO:0006281 DNA repair

GO:0006281 DNA repair
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HV5TR vs HV56CK
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A \Jp

Relative expression Ratio

Fig.4 gRT-PCR validation of differentially expressed miRNA
detected by miRNA sequencing. Data represented are mean val-
ues +SD (n = 3) from three biological replicates. a Bar graph illus-
trating the miRNAs with the same expression trend as the sequenc-
ing data in HV5TR vs HV5CK using qRT-PCR except novel_mir38.

expression of these new miRNAs showed the same trend
with the sequencing data (Fig. 4a). However, the expres-
sion level of novel_mir38 was slightly different from the
sequencing data, which might be due to the sensitivity and
specificity of the two techniques.

To reveal changes in miRNA expression under prolonged
treatment, 8 differentially expressed novel miRNAs were
tested in 24 h of water treatment and 24 h of colchicine
(TR) treatment. The result showed that after 24 h treatment,
the expression patterns of novel_mir3, novel_mir21, novel_
mir75 and novel_mir38 were the opposite to the patterns
in the 5 h treatment, and the expression of the remaining
miRNAs was consistent with the results in the 5 h treatment
(Fig. 4a, b).

gRT-PCR analysis of predicted targets of miRNA

In most cases, the identified miRNAs can cleave two or more
different targets in target gene predictions. In our prediction,
8 differentially expressed novel miRNAs were predicted to
target 1047 genes. To confirm whether miRNAs regulate
their potential targets during colchicine treatment, we used
gPCR to analyze the expressions patterns of 33 predicted
target genes with DNA repair function that are co-targeted
by novel_mir69, novel_mir56, and novel_mir25 in the GO
enrichment analysis. As expected, we observed an inverse
relationship between the two miRNAs (novel_mir69 and

HV24TR vs HV24CK

'
o

down
24 up

Relative expression Ratio

b The relative expression patterns of novel miRNA in the samples
under 24 h colchicine solution treatment. The expression patterns of
novel_mir3, novel_mir21, novel_mir75 and novel_mir38 were oppo-
site to that in 5 h treatment (see a)

novel_mir56) and their predicted target genes (Fig. 5a, b),
suggesting that they are potential miRNA-mediated targets.
The expression of novel miRNA novel_mir25 and its pre-
dicted target genes did not show inverse relationship, sug-
gesting that the predicted target genes for novel_mir25 might
not be the real target.

Discussion

Colchicine treatment induces much small size
of RNAs

By analyzing the length distribution of miRNAs in three
libraries (HVO0, HV5hCK, HV5hTR), we found rich small
RNA distribution of 16 nt, 18-20 nt in HV5hTR (Fig. S1
c); The size of 18-20nt sSRNA has been detected in previ-
ous sRNA-seq studies (Hsieh et al. 2009; Chen et al. 2011;
Hackenberg et al. 2012; Alves et al. 2016; Cognat et al.
2017; Martinez et al. 2017). Among small RNA detected
in roots and buds of Arabidopsis under normal and phos-
phorus deficiency, 19-20 nt tsRNAs (tRNA-derived small
RNA) were detected, and the 19 nt 5’ tRF—GlyTCC in the root
accounted for 18-28% sRNA (Hsieh et al. 2009).

In our study, we found an enrichment of 16 nt SRNA. Two
libraries from the HVShTR showed abundant distribution of
16 nt, with a high degree of enrichment. In addition, one of
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Fig.5 gRT-PCR analysis of the genes targeted by two miRNAs.
The graph shows the relative expression level of 5 h colchicine treat-
ment/5 h CK. Data are mean values +SD (n = 3) from three biologi-
cal replicates. a The relative expression pattern of the novel_mir69
and its target genes showed inverse expression pattern. The novel_

the three libraries from HVO also had a 16 nt anomalous dis-
tribution. Baldrich et al. (2019) reported that single-stranded
SRNA-"tyRNA” of 10—17 nt was abundant in extracellu-
lar vesicles from Arabidopsis rosette leaves, most of them
were 16—17 nt. These tyRNAs were suggested to be derived
from a variety of sources of degradation products, including
mRNA, primary miRNAs, siRNAs, tasiRNAs and hcRNAs,
and whether this RNA has cellular function or represents
the waste and by-products of cellular metabolism remains
unknown (Baldrich et al. 2019). In our study, a small number
of 16 nt SRNAs were generated in one control group, which
might be caused by slightly degradation of our RNA sam-
ples. However, 16 nt SRNAs were abundantly enriched in the
colchicine treated samples, which cannot only be explained
by the degradation of RNAs during handling RNA process.
We speculated that colchicine might function on produc-
ing small strand of RNA, to confirm this, more studies are
needed in future.

The same miRNA has different expression patterns
in different treatments

In this study, most of the miRNAs in the water treatment and
colchicine solution treatment showed a consistent expression
pattern. Comparing the colchicine treatment group with the
water treatment group, we found an interesting phenomenon

@ Springer

mir69 was up-regulated, its targeted genes were down-regulated.
b The relative expression pattern of the novel_mir56 and its tar-
get genes showed inverse expression pattern. The novel_mir56 was
down-regulated, its targeted genes were up-regulated

as shown in Table 2, seven novel miRNAs were affected by
water treatment, but more influenced by colchicine. Three
and four novel miRNAs were up-regulated and down-reg-
ulated by water treatment, respectively. However, when
colchicine was added to solution (HV5TR vs HV5CK),
novel_mir69, novel_mir57, novel_mir75, novel_mir38,
and novel_mir56 showed the opposite expression patterns
as those in only treated with water (HV5CK vs HVO). The
different expression patterns between HV5TR vs HV5CK
and HV5CK vs HVO might be caused by different stresses
that plants suffered. In the HV5CK, the plants only suffered
water stress, while in HV5TR, the plants suffered water, col-
chicine and combination of water and colchicine stresses.
In a study on the response of tomato plants to a combina-
tion of heat and salt stress, Rivero et al. (2014) found that
the expression of some transcripts under salt + heat treat-
ment was only shared with the salinity treatment (as LeOAT
and LeNI) or with the heat treatment (as LePDH, LeBADH,
LeCMO), while under the stress combination treatment,
LeP5CS, LePO, LeSPS, LeFBPase and LeT6PS showed an
expression pattern that was specific and different from that
found under salinity or heat treatments. It has been reported
that in Arabidopsis thaliana, miR169 mediates the regula-
tion of its target gene NFYAS that was significantly up-regu-
lated under drought stress, and either silencing NFYAS5 gene
or overexpressing miR169 in Arabidopsis reduced drought
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tolerance and increase water loss (Li et al. 2008). On the
contrary, when the expression of miR169 was decreased,
the drought tolerance of Arabidopsis thaliana was enhanced,
indicating that miR169 participates in the process of drought
tolerance response of Arabidopsis mainly by mediating
the regulation of the target gene NFYAS5 (Li et al. 2008).
However, miR169 showed an opposite expression pattern
in response to salt stress in Arabidopsis, which was up-
regulated under salt stress conditions, while its target gene
NFYAS5 was down-regulated (Xu et al. 2014). Other studies
have shown that Arabidopsis miR398 was down-regulated
under ABA induction and salt stress, but up-regulated under
drought treatment, and its target gene copper superoxide dis-
mutase (CSD) was up-regulated under salt stress (Sunkar
et al. 2006; Jia et al. 2009).

Potential targets for differentially expressed
miRNAs

Early studies on Arabidopsis indicated that the potential
targets for most miRNAs were transcription factors (Chen
et al. 2012), and participated in complex gene regulatory
networks (Navarro et al. 2006). GO and KEGG enrichment
analyses were performed on the predicted genes targeted by
these 8 differentially expressed novel miRNAs. In the KEGG
enrichment analysis, we found that the pathway of phenyl-
propanoid synthesis in the enrichment pathway coincides
with the transcriptome data derived from colchicine treated
diploid orchardgrass (Zhou et al. 2017). It was suggested
that the high mortality rate of plants treated with colchicine
is due to the large scale of down-regulation of phenylpro-
panoid synthesis genes (Zhou et al. 2017). The consensus
results of transcriptome and miRNA indicated that miRNA
plays an important role in pathway of phenylpropanoid syn-
thesis (Table S5).

Previous studies indicated that colchicine inhibits the
formation of microtubules, leading to the abnormal divi-
sion of cells (Leblanc et al. 1995; Liu et al. 2007). Yet we
do not have a clear answer on how cells respond to colchi-
cine treatment at the molecular level. In our GO enrichment
analysis, most of the targets of novel_mir38 are actin, and
novel_mir21 targets the synthesis of macromolecules such
as cell walls. It is now generally accepted that colchicine
inhibits the formation of spindle mainly by inhibiting micro-
tubules, and then inhibits mitosis (Nebel 1937). However,
it has been reported that dynamic assembly of F-actin is
involved in the occurrence of abnormal mitosis in cells after
UV-B irradiation (Chen and Han 2015). Studies have shown
that during the process of cell division, actin filaments form
a cytoplasmic chain that crosses the vacuole to connect the
cytoplasm and cortical cytoplasm around the nucleus to
ensure normal division (Smith 2001). In the process of late
cytokinesis, microfilaments can also ensure precise division

by maintaining the spatial localization of daughter nuclei
(Lénart et al. 2005). In the mitosis of higher plants, the pre-
phase band (PBB) is formed by cortical microtubules and
microfilaments thus determining the dividing surface of the
cells (Smith 2001). It has been reported when the GFP-mTa-
lin (mouse talin) fusion protein was transferred into tobacco
cells, at the late stage of mitosis, the formation of tobacco
cell plates depends on microfilaments (Yu et al. 2006), and
the position of the cell plate also has a film-forming body
formed by microfilament and microtubules. During cytoki-
nesis, the film-forming body composed of microtubules and
microfilaments in plants directs vesicles to transport mate-
rial from the cell wall to form new cell walls (Jiirgens 2005;
Dhonukshe et al. 2006), and the subsequent synthesis and
transport of hemicellulose and lignin gradually form the
mature cell wall that can divide cell.

As a toxic mitotic inhibitor, colchicine can cause a high
mortality rate to plants, and plants undergo a large number
of programmed deaths in response to this kind of severe
external stress. A number of reports indicated that plant cell
cytoskeleton responds to programmed cell death (PCD) by
reassembly, primarily by re-establishing the morphological
distribution of microtubules and microfilaments. In most
cases, the microtubule skeleton depolymerizes, and the
microfilament skeleton can be rebuilt in two ways, either
form a stable aggregation point after agglomeration, or depo-
lymerize after forming a microfilament bundle (Smertenko
and Franklin-Tong 2011). The novel_mir75 targets the genes
regulating protein kinase and phosphorylation which control
cyclin. It is now known that cyclin kinase (CDK) is a central
regulatory organ in the plant cell cycle, and CDK activity
becomes very high during the G1/S and G2/M boundary
periods, which is associated with massive protein phospho-
rylation (Lew and Kornbluth 1996). Therefore, we propose
a network that novel_38, novel_21 and novel_mir75 jointly
respond to the abnormal process of cell division under col-
chicine treatment (Fig. 6a).

Novel_mir3 targets the repair of stress damage; colchicine
solution is usually used directly to treat exposed parts of
plants, so it brings serious water osmotic pressure and alka-
loid toxicity to plants. Plants grow in hypoxic environment,
and anaerobic respiration of roots accumulate ethanol. It has
been reported that the expression of alcohol dehydrogenase
(ADH) gene was increased in a hypoxic environment (Wig-
narajah et al. 1976). The transcriptome provided by Zhou
et al. (2017) demonstrated that ADH in colchicine treatment
was significantly down-regulated compared with water treat-
ment, suggesting that colchicine can reduce the pressure of
waterlogging. Our results suggested that novel_mir3 might
be involved in response to hypoxia. The novel_mir37 tar-
gets the synthesis and metabolism of amino acids, and plant
amino acid metabolism can cope with the effects of abi-
otic stress. It has been reported that methionine metabolism
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Fig.6 Hypothetical network of miRNAs-mediated responses to
colchicine treatment in plants. Red represents up-regulation; green
represents down-regulation. a Hypothetical network that novel_38,
novel_21 and novel_mir75 jointly respond to the abnormal process of

responds to the salt stress in Arabidopsis (Less and Galili
2008). The transcriptome analysis of colchicine treated plant
showed that the amino acid metabolism in the colchicine
treatment group was also significantly increased (Zhou et al.
2017). The specific mechanism and correlation between the
amino acid metabolism and novel_mir37 in response to col-
chicine treatment remain to be explored in future.

In summary, our results suggested that novel_mir38,
novel_21, novel_mir75, novel_mir37, and novel_mir3 might
together regulate the abnormal process of cell division under
colchicine treatment (Fig. 6a).

Potential targets associated with DNA damage
repair

This study identified 9 novel miRNAs that were differen-
tially expressed under colchicine treatment. GO analysis
indicated that their many potential target genes play an
important role in a variety of biological regulation processes,
especially in DNA damage repair. qRT-PCR analysis showed
that under the treatment of colchicine, the expressions of
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cell division under colchicine treatment. b Response to chromosome
doubling. The novel miRNAs involved in the DNA repair pathway in
the treatment of colchicine

2 novel miRNAs in the barley roots were inversely related
to expression of the predicted 17 target genes. Artificially
synthesized polyploids using colchicine could cause DNA
mutation, but recent studies have rejected this hypothesis
and proven that polyploid genomic structural variation
has nothing to do with colchicine (Parisod et al. 2010). A
recent DNA-SRAP analysis of the tetraploid Chrysanthe-
mum induced by colchicine showed that 1.6% of new frag-
ments and 1.1% of missing fragments appeared in newly
synthesized tetraploid (Gao et al. 2016). A new synthetic
autopolyploid phlox study showed that the first generation of
autopolyploid produced 17% DNA deletion, and by the third
generation it had 25% DNA deletions (Raina et al. 1994). A
study on Elymus elongatus showed that 10% DNA deletion
occurred in both artificial and natural formatting autopoly-
ploid (Eilam et al. 2009). Research on Paspalum notatum
also revealed that its DNA has a 9.5% deletion (Martelotto
et al. 2007). Genomic structural variations between the exist-
ing autopolyploid and its ancestral diploid was detected in
Arabidopsis (Santos et al. 2003). In our study, we found that
3 novel miRNAs were involved in the DNA repair pathway
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in the treatment of colchicine (Fig. 6b), but the exact func-
tion of the target genes is still unknown. Therefore, we spec-
ulated that their target genes might involve in the process of
plant cell DNA deletion and genomic structural variation
under colchicine treatment. The results presented here will
be useful for further functional analysis of these novel miR-
NAs and their target genes.
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