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Abstract Drought stress adversely affects plant produc-
tivity. Growth and timber production of Paulownia trees
are limited under drought stress. Changes in gene expres-
sion patterns and miRNA in different ploidy of Paulownia
tomentosa have been investigated. However, the responses
of P. tomentosa to drought stress at the microRNA
(miRNA) level have not been reported so far. To identify
miRNA candidates and their target genes involved in the
drought stress response in diploid and tetraploid P.
tomentosa, four small RNA and four degradome libraries
from diploid and autotetraploid P. fomentosa under normal
and drought stress conditions were constructed and
sequenced. A total of 41 conserved and 90 novel miRNAs
were identified. Among these miRNAs, 67 (26 conserved
and 41 novel) and 53 (six conserved and 47 novel) were
significantly differentially expressed in response to drought
stress in diploid and autotetraploid P. tomentosa, respec-
tively. Degradome analysis identified 356 candidate
miRNA target genes that encoded proteins with functions
that included plant defense, transcriptional regulation, and
hormone metabolism. In particular, miR4 and miR156
were identified only in autotetraploid P. tomentosa under
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drought stress. These results will help us build a foundation
for future studies of the biological functions of miRNA-
mediated gene regulation in P. fomentosa.
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Introduction

Paulownia is a genus of fast-growing deciduous tree spe-
cies in the family Paulowniaceae native to China.
Paulownia trees are characterized by high biomass pro-
duction and lightweight strong wood. The wood is used in
house construction, farm implements, plywood, toys,
musical instruments, and paper making. The trees are also
used in environmental protection for the conservation of
water and soil, wind prevention, and sand fixation (Ates
et al. 2008; Ayan et al. 2006). Because the Paulownia root
system can grow in deep soil, Paulownia is considered to
be an eco-friendly multi-purpose species for use in agro-
forestry. Paulownia tree species have been successfully
used in intercropping, and the plantation area was esti-
mated to be over two million hectares (Lu 20006).
Paulownia has become important to the Chinese economy,
and is now a focus of research. In the past 10 years, our
team has bred five autotetraploid Paulownia species from
the corresponding diploids (Fan et al. 2007a, 2010, 2006,
2009, 2007b), which has greatly enriched the germplasm
resources of Paulownia. However, drought is now recog-
nized as an important factor that limits the growth and
production of Paulownia. With the possible effects of
global warming becoming a focus of attention, improving
the tolerance of plants to drought has become a primary
objective in plant breeding. Identifying drought resistance

@ Springer


http://dx.doi.org/10.1007/s13258-016-0473-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-016-0473-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-016-0473-8&amp;domain=pdf

78

Genes Genom (2017) 39:77-86

genes in Paulownia will help in understanding the mech-
anism of the Paulownia response to drought stress.
microRNAs (miRNAs) are an extensive class of
endogenous noncoding small RNAs (sRNAs), which, as
regulatory molecules, play important roles in plant growth
and development, signal transduction, transcription regu-
lation, and hormone metabolism under stress condi-
tions(Candar-Cakir et al. 2016; Llave et al. 2002; Savi et al.
2016). Recently, the involvement of miRNAs in the
response of Paulownia fortunei to salt stress has been
reported (Fan et al. 2016). Paulownia tomentosa is a
common tree in central China, and changes in miRNAs
associated with ploidy have been reported in P. tomentosa
(Fan et al. 2014). Until now, no studies have investigated
the expression patterns of miRNAs and their roles in
diploid and tetraploid P. tomentosa under drought stress.
Therefore, in this study, we constructed four small RNA
libraries from drought-treated and well-watered diploid and
autotetraploid P. tomentosa seedlings to identify conserved
and novel miRNAs, and also constructed four degradome
libraries to predict the potential target genes of the detected
miRNAs. We analyzed the differentially expressed miR-
NAs and their target genes in diploid and autotetraploid P.
tomentosa under drought stress, which provided important
insights into miRNA-mediated regulatory pathways and
their putative target genes. The results will help in under-
standing the molecular mechanisms that underlie the
response and adaption of P. tomentosa to water deficiency.

Materials and methods
Plant materials and dehydration stress

All the plant material was obtained from the Institute of
Paulownia, Henan Agricultural University, China. Diploid
and autotetraploid P. tomentosa tissue culture seedlings
were first cultured for 30 days and then the plants were
transferred into nutrition blocks containing ordinary garden
soil. After 30 days, samples from diploid and autote-
traploid P. tomentosa with the same height and crown size
were transferred into plastic pots of 30-cm diameters with
trays underneath containing ordinary garden soil for
50 days. Then, the seedlings were housed randomly in an
outdoor nursery before being subjected to the drought
stress treatment. Diploid and autotetraploid P. fomentosa
with 75 % (control) and 25 % (drought stress) relative soil
water contents were named PT2 and PT2T, and PT4 and
PTA4T, respectively. Based on our previous study (Dong
et al. 2014), the drought treatment times were set as 0, 6, 9,
and 12 days (wilting state). After the treatments, three
individuals with consistent growth conditions were chosen
from each group for leaf collection. Fully expanded leaves
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(the second pair of leaves from the apex) were collected
from each plant in each group and pooled. The samples
from the well-watered PT2 and PT4 plants were picked
only after 12 days. After picking, the leaf samples were
frozen immediately in liquid nitrogen and stored at —86 °C
until used.

Small RNA library construction and sequencing

Total RNA was extracted from the plant leaf material (PT2,
PT2T, PT4, and PT4T) with Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tions. Four small RNA (sSRNA) libraries were constructed
using a Truseq'™ Small RNA Preparation kit (Illumina,
San Diego, CA). Briefly, 4 ng of total RNA was first
ligated with 5" and 3’ adapters. The ligation products were
used for a reverse-transcription reaction to produce single-
stranded cDNA, which served as a template for PCR
amplification. The cDNA was purified using polyacry-
lamide gel electrophoresis, and the 140- to 160-bp frag-
ments were selected to produce the libraries for cluster
generation. The libraries were sequenced on a GAIIx
platform (Illumina) following the manufacturer’s standard
cBot and sequencing protocols at the Beijing Genomics
Institute, Shenzhen, China.

Identification of conserved and novel miRNAs

Low quality reads, adapters, and 5’ primer contaminants
were removed from the raw reads of the four libraries to
obtain the clean reads. The length distributions of the
18-30 nt clean reads were analyzed and mapped to the P.
tomentosa UniGene database (Dong et al. 2014). Perfectly
matched reads were mapped against the GeneBank (http://
www.ncbi.nlm.nih.gov/) and the non-coding RNA
(ncRNA) database (Release 10; http://rfam.sanger.ac.uk/)
using the Blastall software (http://www.ncbi.nlm.nih.gov/
staff/tao/URLAPI/blastall/) to identify rRNAs, scRNAs,
snoRNAs, snRNAs, and tRNAs. After removing these
sequences, the remaining sequences were mapped to the
known plant miRNAs in miRBase database (Release 21.0;
http://www.mirbase.org/) to identify known miRNAs, the
mapped sequences with no more than two mismatches
were identified as the conserved miRNAs, subsequently,
the potential novel miRNAs were identified using MIREAP
(http://sourceforge.net/projects/mireap/) and RNAfold
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) to fold
flanking sequences and predict secondary structures and
estimate the minimum free energy (MFE) among the
remaining unmapped sequences. If a sequence had a Dicer
cleavage site, a MFE below the cutoff, and conformed to
other criteria described by Meyers and Zhu (2008), it was
considered to be a candidate novel miRNA.
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Differential expression of miRNAs in the four P.
tomentosa libraries

The differential expression profile analysis of the miRNAs
was based on the relative abundance of each miRNA in
each library. The expressions of the miRNAs in four
libraries were firstly normalized to transcripts per million.
The fold change and p value were calculated as describe by
Audic and Claverie (1997), the significantly differential
criterion were the fold changes > 1 or < —1 and P-val-
ues < 0.05. The formulas as follows:

normalized expression = actual miRNA count/total
count of clean reads * 1,000,000.

Fold change = log2 (normalized read counts in one
library/normalized read counts in the other library).

P-values:

o) = (22 » (& +y)!

Ni 1 +1\NLT)(X+y+1)

y<ymin
Cly < yminlx) = Y P(ylx)
y=0

D(y > ymax|x) = > P(yx)

y = ymax

The N1 and N2 represent the total number of clean tags
in PT2 and PT2T (or PT4 and PT4T), respectively. The x
and y represent the number of miRNAs surveyed in PT2
and PT2T (or PT4 and PT4T), respectively. C and D can be
regarded as the probability discrete distribution of the
P value inspection.

Identification of miRNA targets by degradome
sequencing

Four degradome libraries were constructed for miRNA
target identification as described previously (Addo-Quaye
et al. 2008; German et al. 2008). Briefly, total RNA was
extracted from the leaves of PT2, PT2T, PT4 and PT4T.
Approximately 4 pg total RNA from each sample was used
for polyadenylation according to the Oligotex mRNA mini
kit (Qiagen, Shanghai, China). T4 RNA ligase (Takara,
Dalian, China) was used to add a 5'RNA adapter to
cleavage products that possessed a free 5’-phosphate at
their 3’ termini. The ligated products were reverse tran-
scribed using oligo (dT) and PCR enrichment, and then
digested with the restriction enzyme Mmel (NEB, Ipswich,
MA). A double-stranded DNA adapter was ligated to the
digested products using T4 DNA ligase (NEB). The ligated
products were purified and amplified with 20 PCR cycles
with 94 °C for 30 s, 60 °C for 20 s, and 72 °C for 20 s.

The PCR products were sequenced on an Illumina
HiSeq™ 2000 system.

To evaluate the potential functions of the miRNA target
genes, the sequences were searched against the GenBank
Nr(ftp://ftp.ncbi.nih.gov/blast/db/nr), Nt (ftp://ftp.ncbi.nih.
gov/blast/db/nt) and Swiss-Prot databases (http://www.ebi.
ac.uk/swissprot) using BLASTX. Gene Ontology (GO)
annotations  (http://www.geneontology.org/) under the
three categories (molecular function, cellular component,
and biological process) were assigned to the target genes
(Conesa et al. 2005; Du et al. 2010). An E-value threshold
of less than 10> was used in the BLASTX searches.

Verification of miRNAs and their potential targets
by qRT-PCR

The expression of the miRNAs and their targets from PT2,
PT2T, PT4, and PT4T were validated using qRT-PCR.
Total RNAs were extracted from the diploid PT2, PT2T-
6d, PT2T-9d, and PT2T, and the autotetraploid PT4,
PT4T-6d, PT4T-9d, and PT4T leaves, respectively. Three
biological replicates were performed. The qRT-PCR was
performed following Chen et al. (2005) using a Super-
Script III platinum SYBR Green one-step qRT-PCR kit
(Invitrogen, Carlsbad, CA, USA) on a CFX96TM Real-
Time PCR System (Bio-Rad, Hercules, CA) according to
the manufacturer’s instructions. The PCR conditions were
50 °C for 3 min, 95 °C for 5 min, then 40 cycles at 95 °C
for 15 s, 55 °C for 30 s, and 40 °C for 10 min. The pri-
mers for target genes were designed using Primer Pre-
mier 5 software (Premier Biosoft International, Palo Alto,
CA, USA) based on NCBI and transcriptome sequences of
diploid and autotetraploid of P. tomentosa, just as previ-
ously described by Fan et al. (2014), U6 rRNA (the vali-
dated of miRNAs) and 18S rRNA (the validated of targets)
were chosen as an endogenous reference gene for nor-
malization. All reactions were run in triplicate for each
sample, 27AACT method was used to analyze relative
changes in gene expression (Livak and Schmittgen 2000;
Schefe et al. 2006). The ANOVA analyses were performed
using SPSS 19.0 software (IBM Corp., Armonk, NY) The
sequences of the primers and reference genes are shown in
Tables S1 and S2.

Results

Deep sequencing of the SRNA libraries

A total of 12,772,899 (PT2), 17,316,751 (PT2T),
15,430,200 (PT4), and 15,486,302 (PT4T) raw reads were

generated by high-throughput sequencing. After removing
reads with poly(A) tails, low-quality reads, contaminated
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reads, and adaptor sequences, a total of 12,717,314 (PT2),
16,987,504 (PT2T), 15,110,539 (PT4), and 15,206,670
(PT4T) clean reads were obtained. The length distributions
of the most abundant reads (18-30 nt) between two com-
parisons (PT2 vs. PT2T and PT4 vs. PT4T) are shown in
Fig. 1. The 24-nt long miRNAs were the most abundant,
which is consistent with the abundances reported previ-
ously in Nicotiana species and in Solanum linnaeanum
(Yin et al. 2014; Zhuang et al. 2013). A total of 30 % of the
SRNA reads were mapped to the Paulownia UniGene
database (Dong et al. 2014) and the aligned sequences were
classified and annotated as non-coding RNAs and miRNAs
(Table 1) using Blastall searches against the GenBank,
Rfam, and miRBase databases. The remaining unmapped
sequences were used to predict potentially novel miRNAs.

Identification of conserved miRNAs in P. tomentosa

A total of 41 conserved miRNAs belonging to 18 miRNA
families were identified (Table S3), Among these con-
served miRNAs, miR5021 was the largest families with 13
members, followed by miR169 and miR482, both have
three members. The miR166 family had two members but
more than 930,000 reads in each of the four libraries,
making it the most common family in the four libraries.
miRNAs that were diploid or autotetraploid specific were
also detected. For example, two conserved miRNAs
(miR398 and miR171) were found only in PT2 vs. PT2T,
and two conserved miRNAs (miR5021and miR482b) were
found only in PT4 vs. PT4T. In addition, the drought-
stressed PT2T and PT4T plants had very high expression
levels of pau-miR2911, pau-miR166a, pau-miR166b, pau-
miR167b, and pau-miR157 compared with the PT2 and
PT4 controls. Interestingly all the conserved miRNAs
except pau-miR408a, pau-miR408b, pau-miR 168, and pau-
miR390 were up-regulated by varying degrees in PT2T and
PTAT compared with PT2 and PT4. These results show that
different miRNAs had varied expression patterns in the
four libraries.
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Identification of novel miRNAs in P. tomentosa

To identify candidate novel miRNAs, the secondary
structures of the pre-miRNA sequences of the unmapped
miRNAs were predicted using MIREAP. Ninety poten-
tially novel miRNAs were identified among the four
libraries, including 21 miRNAs with the corresponding
miRNA* sequence (Table S4). The lengths of the novel
mature miRNA sequences varied from 20nt to 23nt; the
21nt sequences were the most abundant. The average
minimal folding free energy was —44.3 kcal/mol and the
average length of the pre-miRNA was 143nt. Of the 90
novel miRNAs, 19 (21 %) were found in all four libraries,
and 20 and 25 novel miRNAs were found in the PT2 vs.
PT2T, and PT4 vs. PT4T libraries, respectively. The
numbers of novel miRNAs found in each library are shown
in Table S4.

Analysis of differentially expressed miRNAs
in diploid and tetraploid P. fomentosa under drought
stress

Differentially expressed miRNAs with p-values < 0.05 and
log2ratios > 1 were defined as significantly up-regulated
and miRNAs with p-value < 0.05 and log2 ratio < —1
were defined as significantly down-regulated.

The differentially expressed miRNAs were both up-
regulated or down-regulated in the two comparisions (PT2
vs. PT2T and PT4 vs. PT4T) were drought specific miR-
NAs. Compared with PT2, in PT2T, 41 miRNAs were
significantly up-regulated and 26 miRNAs were signifi-
cantly down-regulated. Compared with PT4, in PT4T, 32
miRNAs were significantly up-regulated and 21 miRNAs
were significantly down-regulated (Table S3 and
Table S4). In both PT2 vs. PT2T and PT4 vs. PT4T
comparisons, six miRNAs including pau-miR156, pau-
miR2911, pau-miR396a, pau-miR399, pau-miR160, and
pau-miR43 were significantly up-regulated, and eight
miRNAs, such as pau-miR1, pau-miR4, pau-miR5a, pau-
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Fig. 1 Length distribution of sSRNAs libraries. a Size distribution of PT2 and PT2T libraries; b Size distribution of PT4 and PT4T libraries
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Table 1 General statistics of

SRNAS in P. fomentosa Category Total miRNA  rRNA snRNA  snoRNA tRNA Unannote
PT2 Unique sSRNAs 3991595 13530 47923 1206 449 10115 3918372
Percent (%) 100 0.34 1.2 0.03 0.01 0.25 98.17
Total sSRNAs 12717314 2123920 391391 2037 939 413341 9785686
Percent (%) 100 16.7 3.08 0.02 0.01 3.25 76.95
PT2T Unique sRNAs 4515330 22248 58347 1809 656 14895 4417375
Percent (%) 100 0.49 1.29 0.04 0.01 0.33 97.83
Total sSRNAs 16987504 3750931 593427 5324 1187 692398 11944237
Percent (%) 100 22.08 3.49 0.03 0.01 4.08 70.31
PT4 Unique sSRNAs 3749155 17053 90808 2211 787 18043 3620253
Percent (%) 100 0.45 242 0.06 0.02 0.48 96.56
Total SRNAs 15110539 2702653 1556856 5301 1688 1194746 9649295
Percent (%) 100 17.89 10.3 0.04 0.01 7.91 63.86
PT4T Unique sRNAs 3993845 17988 60787 2244 681 14627 3897518
Percent (%) 100 0.45 1.52 0.06 0.02 0.37 97.59
Total sSRNAs 15206670 3663160 605528 6749 1116 409239 10520878
Percent (%) 100 24.09 3.98 0.04 0.01 2.69 69.19

miR5b, pau-miR17a, pau-miR17b, pau-miR21, and pau-
miR27 were significantly down-regulated. Furthermore,
four miRNAs, pau-miR3, pau-miR19, pau-miR56a, and
pau-miR56b, were significantly down-regulated in PT2 vs.
PT2T and up-regulated in PT4 vs. PT4T. These results
suggest that significantly differentially expressed miRNAs
may have important roles in the drought stress response of
P. tomentosa.

Degradome sequencing analysis of miRNA targets

In order to identify the targets of the miRNA and predict
their functions, we performed a degradome sequencing
analysis (Han et al. 2016; Wei et al. 2013). A total of
356 targets and 773 cleavage sites were identified. The
relative abundances of the miRNA targets were used to
assign the transcripts to three categories (Addo-Quaye
et al. 2008; German et al. 2008): category I with 121
(125 cleavage sites) targets, category II with 209 (594
cleavage sites) targets, and category III with 22 (54
cleavage sites) targets (Table S5). These results sug-
gested that the targets could be cleaved efficiently by the
miRNAs. To further understand the function of the tar-
gets, GO term was used to classify the function of these
356 targets. the results showed that 252 were annotated
with 43 terms main including cellular process, metabolic
process, cell, cell part, organelle, binding, and catalytic
activity (Fig. 2).

Expression pattern analysis of miRNAs and their
targets with qRT-PCR

To detect the miRNA expression level at different drought
treatment time, eight of the differentially expressed miRNAs
were selected randomly for validation by qRT-PCR. As
shown in Fig. 3, the result showed that the trends of five
miRNA expression (pau-miR396a, pau-miR159, pau-
miR167a, pau-miR160, and pau-miR26a) were similar with
high-throughput sequencing data. The expression levels of
these five miRNAs in the diploid and tetraploid plants were
up-regulated at day 6 of drought treatment, down-regulated at
day 9, and up-regulated at day 12. The expression patterns of
pau-miR2911, pau-miR157, and pau-miR1 showed similar
trends between diploid and tetraploid plants at day 6 and day 9
of drought treatment. To confirm the reliability of degradome
sequencing analysis and investigate the potential correlation
between miRNAs and their targets, eight genes were selected
for qRT-PCR assays (Fig. 4). The expression patterns of
three of the targets (CL401.Contig8_All, CL10153.Con-
tig2_All, and CL6480.Contig 4_All) were inversely corre-
lated with the expression patterns of the corresponding
miRNAs. The expression levels of CL13082.Contig3_All,
CL13082.Contig2_All, CL1785. Contigll_All, CLI6.
Contig8_All, and Unigenel17325_All were positively corre-
lated with the expression levels of the corresponding miR-
NAs. These results show that, in P. tomentosa under drought
stress, the expression patterns of the differentially expressed
miRNAs and their targets were complex and varied.
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Fig. 2 GO analysis of P. tomentosa miRNA targets
Discussion

Drought is a major abiotic stress factor that significantly
reduces Paulownia production. In this study, we con-
structed and sequenced four P. tomentosa SRNA libraries
and compared changes in the expression patterns of miR-
NAs in diploid and tetraploid P. fomentosa under drought
stress. We detected a total of 120 differentially expressed
miRNAs; 67 in PT2 vs. PT2T and 53 in PT4 vs. PT4T. To
gain insights into the miRNA regulatory networks that may
be involved in the drought stress response, we performed
degradome sequencing to predict the targets of the miR-
NAs, and then the function of these miRNA-target were
analyzed.

miRNA-mediated gene expression regulation
associated with drought resistance

Plant roots play important roles in plant growth and
development through the uptake of water and nutrients
from the soil, and roots are exposed directly to abiotic and
biotic stresses. Auxin is an important phytohormone that
controls many of the cellular processes during root apical
meristem cell differentiation and elongation (Benkova and
Hejatko 2009; Khan et al. 2011). We identified the auxin
response factor gene ARF6, which was predicted to be
targeted by pau-miR167 (Table S5), ARF6 has been
reported to play significant roles in plant root development
(Khan et al. 2011; Meng et al. 2010). Pau-miR167 was up-
regulated in PT2 vs. PT2T, whereas it was not detected in
PT4 vs. PT4T. According to the negative regulation
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cellular_ component

molecular_ function

relation of miRNAs and their targets, ARF6 will be down-
regulated in PT2 vs. PT2T. In Arabidopsis thaliana, the
low expression of ARF was found to result in defective root
cap development (Wang et al. 2005), which reduced the
water absorption ability of the roots and resulted in the
withering of leaves under drought stress.

Previous studies have shown that the miR156 family is
highly conserved and highly expressed in almost all plant
species(Chen 2009; Xie et al. 2013). In this study, we
found that pau-miR156 was significantly up-regulated in
PT2 vs. PT2T and PT4 vs. PT4T. The predicted target gene
of miR156 was squamosa promoter-binding-like protein 12
(SPL12), which encodes a plant-specific transcription fac-
tor that was reported to play crucial roles in promoting the
transition from juvenile to adult growth, shoot maturation,
leaf development, and flowering (Chuck et al. 2008; Cui
et al. 2014), so the morphology and physiological changes
in paulownia under drought stress may be associated with
the negative regulation of miR156 (Dong et al. 2014).
MiR159 family members have been shown to regulate
plant MYB transcription factors. In this study, the pre-
dicted target gene of pau-miR159 was GAMYB. Pau-
miR159 was significantly up-regulated in PT2 vs. PT2T,
MYBs have been reported to regulate stomatal regulation
under drought conditions, and their over-expression was
found to result in hypersensitivity to water deficiency (Oh
et al. 2011). According to the negative regulation of
miRNAs with their targets, the expression levels of MYBs
may have promoted guard cell deflation in response to
drought stress, resulting in stomatal closure and limiting
the growth the root of Paulownia, which further affect the



Genes Genom (2017) 39:77-86

83

35.0 4

30.0 -

25.0 4

20.0

10.0

Relative expression

5.0 q

0.0 -

40 -

3.0 +

25 -

Relative expression

05 -

00 -

d
o
s

P
[S)
L

g
S}
L

o
=]
L

Relative expression
w A
o o

N
o
s

o =
=] =}
I L

Pau-miR157

6d

Pau-miR160

Pau-miR2911

*

12d

Relative expression
WL ox» 00 0 N ® ©
o o o o o o (=]

N
=}
L

o =
o o
" L

Pau-miR1

9d

Fig. 3 The qRT-PCR validation of the expression of miRNAs at different treatment stages

6d

9d

m PT2

m PT4

u PT2

u PT4

12d

12d

12d

B PT2
u PT4

® PT2

u PT4

12.0 4

10.0 -

80 -

6.0 -

40 -

20 -+

00 -

18.0 1

16.0 -

140 -

120 -

10.0 -

8.0 -

6.0 -

4.0 -

20 -

0.0

7.0 1
6.0
50 -
40 -

3.0

0d

Pau-miR159
* mpm2
u PT4
*
6d 9d 12d
Pau-miR167a *

Pau-miR396a
u PT2
u PT4
*
*
6d 9d 12d
Pau-miR26a
® PT2
u PT4
*
*
6d 9d 12d

@ Springer



84

Genes Genom (2017) 39:77-86

CL401.Contig8_All/pau-miR157 CL10153.Contig2_All/pau-miR157

14
12
1.0
0.8
06
04
0.2
0.0
0d 6d od

CL1785.Contig11_Allipau-miR167a

25
20
1.0
05
0.0
0d 6d 9d

Relative expression

=PT4
10
08
06
04
A
00
d 6d 9d

12d

12d

CL6480.Contigd_All/pau-miR396a

Relative expression
=

12d

uPT4
.
B
15
1.0
05
00
12d od 6d od

=PT2 mFT2
uPT4

=PT2 =PT2
=pT4

CL13082.Contig3_All/pau-miR159 CL13082.Contig2_All/pau-miR 159

=PT2  1g wFT2
=PT4

12d

uPT2 =PT2

=PT4 wPT4

08 10
06 08
04 06

04
02 02
00 00

od 6d 9 12d od 6d od 12d

25 uPT4 16

15 10

08

10 06

05 04

00 00
o 6d o od 6d o

12d

Unigene17325_Allipau-miR26a CL16.Contig8_Allipau-miR26a

Fig. 4 The qRT-PCR validation of the relative expression of target gene

water uptake ability of root. Together these results suggest
that miR156-SPLI2, pau-miR167-ARF, and pau-miR159—
GAMYB regulation may be closely related to P.fomentosa
drought tolerance.

Drought induced miRNA-target regulation involved
in cell signaling transduction

In this study, we indentified several miRNA targets
involved in cell signaling transduction, such as zinc finger
protein and zinc finger CCC-type protein, were the pre-
dicted targets for pau-miR4 (Table S5), which was down-
regulated in both PT2 vs. PT2T and PT4 vs. PT4T. Zinc
finger proteins are DNA-binding transcription factors that
can enhance biotic and abiotic stress tolerance during plant
growth and development. Other pau-miR4 targets were
F-box proteins, which have been reported to play important
regulatory roles in cell signaling (Kipreos and Pagano
1999). ACC oxidase, another one of the targets of pau-
miR4, catalyzes the final step in the biosynthesis of ethy-
lene, which is a signal for slowing growth in response to
external stresses. Therefore, the low expression of pau-
miR4 might enhance the activity of ACC oxidase so as to
produce the ethylene required to slow plant growth and
increase drought tolerance. The trend of the expression
pattern of the ACC oxidase gene is similar to that reported
previously (Dong et al. 2014). Pau-miR4 was also pre-
dicted to target alcohol dehydrogenase class-3-like isoform
1, which may be involved in drought stress signaling
(Ranjan et al. 2012). Pau-miR4—ethylene-responsive tran-
scription factor 12 and pau-miR4-gibberellin signaling
DELLA protein regulation have also been related to plant
hormone signaling associated with drought stress. The
serine/threonine -protein kinase gene NAK was also pre-
dicted to be targeted by pau-miR4. NAK is an enzyme in
the jasmonic acid signaling pathway (Piot 2003). Pau-
miR159, which was up-regulated in PT2 vs. PT2T and did
not change in PT4 vs. PT4T, was predicted to target

@ Springer

GAMYRB. This gene family is the largest transcription factor
family in plants, and is a component of gibberellin sig-
naling, The differential expression of GAMYB was reported
to influence the promoter activity of the most predominant
gibberellin-responsive gene RAmylA in the gibberellin
signaling pathway (Washio and Washio 2014). These
results suggest that drought stress responses are very
complicated is controlled by a various signaling net,and the
co-ordination of pau-miR4-target and pau-miR159—target
regulation might promote drought tolerance in P.
tomentosa.

Drought-specific miRNAs of P. tomentosa

To identify candidate drought-specific miRNAs of P.
tomentosa from the differentially expressed miRNAs, we
compared them with the miRNAs reported in a previous
study in the same species. In the previous report, thirteen
autotetraploid-specific miRNAs of P. tomentosa were
identified, including miR4, miR156, miR160, miR166,
miR169, miR171, miR396, miR397, miR398, miR399,
miR408, miR482, and miR 858, which were strongly
express in the PT2 vs. PT4 (Fan et al. 2014). In this study,
drought-specific miRNAs of P. tomentosa were identified
in the PT2 vs. PT2T and PT4 vs. PTAT comparisons,
including pau-miR1, pau-miR4, pau-miR5a/b, miR156,
miR160, miR396, miR399, and miR2911. Among them,
the expressions of miR156, miR160, miR396, miR399, and
miR2911 were up-regulated and the expression of pau-
miR1, pau-miR4, and pau-miR5a/b were down-regulated in
both diploid and autotetraploid P. tomentosa under drought
stress. When we compared the expression levels of these
miRNA in this and the previous study, only the expression
trends of miR4, miR156, miR160, and miR399 were con-
sistent in both studies. Thus, we propose that the differ-
ential expression patterns of these four miRNAs might be
related to the different drought treatment conditions.
Through degradome sequencing, only the target of miR4
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and miR156 were mapped to the reference sequences,
therefore, we speculate that miR4 and miR156 are drought-
specific miRNAs of autotetraploid P. fomentosa. This
important information will help to understand the drought
response in Paulownia species and may be useful for the
development of tolerant varieties in the future.

Conclusions

In this study, we detected 67 and 53 significant differen-
tially expressed miRNAs in response to drought stress in
diploid and autotetraploid P. tomentosa, respectively. Eight
of the miRNAs and eight of their targets were confirmed by
gRT-PCR. Degradome sequencing analysis showed that
miR4—target and miR156—target regulation could be pro-
vide valuable information in the drought stress response in
diploid and tetraploid P. tomentosa. These results will help
us build a foundation for further studies of the biological
functions of miRNA-mediated gene regulation in P.
tomentosa under drought stress.
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