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SUMMARY

Male sterility caused by long-term high-temperature (HT) stress occurs widely in crops. MicroRNAs (miR-

NAs), a class of endogenous non-coding small RNAs, play an important role in the plant response to various

abiotic stresses. To dissect the working principle of miRNAs in male sterility under HT stress in cotton, a

total of 112 known miRNAs, 270 novel miRNAs and 347 target genes were identified from anthers of HT-

insensitive (84021) and HT-sensitive (H05) cotton cultivars under normal-temperature and HT conditions

through small RNA and degradome sequencing. Quantitative reverse transcriptase-polymerase chain reac-

tion and 50-RNA ligase-mediated rapid amplification of cDNA ends experiments were used to validate the

sequencing data. The results show that miR156 was suppressed by HT stress in both 84021 and H05;

miR160 was suppressed in 84021 but induced in H05. Correspondingly, SPLs (target genes of miR156) were

induced both in 84021 and H05; ARF10 and ARF17 (target genes of miR160) were induced in 84021 but sup-

pressed in H05. Overexpressing miR160 increased cotton sensitivity to HT stress seen as anther indehis-

cence, associated with the suppression of ARF10 and ARF17 expression, thereby activating the auxin

response that leads to anther indehiscence. Supporting this role for auxin, exogenous Indole-3-acetic acid

(IAA) leads to a stronger male sterility phenotype both in 84021 and H05 under HT stress. Cotton plants

overexpressing miR157 suppressed the auxin signal, and also showed enhanced sensitivity to HT stress,

with microspore abortion and anther indehiscence. Thus, we propose that the auxin signal, mediated by

miRNAs, is essential for cotton anther fertility under HT stress.

Keywords: Gossypium hirsutum, male sterility, high-temperature stress, miRNA sequencing, degradome

sequencing, miRNAs, auxin signal, miR156/157, miR160.

INTRODUCTION

Under climate change, high-temperature (HT) stress has

become a serious threat to crop yield due to its negative

effects on plant development and reproduction (Bita and

Gerats, 2013). Male sterility caused by HT has been known

for decades to reduce yield in several crops, such as rice,

wheat, corn, rapeseed and cotton (Xing et al., 2003; Tang

et al., 2006; Chen et al., 2007; Zhi et al., 2007; Zeng et al.,

2014). At the same time, temperature (thermo)-sensitive

genic male sterility (TGMS) has been used as a powerful

tool for hybrid breeding, but little is known about the

mechanisms (Chen and Liu, 2014). The dissection of the

molecular mechanism of male sterility under HT stress will

therefore be helpful in the longer term for increasing crop

productivity and promoting TGMS utilization in hybrid

seed development.

Microsporogenesis and microgametogenesis are both

extremely vulnerable to various environmental stresses

(De Storme and Geelen, 2014). The microspore stage is

especially sensitive to HT stress in several plant species,

such as wheat, rice, cowpea and tomato (Bingham, 1966;

Saini et al., 1984; Namuco and O’Toole, 1986; Ahmed

et al., 1992; Kim et al., 2001; Sato et al., 2002; Endo et al.,

2009). Anther indehiscence, microspore abortion, rudimen-

tary pollen tube formation and premature degeneration of

the tapetum all occur during HT stress (Paupiere et al.,

2014). Molecular changes in the basic thermotolerance

response to HT stress have been documented in plants,

including heat shock factor and heat shock protein

responses, reactive oxygen species (ROS) signalling and

calcium signalling pathways (Bokszczanin et al., 2013). In
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addition, endogenous phytohormones such as auxin, gib-

berellin acid (GA) and jasmonate (JA) have been reported

to participate in the response to HT stress during anther

development (Chhun et al., 2007; Sakata et al., 2010; Cec-

chetti et al., 2013).

Previously we showed that overexpression of Gossypium

hirsutum CASEIN KINASEI (GhCKI) delayed normal pro-

grammed cell death (PCD) in the tapetum and resulted in

anther abortion and indehiscence, and earlier expression of

GhCKI was induced by HT in the HT-sensitive cotton line

(Min et al., 2013). We also proposed that PHYTOCHROME-

INTERACTING FACTOR (PIF) genes induced by sugar sig-

nalling positively promote indole-3-acetic acid (IAA) biosyn-

thesis and ultimately lead to male sterility of cotton under

HT stress (Min et al., 2014). However, HT stress was reported

to suppress auxin biosynthesis and cause male sterility in

barley and Arabidopsis, and the exogenous auxin can com-

pletely reverse male sterility under HT stress (Sakata et al.,

2010). Auxin perception mutants (afb 1-3 and tir1 afb2 afb3)

show earlier anther dehiscence and endothecium lignifica-

tion by promoting JA signalling in Arabidopsis (Cecchetti

et al., 2013). Thus, auxin signalling can be assumed to play

an important role in anther responses to HT stress, but the

molecular mechanisms remain unclear.

MicroRNAs (miRNAs) are an extensive class of endoge-

nous non-coding small RNAs involved in the plant

response to biotic and abiotic stresses (Zhang, 2015).

Many miRNAs have been detected in the plant response

to HT stress through small RNA sequencing techniques

in various species, including rice, wheat, barley and Ara-

bidopsis (Zhao et al., 2016). In the few miRNA functional

analyses of plant responses to HT stress to date, miR398

is well studied. miR398 is rapidly induced by HT and

makes the plant more sensitive to HT stress by repress-

ing the expression level of copper superoxide dismu-

tases, a class of important scavengers of ROS (Guan

et al., 2013). A second miRNA, miR156, plays a role in

plant adaptation to recurring heat stress, and has been

shown to be highly induced by HT in Arabidopsis (Kim

et al., 2012; Stief et al., 2014). Other reports have demon-

strated that miR160, miR166, miR167, miR172 and

miR393, among others, are responsive to HT stress in

plants (Kruszka et al., 2014; Li et al., 2014). Among these

miRNAs, miR160, miR167 and miR393 are involved in the

auxin signalling pathway, and their targets are auxin

receptors or auxin response genes, such as AUXIN

F-BOX (AFB), TRANSPORT INHIBITOR RESISTANT 1

(TIR1) and AUXIN RESPONSE FACTORS (ARFs) (Sun,

2012). APETALA2-LIKE transcription factor (TF) RNAs, the

target of miR172, function in the stress response and

flower development (Wollmann et al., 2010; Nova-Franco

et al., 2015). Although many miRNAs have been found to

respond to HT stress, the mode of action of miRNAs in

relation to male sterility remains unknown.

Our previous results have shown that epigenetic

changes, such as genomic DNA methylation and histone

modification, are involved in TGMS in cotton (Min et al.,

2014). miRNAs, as a form of epigenetic modification, were

purported to take part in the process of TGMS in cotton.

To identify the roles of miRNAs in TGMS in cotton, we

used small RNA sequencing to detect miRNA changes dur-

ing the development of male sterility in HT-sensitive (H05)

and HT-insensitive (84021) cultivars. Degradome sequenc-

ing was then performed to identify the target genes of

miRNAs. Among the detected miRNAs, miR157 and

miR160 were overexpressed in cotton to elucidate their

function during the cotton anther response to HT stress.

Functional analysis revealed that miR160 regulates the

expression of ARFs during anther indehiscence under HT

stress. Overexpression of miR157 in cotton plants sup-

pressed the expression level of SPLs, which caused a

reduction in floral organ size and a highly increased sensi-

tivity of anthers to HT stress. Our research reveals that

miR160 and miR157 both regulate the auxin signalling

pathway during the anther response to HT stress in cotton,

to control male fertility.

RESULTS

Global small RNA analyses in anthers under normal-

temperature (NT) and HT conditions

In our previous studies, two cotton lines, 84021 (HT-insen-

sitive line) and H05 (HT-sensitive line), were employed to

explore the mechanism of male sterility under HT stress at

the transcript level, by RNA-Seq (Min et al., 2013). Anther

development was divided into 14 stages according to the

length of the cotton bud planted in the field (Wu et al.,

2015). To illustrate the relationship between bud length

and anther development in the greenhouse, a growth

curve was made by measuring the bud length every day

until flowering under normal conditions in the greenhouse

(Figure S1). Anther development lasted nearly 25 days,

from 3–4-mm buds (stage 4) to flowering. Because male

sterility appears at 7–10 days after HT treatment in the

greenhouse and considering the influence of HT on the

progress of bud growth, the buds from 6–14 mm were

deduced to be sensitive to HT stress. On this basis, buds of

6–7 mm (tetrad stage, TS) and 9–14 mm (tapetal degrada-

tion stage, TDS) were collected from H05 and 84021 under

HT and control (NT) conditions, and used for small RNA

and degradome sequencing to identify changes in miRNA

abundance in response to HT stress.

Total RNA was extracted from 16 samples of two culti-

vars containing TS- and TDS-stage anthers of two biologi-

cal replicates. Small RNA library construction and

sequencing were performed by BGI in Shenzhen, China,

using an Illumina HiSeq 2000 system. Nearly 12.3 million

total reads were obtained from each sample after

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 91, 977–994

978 Yuanhao Ding et al.



removing poor-quality reads and adapter sequences

(Figure 1a). Subsequently, sRNA lengths were counted,

and the 17–29 nt distribution is shown in Figure 1b. All

samples show the highest abundance at 24 nt and the sec-

ond at 21 nt. Regarding 24 nt, siRNA is a class of small

RNAs related to RNA-directed DNA methylation (Matzke

and Mosher, 2014); the changes in the ratio of 24/21 nt

might reflect changes in DNA methylation variation during

anther development. Thus, the ratios of 24/21 nt sRNAs in

each sample were compared. The results show that the

ratio of 24/21 nt sRNAs at the TS was nearly twice as high

as at the TDS (Figure 1c). sRNAs were then mapped to the

cotton genome [G. hirsutum TM-1 (AD)1] to obtain annota-

tions for repeats, introns, exons and up- and downstream

sequences for each sRNA. The genome-mapping percent-

age of each sample is shown in Figure 1d. Similar

percentages of genome mappings were found between

84021 and H05 under NT conditions, but the percentages

decreased from the TS to the TDS in both cultivars (82% at

the TS, 72% at the TDS). During treatment with HT, all

samples reached nearly 91% mapping regardless of the

cultivars or the developmental stages.

Identification of known and candidate miRNAs in cotton

anthers responding to HT stress

To identify the miRNAs in each sample, sRNAs were first

annotated to remove irrelevant reads. The rRNAs, tRNAs,

scRNAs, snRNAs and snoRNAs were then annotated by

aligning the sRNAs to the GenBank and Rfam 11.0 data-

bases, after which the sRNAs were removed, and the rest

of the sRNAs were used to identify miRNAs according to

the method described in the ‘Bioinformatics analysis’

Figure 1. Small RNA sequencing quality and length distribution.

(a) Total sRNA reads distribution (ranging from 12 333 512 to 12 415 064) in 16 samples after removing poor-quality data.

(b) Length distribution of 17–29 nt small RNAs in 16 samples. All samples show highest abundance at 24 nt and second highest at 21 nt.

(c) The ratio of 24/21 nt sRNAs at the tetrad stage (TS) and tapetal degradation stage (TDS). The ratio at the TS is nearly twice that at the TDS in 84021 and H05

under both normal-temperature (NT) and high-temperature (HT) stress, and the ratio slightly increases under HT stress, except for 84021 at the TS. Two biologi-

cal replicates were merged into mean value.

(d) The percentage of total sRNAs mapping to the cotton [Gossypium hirsutum TM-1 (AD)1] genome for each sample (Zhang et al., 2015).

(e) The annotation distribution of the total sRNAs in each sample.

‘8N TS-1’: ‘8’ represents the name of the cultivar ‘84021’; ‘N’ represents the treatment condition is normal temperature (NT); ‘TS’ represents that the bud devel-

opment stage belongs to TS; and ‘-1’ means ‘the first biological repeat’. The meaning of other sample names can be deduced as illustrated above.
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section of the ‘Experimental Procedures’ section. The final

remaining sRNAs were labelled as unannotated sRNAs.

Results showed that the unannotated sRNAs constituted

the majority (56–74%); the sRNAs mapping to exons or

introns made up nearly 17–23%; and the miRNAs made up

nearly 5%. The remaining part (1~17%) was composed of

rRNA, tRNA, scRNA, snRNA, snoRNA and repeats (Fig-

ure 1e). Finally, 112 known miRNAs and 270 novel miRNAs

were detected from the small RNA sequencing analysis

(Table S1).

To further classify the miRNAs, those with 20 or fewer

reads in all samples were removed, leaving 83 known miR-

NAs and 90 novel miRNAs (Table S1). The miRNAs were

then screened with a higher stringency with transcripts per

million (TPM) greater than 10 in at least one sample. This

strategy produced 34 known miRNA families [18 conserved

(can be found in other species) and 16 non-conserved (only

found in cotton) families] and 23 novel miRNAs after merg-

ing the expression levels of each known miRNA family

member together (Table S2). The two biological replicates

were merged together by the mean value. We found that

the highly abundant (TPM average > 100) conserved

miRNA families were miR156/157, miR3954, miR166,

miR172, miR168 and miR396. In addition, miR156/157 was

the most abundant family, which makes up almost 63.71%

of all conserved reads. On the other hand, miR8638,

miR3476, miR7508 and miR7495 represent the highly abun-

dant non-conserved miRNA families. The novel miRNAs

exhibit mostly low abundance (TPM average < 58), consis-

tent with the non-conserved or young miRNAs exhibiting

lower expression than conserved miRNAs (Cuperus et al.,

2011). Interestingly, there were two2-fold more miRNA

reads at the TDS than at the TS, regardless of whether the

reads are in conserved or non-conserved miRNA families

or whether they are novel miRNAs (Table S2). The results

suggest that more miRNAs are involved in cotton anther

development and response to HT stress at the TDS.

Expression of miRNAs in cotton anthers in response to HT

stress

Because our focus was whether miRNAs respond to HT

stress, the fold changes in the expression of miRNAs under

the NT and HT treatments were calculated both within and

between 84021 and H05. Twenty-seven miRNAs with |log2(-

fold changes)| >0.8 were chosen to create a heat map and

were classified into four types (type I–IV) according to the

expression pattern (Figure 2a), in which mtr-miR172a (red,

type I) was the only miRNA that exhibited opposite expres-

sion changes in 84021 and H05 both at the TS and TDS. In

addition, miRNAs displayed in green and purple font

showed different expression patterns at only one develop-

mental stage (TS or TDS); these miRNAs were classified as

types II and III, respectively. The remaining miRNAs (black,

type IV), which made up the majority, have similar

expression patterns in 84021 or H05 at both the TS and

TDS, which suggests that these miRNAs may function con-

servatively in the response to HT stress.

To validate the reliability of the small RNA sequencing,

20 miRNAs (13 known miRNAs and seven novel miRNAs)

with high or low expression levels were chosen randomly

to perform real-time reverse transcriptase-polymerase

chain reaction (RT-PCR). Overall, quantitative (q)RT-PCR

measurements were generally in agreement with small

RNA sequencing (R2 = 0.7157; Figure 2b). According to our

previous studies, auxin signal responses were implicated

in male sterility under HT stress; miR156 were reported to

regulate tolerance to recurring heat stress; and miR172 and

its target gene AP2 take part in development and

responses to environment stresses (Wollmann et al., 2010;

Min et al., 2014; Stief et al., 2014; Nizampatnam et al.,

2015; Li et al., 2016). Thus, the expression levels of these

miRNAs of interest were detected by qRT-PCR, and the

results are shown in Figure 2c–h. We found that miR156

[ahy-miR156c (ahy, Arachis hypogaea) and ath-miR156a-5p

(ath, Arabidopsis thaliana) were merged together] were

suppressed by HT stress in 84021 and H05 either at the TS

or TDS stage (Figure 2c). However, ath-miR157a-5p was

highly induced by HT stress in 84021 at the TDS stage but

not in H05, and no obvious changes were found at the TS

stage in 84021 and H05 (Figure 2d). The expression of ath-

miR160a-5p was suppressed by HT stress in 84021 at the

TS and TDS stages, but induced in H05 (Figure 2e). In addi-

tion, ath-miR167d was highly induced by HT in 84021 and

H05 both at the TS and TDS stages (Figure 2f); mtr-

miR172a (mtr, Medicago truncatula) was suppressed by HT

stress in 84021 but was highly induced in H05 at the TS

and TDS stages (Figure 2g); and stu-miR393-3p (stu, Sola-

num tuberosum) was induced by HT at the TS stage, but

suppressed at the TDS stage (Figure 2h).

Identification of miRNA targets through degradome

sequencing

As a powerful approach for the experimental identification

of targets for miRNAs, degradome sequencing has been

widely used for validating the cleavage sites of miRNAs

(German et al., 2009). Four degradome libraries (8N, 8H,

HN and HH) were constructed to validate the targets of

miRNAs in this study, and more than 10 million total tags

were obtained. Nearly 55% of the unique tags were

mapped to the TM-1 genome, and tags with annotation

information are listed in Table S3. Tags annotated with

cDNA_sense were then used for target prediction. As a

result, a total of 347 targets (528 cleavage sites) of 76 miR-

NAs were identified (Table S4).

The targets were screened under more strict conditions

(category <2.5 in all samples). Following this screen, the

remaining 171 targets from 22 miRNA families are listed in

Table 1. More than 80% of the genes (137/171) encode TFs,
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including SQUAMOSA PROMOTER BINDING PROTEIN-

LIKE (SPL), APETALA 2 (AP2), AUXIN RESPONSE FACTOR

(ARF), AUXIN SIGNALING F-BOX (AFB) class III HD-Zip,

GRAS, NAC and WRKY. Some of these are involved in

plant hormone signalling pathways, such as the ARFs and

AFB involved in the auxin signalling pathway, and GRAS is

linked to GA signal transduction. For example, ARF10, 16

and 17 identified from our degradome sequencing data all

belong to the auxin-repressed type (Vernoux et al., 2011),

which are the targets of ath-miR160a-5p (Figure S2). In

Figure 2. Heat map and quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) identification of miRNAs responding to high-temperature (HT)

stress.

(a) Heat map of miRNAs responding to HT stress with |log2 (fold changes)| >0.8. Blue and yellow colours indicate downregulated and upregulated miRNAs,

respectively. miRNAs were classified into four types (I–IV) according to the expression patterns. Type I (red): expression of mtr-miR172a is the only one that

exhibited opposite trends in 84021 and H05, both at the tetrad stage (TS) and the tapetal degradation stage (TDS). Type II (green): expression of miRNAs exhib-

ited opposite trends between 84021 and H05 at the TS, but maintained the same trends at the TDS. Type III (purple): expression of miRNAs exhibited opposite

trends at the TDS, but expression was upregulated at the TS. Type IV (black): expression of miRNAs exhibited the same patterns in 84021 and H05.

(b) Correlation of the miRNA expression profile between small RNA sequencing and qRT-PCR. A total of 20 randomly selected miRNAs, including 13 known miR-

NAs and seven novel miRNAs, with high or low expression levels were validated by qRT-PCR in 16 samples (including two biological replicates).

(c–h) qRT-PCR analysis of miRNAs responding to HT. GhUB7 was used as a normalization control. TS, tetrad stage; TDS, tapetum degradation stage; 8H, 84021

under HT conditions; 8N, 84021 under NT conditions; HH, H05 under HT conditions; HN, H05 under NT conditions.
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addition to TFs, enzymes such as UDP-glucosyltransferase

(UDPG), sulphate adenylyltransferase, Dicer-like 1 and dis-

proportionating enzyme and hydrolases were also detected

by degradome sequencing (Table 1).

To verify the correction of cleavage sites obtained from

degradome sequencing, six6 target genes cleaved by HT

stress-related miRNAs were chosen for 50-RNA ligase-

mediated rapid amplification of cDNA ends (RLM-RACE)

identification experiments (Figure 3a–f). Similar to the

degradome sequencing results, the 50-RLM-RACE results

showed that the cleavage products of SPL (Gh_D03G0920),

ARF (Gh_D05G0978), HD-ZIP (Gh_D05G1263) and AP2

(Gh_A01G1867) were precisely mapped from the 9th to

11th position of the complementary miRNA, showing that

the cleavage events occurred with miR156, miR160,

miR166 and miR172. However, Gh_A12G0866 (SPL) was

cleaved not only by ahy-miR156c at the 706 site but also

by ath-miR156a-5p and ptc-miR156k (ptc, Populus tri-

chocarpa) at the 705 site (Table S4), which means that

some target genes can be regulated by different miRNAs

at the post-transcriptional level.

Because Since miRNAs usually work through cleaving

their targets, the expression levels of targets would be

expected to be negatively correlated with expression levels

of their corresponding miRNAs. To assess the influence of

the miRNAs on their targets, the expression of miRNA tar-

gets was examined by qRT-PCR, and the nine noteworthy

miRNA/target correlation modules are shown in Figure 3g–
o. Most target genes exhibited the opposite expression

trend with their corresponding miRNAs (TPM from small

RNA sequencing). In previous reports, various TFs, such as

SPLs, ARFs and AP2, have been found to be involved in

anther development (Wu et al., 2006; Wollmann et al.,

2010; Xing et al., 2010; Shi et al., 2015); these TFs are the

targets of multiple miRNA families. In the present study,

the SPLs were induced by HT stress in most cases, with

the exception of Gh_A03G1092, which was upregulated in

84021 but downregulated in H05 at the TS. In addition,

ARFs were highly induced by HT stress at the TS, but were

suppressed at the TDS in both 84021 and H05. AP2, the tar-

get of miR172, was suppressed at the TS but induced at

the TDS in H05, but AP2 did not show obvious changes in

84021. UDPG is identified as a new target of miR167 and

was suppressed by HT stress.

In summary, 50-RLM-RACE confirmed that the target

genes validated from degradome sequencing were cor-

rectly cleaved by the corresponding miRNAs, and the

expression trend of target genes exhibited an opposite

relationship with the miRNA abundance in the anthers.

Overexpressing miR160 leads to anther indehiscence

under HT stress

Auxin signalling has been proven to be involved in male

sterility under HT conditions (Min et al., 2014), but the

detailed molecular mechanism still remains unclear. In this

research, ARF10, 16 and 17, three auxin-repressed ARFs,

were identified as the target genes of miR160 and strongly

responded to HT stress. To identify the function of miR160

in the cotton anther response to HT stress, a miR160 over-

expression cotton line (miR160 OE2) was obtained, which

showed high miRNA160 expression in TS and TDS anthers

under NT condition (Figure 4a). Correspondingly, the

expression of both target genes (ARF10 and ARF17) was

suppressed in overexpression line (Figure 4a). Under NT

conditions, the anther of the miR160 transgenic cotton line

was fertile like its null control (Figure 4b). After HT treat-

ment for 5 days, the miR160 transgenic cotton line showed

anther indehiscence, but with viable pollen grains. The null

control showed normal anther fertility (Figure 4b). The

anthers of miR160 OE2 and null control both showed

anther indehiscence and partial pollen abortion after HT

stress treatment for 7 days, with the phenotypes looking

like the H05 after HT stress treatment for 7 days – the

transgenic host line (YZ1) is also sensitive to HT stress.

ARF17 was reported responsible for primexine formation

and pollen development through regulating the expression

of CALLOSE SYNTHASE5 (Cals5), the major gene for cal-

lose biosynthesis (Yang et al., 2013). In our study, expres-

sion of ARF17 (Gh_A05G1991) was suppressed in miR160

OE line (Figure 4a), indicating overexpression of miR160

had effects on callose synthesis and pollen wall formation.

Meanwhile the expression of Cals5 and the accumulation

of callose was detected in anthers from miR160 OE line

and null control at TS stage (Figure S3), the result showed

that the expression of Cals5 and the accumulation of cal-

lose both had no obvious changes between miR160 OE

line and null control under NT or HT conditions alone (Fig-

ure S3), corresponding to the fertility pollen grains in

anthers of miR160 OE line under HT stress for 5 days (Fig-

ure 4b). However, the fluorescent signal of aniline blue

staining in callose was stronger under HT than under NT,

which might be responsible for the pollen grains abortion

in anthers of miR160 OE line and null control after HT treat-

ment for 7 days (Figure 4b).

It has been reported that some mutants in Arabidopsis,

such as non-dehiscence 1, delayed-dehiscence 1 (dde1)

and delayed-dehiscence 2 (dde2), display anther indehis-

cence but contain viable pollen grains (Sanders et al.,

1999), similar to the phenotype of our miR160 OE line (HT

treatment for 5 days). The dde1 mutant is a loss function

of OXOPHYTODIENOATE-REDUCTASE 3 (OPR), a JA

biosynthetic enzyme gene, and mutants of JA biosynthetic

genes always result in anther indehiscence (Sanders et al.,

2000). In addition, it has been reported that auxin receptor

mutants promote JA biosynthesis in Arabidopsis, suggest-

ing that auxin negatively regulates JA content in rice

anther dehiscence (Cecchetti et al., 2013; Zhao et al., 2013).

We therefore measured the expression levels of JA

© 2017 The Authors
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Table 1 miRNA targets assembly with category <2.5

miRNA_f
amily (22) Annotation

Number of
targets (171)

Degradome
category

Targets gene ID [G.
hirsutum TM-1 (AD)1]

miR156/157 Squamosa promoter binding protein-like 15 1 0 Gh_A11G2811
Squamosa promoter binding protein-like 2 6 0 Gh_A03G1092, Gh_A04G1486,

Gh_D04G1827, Gh_D02G1515,
Gh_A01G1281, Gh_D01G1503

Squamosa promoter binding protein-like 10 4 1 Gh_D12G0947, Gh_A12G0866,
Gh_A11G0706, Gh_D11G0821

Protein phosphatase 2A, regulatory subunit PR55 1 1.5 Gh_A06G0796
Squamosa promoter-binding protein-like (SBP domain)
transcription factor family protein

9 0.5–1 Gh_A13G0749,Gh_A01G1274,
Gh_A11G0344, Gh_A03G1083,
Gh_D02G1499, Gh_D01G1495,
Gh_A12G1380, Gh_D12G1504,
Gh_D11G0401

Squamosa promoter binding like protein 6-like (Vitis
vinifera)

2 0.5–1 Gh_D13G0874, Gh_D03G0920

Squamosa promoter binding protein-like 9 4 0–1 Gh_A04G1331, Gh_D04G1985,
Gh_D11G3165, Gh_A01G2095

miR160 Auxin response factor 17 4 0.5 Gh_A06G0332, Gh_A05G1991,
Gh_D05G3805, Gh_D06G0360

Auxin response factor 10 4 1 Gh_A03G0274, Gh_D05G0978,
Gh_A05G0895, Gh_D03G1293

Auxin response factor 16 8 0.5–2 Gh_A05G3576, Gh_A10G1836,
Gh_D04G0030, Gh_D09G1405,
Gh_A09G1401, Gh_D10G2093,
Gh_A13G2013, Gh_D13G2411

miR162 Dicer-like 1 2 1 Gh_A07G1222, Gh_D07G1326
miR164 NAC (No Apical Meristem) domain transcriptional regulator

superfamily protein
1 2 Gh_A11G2580

miR166 Homeobox-leucine zipper family protein/lipid-binding
START domain-containing protein

12 1.5 Gh_D08G2109, Gh_A13G2011,
Gh_A08G1765, Gh_D10G0038,
Gh_D03G1290, Gh_A10G0035,
Gh_D13G2409, Gh_D05G0975,
Gh_A05G0892, Gh_A03G0276,
Gh_D05G1263, Gh_A05G1085

Class III HD-Zip protein 8 (Populus trichocarpa) 5 2.5 Gh_A13G1004, Gh_A06G0833,
Gh_D06G0966, Gh_D05G0479,
Gh_A06G0741

miR167 UDP-glucosyltransferase, putative (Ricinus communis) 1 2.5 Gh_D12G0458
Cytochrome P450 71A1-like (Fragaria vesca subsp. vesca) 2 2.5 Gh_A13G0215, Gh_A13G0217

miR168 Eukaryotic translation initiation factor 2c, putative (Ricinus
communis)

4 2 Gh_A12G2469, Gh_D12G2597,
Gh_D09G1629, Gh_A09G1557

miR171 GRAS family transcription factor 8 0.5 Gh_A03G0093, Gh_D12G2185,
Gh_A12G2009, Gh_D03G1558,
Gh_D12G0935, Gh_A12G0855,
Gh_D12G0934, Gh_A12G0854

miR172 Predicted: ethylene-responsive transcription factor RAP2-7-
like (Vitis vinifera)

5 0–1.5 Gh_D03G1282, Gh_A03G0292,
Gh_A05G0861

Gh_D05G3873, Gh_D08G0014
Floral homeotic protein APETALA 2, putative (Ricinus
communis)

2 1 Gh_D01G2112, Gh_A01G1867

Protein of unknown function (DUF668) 3 2.5 Gh_A05G3411, Gh_D04G0180,
Gh_D04G0178

Transcription factor APETALA2 (Vitis vinifera) 7 2–2.5 Gh_D12G0675, Gh_A02G1495,
Gh_A11G1795, Gh_D03G0218,
Gh_D11G1956, Gh_A10G0822,
Gh_A12G0670

(continued)
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biosynthesis-related genes, including DEFECTIVE ANTHER

DEHISCENCE 1 (DAD1), DDE2, OPR3 and LIPOXYGENASE

4 (LOX4), in the miR160 OE line and its null control under

NT and HT for 7 days (Figure S4). DDE2 has no obvious

difference in expression between miR160 OE line and the

null control, but is highly induced by HT stress. The

Table 1. (continued)

miRNA_f
amily (22) Annotation

Number of
targets (171)

Degradome
category

Targets gene ID [G.
hirsutum TM-1 (AD)1]

miR393 F-box/RNI-like superfamily protein 6 1 Gh_D08G0763, Gh_A08G0662,
Gh_A08G1014, Gh_D11G1228,
Gh_A08G0390, Gh_D08G1288

Auxin signalling F-box 2 4 2 Gh_D07G2334, Gh_A07G2125,
Gh_D11G0671, Gh_A11G0586

miR395 Sulphate adenylyltransferase, putative (Ricinus communis) 2 2.5 Gh_A09G1922, Gh_D09G2130
Unknown function 1 2.5 Gh_A02G0101

miR396 Growth-regulating factor 1 8 2 Gh_A06G0219, Gh_A05G1848,
Gh_A10G0804, Gh_D05G2044,
Gh_A02G0827, Gh_D10G0959,
Gh_D03G0282, Gh_A02G1438

Growth-regulating factor 2 1 2 Gh_D11G0870
Growth-regulating factor 3 1 2 Gh_D09G1332
Growth-regulating factor 5 3 2 Gh_A13G1692, Gh_A10G0492,

Gh_D13G2042
Growth-regulating factor 7 1 2 Gh_D12G2699
Growth-regulating factor 8 2 2 Gh_D12G2356, Gh_A12G2177
Growth-regulating factor 9 7 2–2.5 Gh_A13G1365, Gh_A11G0749,

Gh_D12G2219, Gh_D13G1673,
Gh_A12G2042, Gh_A02G1205,
Gh_D03G0527

DENN (AEX-3) domain-containing protein 1 2 Gh_D05G0338
Unknown function 1 2.5 Gh_D07G0378

miR397 Laccase/diphenol oxidase family protein 2 1–1.5 Gh_A05G0758, Gh_D05G0888
Proton gradient regulation 3 6 1–2.5 Gh_A04G0297, Gh_D05G3362,

Gh_A04G0293, Gh_A04G0308,
Gh_D05G3346, Gh_A10G1155

Pentatricopeptide repeat (PPR) superfamily protein 5 1 Gh_A04G0298, Gh_D05G3389,
Gh_D05G3391, Gh_A10G1190,
Gh_A07G1073

Tetratricopeptide repeat (TPR)-like superfamily protein 2 1 Gh_A04G0299, Gh_D09G0552
Nuclear transport factor 2 (NTF2) family protein with RNA
binding domain

1 2.5 Gh_A07G1426

miR858 GHMYB38 (Gossypium hirsutum) 1 2.5 Gh_Sca005689G01
GHMYB36 (Gossypium hirsutum) 1 2.5 Gh_D07G0168
GHMYB10 (Gossypium hirsutum) 1 2.5 Gh_A06G0676

miR2275 Unknown function 1 2.5 Gh_D05G1695
miR2947 Hydrolases;protein serine/threonine phosphatases 1 2 Gh_D01G1409
miR3954 NAC 014 2 2.5 Gh_D02G0122, Gh_D02G0123
miR7492 Disproportionating enzyme 2 1 2.5 Gh_A06G0991
miR7505 Pentatricopeptide repeat (PPR-like) superfamily protein 3 1–2.5 Gh_D05G3380, Gh_A04G1307,

Gh_D10G1342
miR8746 Disease resistance protein (TIR-NBS-LRR class) 2 0.5 Gh_A03G0215, Gh_D03G1355
novel_mir_1 Unknown function 1 2 Gh_A11G2859
novel_mir_9 ATP binding valine-tRNA ligases; aminoacyl-tRNA ligases;

nucleotide binding;
1 0 Gh_A08G2278

peroxin 5 1 0 Gh_A13G2067
novel_mir_16 Protein of unknown function (DUF567) 1 2.5 Gh_A08G2356
novel_mir_18 Unknown function 3 0 Gh_D11G3234, Gh_A06G0841,

Gh_D06G0974
FRAGILE HISTIDINE TRIAD 1 2.5 Gh_A10G1050

novel_mir_171 TATA binding protein 2 1 1 Gh_A11G2339

Function annotation of target genes comes from NCBI GenBank and Tair 10.
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Figure 3. Target plots (T-plots) and expression levels of miRNA targets.

(a–f) T-plots of miRNA targets. Arrows indicate the cleavage sites for miRNAs, and the ratio indicates the corrected cleavage events validated through RNA

ligase-mediated rapid amplification of cDNA ends (RLM-RACE).

(g–o) The relative expression levels of miRNA targets at the tetrad stage (TS) and tapetal degradation stage (TDS). The histogram and line indicate the expres-

sion levels of targets [quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) results] and miRNA [transcripts per million (TPM) from sequenc-

ing], respectively.

TS, tetrad stage; TDS, tapetum degradation stage; 8H, 84021 under high-temperature (HT) conditions; 8N, 84021 under normal-temperature (NT) conditions; HH,

H05 under HT conditions; HN, H05 under NT conditions.
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expression of DAD1, OPR3 and LOX4 was induced by HT

stress, but with much lower expression levels in the

miR160 OE line than in the null control, which indicates

that JA biosynthesis is suppressed in anthers of the

miR160 OE line relative to its null control under HT stress.

We conclude that overexpression of miR160 suppresses

the expression level of auxin-repressed-type ARFs (ARF10,

17), which causes activation of auxin signalling and sup-

presses JA biosynthesis, and ultimately leads to anther

indehiscence under HT stress.

Activation of auxin signalling leads to male sterility in

cotton under HT stress

To verify the active auxin signalling function in cotton male

sterility under HT stress, IAA application experiments were

performed with 84021 and H05 anthers under NT and HT

conditions (Figure 5). The results show that 84021

remained completely fertile (Figure 5a, e and i) when trea-

ted only with HT and that H05 showed complete anther

indehiscence, with pollen grains partially inactive

Figure 4. Overexpression of miR160 increased anther sensitive to high-temperature (HT) stress in cotton.

(a) The expression changes of ath-miR160a-5p ant its target genes ARF10 and ARF17 in the transgenic cotton anthers at the tetrad stage (TS) and tapetal degra-

dation stage (TDS) under normal-temperature (NT) conditions. GhUB7 was used as the control. Asterisks indicate statistically significant differences (*P < 0.05,

**P < 0.01, ***P < 0.001) by Student’s t-test.

(b) The phenotype of anther and pollen activity of control and miR160 overexpression lines under NT and HT conditions. Anthers of miR160 OE and control

plants can dehisce normally with fertile pollen grains under NT conditions. However, the miR160 overexpression line showed indehiscent anthers but fertile pol-

len grains after HT treatment for 5 days, and the anther fertility of null control is normal. After HT treatment for 7 days, anthers of miR160 and null control all

showed male sterility with indehiscence anther and partly pollen abortion. Tetrazolium chloride (TTC) was used for staining of pollen grains. Scale bars: 5 mm

(white); 50 lm (red).

Figure 5. Phenotyping of anther dehiscence and pollen fertility and gene expression analysis of cultivars 84021 and H05 under indole-3-acetic acid (IAA) and

high-temperature (HT) treatments.

(a–d) Degrees of anther dehiscence and pollen fertility of 84021 and H05 under IAA and HT treatments. The anthers of 84021 can undergo dehiscence normally

under HT stress, but undergo partial indehiscence with IAA treatment. The anthers of H05 are much more sensitive than those of 84021, which is almost indehis-

cent under HT and becomes completely indehiscent with IAA treatment. Scale bar: 5 mm.

(e–h) Enlarged views of (a–d).
(i–l) Tetrazolium chloride (TTC) staining of pollen grains. Pollen activity of 84021 is normal under HT stress, but pollen activity is partially sterile under HT and

IAA treatments; H05 as an HT-sensitive cultivar showed partial sterility under HT stress and complete sterility when IAA was applied under the HT treatment.

Red arrows represent sterile anthers or pollen; white and black arrows refer to fertile anthers or pollen, respectively. Scale bar: 50 lm.

(m–p) The relative expression levels of miR160, YUC2, ARF10 and ARF17 were identified by quantitative reverse transcriptase-polymerase chain reaction (qRT-

PCR) in anthers at the tetrad stage (TS) and the tapetal degradation stage (TDS). GhUB7 was used as the control. Values with different letters are considered sta-

tistically significant (shortest significant range; P < 0.05).
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(e) (f) (g) (h)
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(o) (p)

(l)
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(Figure 5b, f and j). Once the anthers were treated with

exogenous IAA under HT conditions, 84021 displayed male

sterility by exhibiting indehiscent anthers and inactive pol-

len grains to some degree (Figure 5c, g and k), while H05

showed more serious male sterility, with much shorter fila-

ments, more pinched anthers and completely inactive pol-

len grains, compared with HT treatment alone (Figure 5d,

h and l). These results imply that activation of auxin sig-

nalling is harmful to cotton anther development under HT

stress, adversely affecting microspore development and

anther dehiscence.

The expression levels of miR160, YUC2, ARF10 and

ARF17 were monitored at the TDS stage. Results show that

YUC2 was highly induced in H05 by HT stress with or with-

out IAA treatment, but no obvious expression changes

were found in 84021 (Figure 5m). In addition, miR160 was

suppressed by HT stress in 84021 but highly induced in H05

without IAA treatment (Figure 5n, Mock), and the expres-

sion was extremely suppressed by HT stress after IAA

application both in 84021 and H05 (Figure 5n, IAA). Corre-

spondingly, the expression levels of ARF10 and ARF17

increased in 84021 after HT stress and decreased in H05

without IAA treatment (Figure 5o and p, Mock), but were

induced by HT stress after IAA application (Figure 5o and p,

IAA). The above analysis of miR160 and gene expression

changes after HT and IAA treatment suggest that auxin sig-

nalling is activated by HT in H05, which leads to male steril-

ity under HT stress. However, once exogenous IAA was

applied to the anthers under HT conditions, the expression

of miR160 was strongly suppressed, preventing the activa-

tion of auxin signalling to maintain anther fertility.

Overexpression of miR157 induces sensitivity of cotton

anthers to HT stress

In our small RNA sequencing data, the miR156/157 family

is the most abundant miRNA family and contains three

members: ahy-miR156c, ath-miR156a-5p and ath-miR157a-

5p, all of which exhibit a strong response to HT stress. In

our recent work, overexpression of miR157 suppressed the

auxin signal in cotton ovules and young buds (<2 mm; Liu

et al., 2017). Thus, two lines of miR157 overexpression

plants were used to identify the potential function of the

miR156/157 family in the response of cotton anthers to HT

stress. Because the organs of transgenic lines are smaller

than those of the controls (Figure S5a–c), we first rebuilt

the relationship between bud length and anther develop-

mental stage (Figure S5d–l) according to the earlier

research (Wu et al., 2015). The results show that the anther

developmental stages of 5–6 mm (TS) and 7–12 mm (TDS)

buds from miR157 transgenic plants corresponded to the

6–7 mm (TS) and 9–14 mm (TDS) buds from wild-type

plants, respectively. Although the floral organ size of the

two miR157 overexpression lines was smaller and the

number of anthers was much less than those of the control

(Figure 6a), the transgenic plants still could produce fertile

pollen grains under NT conditions (Figure 6c–e). After HT

treatment, the stamens of plants overexpressing miR157

were more sensitive to HT stress, producing indehiscent

anthers and sterile pollen grains (Figure 6b, f–h).
Gene expression analysis showed that the miR157 was

induced by HT stress, and much higher expression levels

were detected in transgenic lines under NT and HT condi-

tions at the TS and TDS (Figure 6i). Accordingly, SPLs had

lower expression levels in transgenic plants than in controls,

although SPLs could be induced by HT, except for SPL6 at

the TS (Figure 6j and k). In addition, YUC5 as an auxin

biosynthesis gene was induced by HT stress at the TDS but

was suppressed in plants overexpressing miR157 compared

with the controls (Figure 6l). These results show that overex-

pressingmiR157 first affects the differentiation of anther pri-

mordia, resulting in fewer numbers of anthers. The auxin

signal is then extremely suppressed in the anthers of

miR157 overexpression lines, which leads to anther indehis-

cence andmicrospore abortion under HT conditions.

Various miRNAs and their target genes generate cotton

male sterility under HT stress

The simplified schematic in Figure 7 shows how the miR-

NAs and genes are involved in generating male sterility

under HT stress in cotton. We propose that HT stress

induces the expression of miR160 in H05, which then sup-

presses the expression of auxin-repressed-type ARFs

(ARF10, 17) and causes the activation of auxin signalling,

ultimately leading to anther indehiscence. On the other

hand, the expression of miR156/157 is suppressed by HT

stress in H05 and 84021 (Figure 2), and overexpression of

miR157 suppresses the biosynthesis of auxin (Figure 6);

therefore, HT stress appears to activate the auxin signalling

pathway by suppressing the expression of miR156/157.

DISCUSSION

Male sterility caused by long-term HT stress has been

observed and utilized for breeding for many years, but the

molecular mechanism remains unclear. Epigenetic modifi-

cation is believed to be an important way by which plants

respond to HT stress, contributing to TGMS formation.

miRNAs are a class of non-coding RNAs that play a key

role in epigenetic modification, and we investigated

whether they might be involved in male sterility in plant

responses to HT stress.

Small RNAs are involved in anther development and

respond to HT stress

Our results show several interesting phenomena regarding

the distribution and expression changes of small RNAs.

First, the percentage of small RNA reads that mapped to

the genome decreased with anther development but

increased after HT treatment, which has not been reported
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(a) (b)

(c)

(i) (j)

(k) (l)

(d) (e) (f) (g) (h)

Figure 6. miR157 overexpression cotton lines show more sensitivity to high-temperature (HT) stress.

(a) Anthers of miR157 overexpression lines and the control dehisce normally under normal-temperature (NT) conditions.

(b) Anthers of control plants remain completely fertile but are indehiscent in miR157 overexpression lines under HT.

(c–e) Pollen grains are completely fertile in miR157 overexpression lines and controls under NT conditions.

(f–h) Pollen grains are completely fertile in control plants but abortive in transgenic lines under HT.

(i–l) The relative expression levels of miR157, SPL6, SPL9 and YUC5 were identified by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)

in anthers at the tetrad stage (TS) and the tapetal degradation stage (TDS). Values with different letters are considered statistically significant (shortest signifi-

cant range; P < 0.05).

Scale bars: 5 mm (white); 50 lm (red). White arrows represent normal anther dehiscence; red arrows indicate anther indehiscence. GhUB7 was used as the

control.
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previously. Second, the ratio of 24/21 nt small RNAs

decreased from the TS to the TDS but increased after HT

stress, except in 84021 at the TS. Third, reads of miRNAs

at the TDS are nearly twofold higher than those at the TS.

These results indicate that potential epigenetic changes

occur during anther development under HT conditions.

The higher number of reads mapping to the genome after

HT stress indicates that a series of new small RNAs may

be generated. In previous studies, DNA methylation was

found to increase from the TS to the TDS, but DNA methy-

lation decreased with HT treatment, except in 84021 at the

TS (Min et al., 2014), which corresponds to the small RNA

mapping results but not to the 24/21 nt ratio changes. It

has been reported that 24 nt small interfering RNAs (siR-

NAs) are important for RNA-directed DNA methylation

(Matzke and Mosher, 2014). However, it is unclear why

higher levels of 24 nt small RNA are in parallel with lower

DNA methylation levels at the TS. More miRNA reads at

the TDS may indicate that stronger post-transcriptional

regulation occurred, which might involve the process of

microspore genesis and PCD of the tapetum. These results

show that small RNAs play an important role in anther

development and in the response to long-term HT stress,

although the exact mechanism remains unknown.

Auxin signalling modulation in anthers is essential to male

fertility in cotton

In cotton, it has been proven from our results and from

those of other reports that exogenous IAA treatment leads

to male sterility under long-term HT stress (Yasuor et al.,

2006; Min et al., 2014). In addition, endogenous IAA levels

have been reported to increase at the TDS in the HT-sensi-

tive cultivar H05 (Min et al., 2014). In this study, overex-

pression of miR160 led to activation of auxin signalling

and ultimately resulted in anther indehiscence. Reports

from Arabidopsis showed that anther dehiscence occurs

earlier in auxin perception mutants (afb1-3 and tir1afb2af-

b3) due to enhanced JA biosynthesis (Cecchetti et al.,

2013). The JA signal was proven earlier to be necessary for

anther dehiscence (Devoto et al., 2002), which indicates

that excessive auxin signalling might lead to anther inde-

hiscence through suppressing JA biosynthesis.

However, endogenous auxin levels of anthers in barley

and Arabidopsis significantly decreased under HT condi-

tions, and exogenous auxin could completely reverse male

sterility caused by HT stress (Sakata et al., 2010). Auxin

was proven necessary for floral development in an earlier

study, as the YUCCA double and triple mutants always lost

male fertility (Cheng et al., 2006). Interestingly, suppressed

auxin signalling in cotton plants overexpressing miR157

also results in male sterility under HT stress. These results

indicate that higher or lower levels of auxin are both detri-

mental to male fertility. Thus, a tightly regulated auxin sig-

nalling pathway must be essential for anther development

under HT stress.

miRNAs are involved in the anther response to HT stress

in cotton

Research in Arabidopsis showed that miR156 enhances the

heat stress memory by regulating its targets of SPLs (Stief

et al., 2014). However, in our research a cotton line overex-

pressing miR157 showed more male sterility under HT

stress (Figure 5). It has been reported that SPLs are essen-

tial for anther development, and loss of SPL function

always leads to male sterility in many plants (Xing et al.,

2010, 2013; Ye et al., 2010; Wang et al., 2016), which might

explain why male sterility occurred in cotton lines overex-

pressing miR157 under HT conditions. In a recent report,

the transcription of miR156 was activated by auxin in the

lateral roots of Arabidopsis (Yu et al., 2015). However, in

miR157 overexpression cotton lines, the auxin signal was

suppressed in ovules and young cotton buds (<2 mm; Liu

Figure 7. A schematic showing various miRNAs involved in cotton male

sterility caused by high-temperature (HT) stress.

The expression level of miR156/157 can be suppressed by HT, which, as a

result, changes the expression level of SPLs, leading to a disordered floral

organ development process and ultimately causing male sterility through

unknown pathways. At the same time, the auxin signal can be excessively

activated by HT stress through suppressing the expression of miR160 and

influencing the transcription level of their target ARFs. The activated auxin

signalling can lead to anther indehiscence, which ultimately results in male

sterility under HT conditions through unknown pathways. [Colour figure

can be viewed at wileyonlinelibrary.com].

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 91, 977–994

990 Yuanhao Ding et al.



et al., 2017), which is consistent with our present research.

Thus, the relationship between miR156 and auxin sig-

nalling still remains unclear and needs more studies to dis-

sect the connections in detail.

We show that miR160 is a key repressor of auxin-

repressed-type ARFs, which could be highly suppressed in

84021 at the TS and TDS (Figure 2). In addition, the overex-

pression of miR160 in cotton leads to anther indehiscence

under HT conditions (Figure 4), possibly due to the exces-

sive activation of auxin signalling. In previous studies,

ARF17 was found to be essential for pollen wall formation

(Shi et al., 2015). However, no phenotypic defects were

found for arf10 or arf16 single mutants in Arabidopsis

(Okushima et al., 2005), and the arf10 arf16 double mutant

showed the absence of lateral roots, which are caused by a

strong auxin signal (Wang et al., 2005).

In addition to miR160, miR167 is another miRNA that

can regulate ARF6 and ARF8, the auxin-activated-type

ARFs, responsible for auxin signal transduction (Wu et al.,

2006). In our degradome sequencing data, UDPG was iden-

tified as another target of miR167 (Figure 3), which sug-

gests that auxin and sugar signals might be concurrently

regulated by miR167. miR167 was induced by HT stress,

which might cause a change of auxin signalling by miR167

by regulating target ARFs or UDPG.

From the sequencing results, 27 miRNAs were identified

as responding to HT stress (Figure 2b). Of these, miR172 is

the only miRNA to show a different expression pattern

between 84021 and H05 both at the TS and TDS; the target

gene of miR172 is the AP2 class of TFs. From our degra-

dome sequencing data, the major two types of AP2

(RAP2.7 and AP2) were identified. AP2, a key factor during

the differentiation of floral organs, is necessary for anther

formation and development (Huang et al., 2016). RAP2.7

(also known as TARGET OF EAT1, TOE1) was reported to

interact with a subset of JAZ proteins and repress the tran-

scription of FLOWERING LOCUS T, resulting in delayed

flowering time in Arabidopsis (Zhai et al., 2015). It is there-

fore possible that HT stress affects anther development by

regulating the expression of miR172.

In summary, various miRNAs were found involved in

cotton anther response to HT stress. Activation of auxin

signalling is proposed to be an important reason for male

sterility in H05 under HT conditions, and miR160 was iden-

tified as a component of this process. miR156/157 was also

found to be a component of the auxin signalling pathway,

influencing anther development via regulation of SPLs.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

The cotton (G. hirsutum) cultivars used in this research included
84021 (HT-insensitive line), H05 (HT-sensitive line), miR157 and
miR160 overexpression transgenic cotton lines and a control, as

described in our previous study (Liu et al., 2014). Cotton seeds
were sown and grown in greenhouses with a 12/12 h photoperiod
and a 28–35°C/20–28°C day/night thermoperiod until flowering
(normal conditions). To identify the growth progress of cotton
buds under normal conditions, the bud length was recorded every
day until flowering by measuring the length from the nectary to
the top of the bud with a Vernier calliper. For the HT treatment,
temperature conditions were reset to a 39 � 2°C/29 � 2°C day/
night thermoperiod and lasted for nearly 7 days. When the
anthers of H05 showed male sterility, the flower buds of all sizes
were harvested from the HT and NT conditions and classified into
different development stages according to previous studies (Wu
et al., 2015). The sampled anthers were frozen in liquid nitrogen
for later use.

Small RNA and degradome library construction

Sixteen samples were used for small RNA sequencing that con-
tained two developmental stages, the TS and TDS; two tempera-
ture conditions, HT and NT; two cultivars, 84021 and H05; and two
biological replicates.

Total RNA was extracted according to the modified guidelines
for the thiocyanate protocol (Zhu et al., 2005). To ensure the qual-
ity of RNA for library construction, all total RNA samples were
sent to the Beijing Genomics Institute (BGI) for quality testing
using an Agilent 2100 Bioanalyzer system. Briefly, small RNAs
(~18–30 nt) were separated from the total RNA using a polyacry-
lamide gel electrophoresis gel, and then were purified and ligated
with 3’’ and 5’’ adapters. To obtain sufficient fragments for Illu-
mina sequencing, a reverse transcription reaction was then per-
formed to generate cDNA, which was used for subsequent PCR
amplification. PCR products were purified and dissolved in elution
buffer solution, and tested again with the 2100 Bioanalyzer system
before Illumina sequencing.

Four degradome libraries (8N, 8H, HN and HH) were constructed
as previously described (8N, 84021 under NT; 8H, 84021 under HT;
HN, H05 under NT; and HH, H05 under HT; Addo-Quaye et al.,
2008). Degradome libraries were constructed with mixed samples,
ignoring the differences in developmental stage. In brief, mRNA
fragments with poly (A+) sequences were annealed and captured
with a streptavidin system and magnetic beads using biotinylated
random primers. 50 RNA adapters were ligated to RNAs containing
50-monophosphates. Purified ligated products were reverse-tran-
scribed to cDNA and then amplified with PCR. PCR products were
digested with Mmel and ligated with a 30 adapter. Ligation prod-
ucts were amplified, purified and subjected to sequencing using
the Illumina HiSeq 2000.

Bioinformatics analysis

For small RNA sequencing data, the raw reads were first filtered
by removing low-quality reads, including reads with a length
<18 nt, a poly-A sequence, a 50 adapter or no 30 adapter and no
insert tag, to obtain clean reads (sRNAs). All sRNAs were then
aligned to the cotton genome [G. hirsutum TM-1 (AD)1] (Zhang
et al., 2015) to obtain tag expression and genomic location infor-
mation, including repeat, intron and exon site annotation using
the Short Oligonucleotide Analysis Package (SOAP). The sRNAs
were then aligned to the GenBank (ftp://ftp.ncbi.nlm.nih.gov/ge
nbank/) and Rfam 11.0 (http://rfam.janelia.org/) databases to anno-
tate the rRNA, tRNA, small cytoplasmic RNA (scRNA), small
nuclear RNA (snRNA) and small nucleolar RNA (snoRNA). All
associated tags (repeat, intron, exon, rRNA, tRNA, scRNA, snRNA
or snoRNA) were removed in subsequent miRNA analyses. Unan-
notated sRNAs were then used to predict secondary structure
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using miReap combined with genome mapping information. The
sRNAs with classic miRNA secondary structure were then aligned
to the miRBase 21.0 (http://www.mirbase.org/ftp.shtml) to identify
known miRNAs using miReap (http://sourceforge.net/projects/
mireap/). In addition, sRNAs containing classic miRNA secondary
structure but not mapped to miRbase were predicted to be novel
miRNAs. The clean reads for each miRNA were normalized using
the following formula: normalized expression (TPM) = mapped
read count/total reads * 1 000 000. miRNA expression fold
changes between samples were calculated using log2(TPM of
sample 1/TPM of sample 2); two biological replicates were merged
into mean value. The miRNA targets were predicted using the
software psRobot and TargetFinder.

For the degradome sequencing data, the raw reads were first
preprocessed using a Perl script to remove the reads with adap-
ters, that were of low quality or that had an unknown base N to
obtain clean tags. Among the clean tag sequences containing a
single base, more than 70% were identified as polyN tags. Clean
tags were aligned to the GenBank and Rfam 11.0 databases to get
annotation information for the rRNA, tRNA, scRNA, snRNA and
snoRNA, and were mapped to the cotton [(G. hirsutum TM-1 (AD)
1]) genome to obtain cDNA sense and antisense tags using SOAP
2.20. The tags mapped to cDNA or mRNA sequences were then
used to predict cleavage sites. To predict the cleavage sites of tar-
gets, two software programs were used: PAREsnip (http://srna-
workbench.cmp.uea.ac.uk/tools/paresnip/) was used to predict
miRNA targets and perform hypothesis testing; and CleaveLand 3
(http://axtell-lab-psu.weebly.com/cleaveland.html) was used to
summarize the information of cleaved sites, define categories
(containing 0–5 categories) and plot T-plot figures. Gene function
annotation and T-plot figures were created to show the function
and cleavage sites of predicted miRNA targets.

RLM-RACE analysis

RNA ligase-mediated rapid amplification of cDNA ends was used
to verify the accuracy of target cleavage sites detected from degra-
dome sequence data. GeneRacer kit (Invitrogen, California, CA,
USA) was used; briefly, the protocol is as follows: (1) total RNA
(5 lg) from equal mixtures of all samples (16 samples containing
biological repeats) was ligated to an RNA adapter without calf
intestinal phosphatase treatment; (2) cDNA was transcribed by
GeneRacer OligodT primers; (3) PCR was performed with 50 adap-
ter primers (sequence provided by manufacturer’s instructions)
and 30 gene-specific primers (designed by Primer 5.0 and synthe-
sized by Genscript, Nanjing, China); (4) PCR products were ligated
to a T-easy vector (Promega, Madison, WI, USA) and sequenced
by Tianyi Huiyuan (Wuhan, China).

Exogenous IAA application for 84021 and H05 under NT

and HT stress

84021 and H05 cotton plants were grown under normal conditions
(see above) until flowering. For IAA treatments, 1 9 10�6mol L�1

IAA was sprayed on the cotton buds at night (to avoid degradation
of IAA by light) every 2 days. The IAA treatment was applied for
7 days under NT conditions, after which the plants were moved to
the HT conditions until male sterility appeared. At the same time,
control plants (Mock) were placed under the same conditions,
with the exception of being sprayed with IAA solvent on their
buds. Anther samples were harvested according to the methods
described above for RNA extraction and later for investigation of
miRNA and gene expression levels. Buds from different develop-
mental stages were fixed in FAA [10% formalin, 5% acetic acid
and 50% alcohol (v/v)] for histological observation.

Histological observation

Histological observation was carried out to identify the response
difference of 84021 and H05 to HT stress and IAA treatment, and
to determine the relationship between bud length and anther
developmental stage in miR157 transgenic cotton lines. Detailed
methods have been described in previous reports (Deng et al.,
2012). Samples were stained with toluidine blue and then cut into
10-lm cross-sections. Photographs were then captured by an opti-
cal microscope (ZEISS Axioscope. A1, Jena, Germany).

qRT-PCR analysis

Stem-loop RT-PCR was used to quantify the expression levels of
miRNAs and target genes according to previous studies (Varko-
nyi-Gasic et al., 2007). In brief, 2 lg of total RNA mixed with
0.05 lM stem-loop primers, 2.5 lM Oligo dT primer, 0.4 lM dNTP
and appropriate RNA-free water was incubated at 65°C for 5 min
and then transferred to ice for 2 min. The mixture was then added
to 4 ll of 5 9 first-strand buffer, 1 ll of dithiothreitol (100 mM),
1 ll of RNaseOUT (40 units ll �1) and 1 ll of SuperScript III RT
(200 units ll �1) in a 20- ll reaction. The reaction mixture was then
reverse-transcribed using the following steps: 16°C for 30 min; 60
cycles of 30°C for 30 s, 42°C for 30 sec and 50°C for 1 s; and then
85°C for 5 min to inactivate the reverse transcriptase.

Quantitative reverse transcription PCR (qRT-PCR) was per-
formed with 10 ll of 50 9 diluted cDNA products, 10 ll of SsoFast
EvaGreen Supermix With Low ROX (Bio-Rad, Hercules, CA, USA),
and 0.25 lM forward and reverse primers using a 7500 real-time
system (Applied Biosystems, Waltham, MA, USA). Ubiquitin7
(GhUBQ7) was used as the endogenous reference gene according
to previous reports (Tu et al., 2007). Relative miRNA or gene
expression levels were calculated using the 2�MCr method and pri-
mers used in this study listed in Table S5.
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Table S1. Total reads and normalized expression level of identified
known and novel miRNAs in 16 samples (miRNAs with bold front
means reads less than 20 or TPM less than 10 in all samples).
Table S2. Reads and percentage of conserved and non-conserved
miRNA families and novel miRNAs with TPM >10 in each sample.
Table S3. Total reads and annotation information for degradome
sequencing.
Table S4. Target gene and predicted cleavage site information vali-
dated through degradome sequencing.
Table S5. The primers used in this study.
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