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Global warming is causing a negative impact on plant growth and adversely impacts

on crop yield. MicroRNAs (miRNAs) are critical in regulating the expression of genes

involved in plant development as well as defense responses. The effects of miRNAs

on heat-stressed Arabidopsis warrants further investigation. Heat stress increased the

expression of miR160 and its precursors but considerably reduced that of its targets,

ARF10, ARF16, and ARF17. To study the roles of miR160 during heat stress, transgenic

Arabidopsis plants overexpressing miR160 precursor a (160OE) and artificial miR160

(MIM160), which mimics an inhibitor of miR160, were created. T-DNA insertion mutants

of miR160 targets were also used to examine their tolerances to heat stress. Results

presented that overexpressing miR160 improved seed germination and seedling survival

under heat stress. The lengths of hypocotyl elongation and rachis were also longer in

160OE than the wild-type (WT) plants under heat stress. Interestingly, MIM160 plants

showed worse adaption to heat. In addition, arf10, arf16, and arf17 mutants presented

similar phenotypes to 160OE under heat stress to advance abilities of thermotolerance.

Moreover, transcriptome and qRT-PCR analyses revealed that HSP17.6A, HSP17.6II,

HSP21, andHSP70B expression levels were regulated by heat in 160OE, MIM160, arf10,

arf16, and arf17 plants. Hence, miR160 altered the expression of the heat shock proteins

and plant development to allow plants to survive heat stress.

Keywords: Arabidopsis, heat stress, miR160, ARF10, ARF16, ARF17

INTRODUCTION

Plants are unable to escape from the various environmental stresses via moving. These stresses,
for instance, salt, drought, and heat, seriously affect plant growth, development, and even crop
yields. Heat stress is defined as an increase of 5◦C or more than the optimal temperature
(Guan et al., 2013). Crop yield is highly sensitive to temperature. Since 1977, the productivities
of rice (Oryza sativa) and wheat (Triticum aestivum) have steadily reduced due to heat
stress (Long and Ort, 2010). Hence, research on the heat tolerance of plants is valuable.
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FIGURE 6 | Rachis lengths of WT, 160OE, and MIM160 under heat stress. The 21-day-old WT and 160OE plants were incubated at 22◦C (A) and 30◦C (B) for 24

days. In addition, the 28-day-old WT and MIM160 plants were also incubated at 22◦C (C) and 30◦C (D) for 17 days. Then, their rachis lengths were measured.

Treatment conditions and photographs of plants are shown on the left; quantitative data are shown on the right. Statistic differences between WT and

(Continued)
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FIGURE 6 | transgenic plants are marked with star according to Student’s test (**P < 0.01). The error bars are indicated as the standard deviation for at least six

biological assays (n ≥ 6).

FIGURE 7 | Seed germination percentages, survival percentages, hypocotyl elongation lengths, and rachis lengths of WT and the T-DNA insertion mutants arf10-1,

arf16-3, and arf17-2 under heat stress. WT and the T-DNA insertions arf10-1, arf16-3, and arf17-2 were used to examine thermotolerance abilities. The conditions of

heat treatments for seed germination percentages (A), survival percentages (B), hypocotyl elongation lengths (C), and rachis lengths (D) are similar to those

mentioned in Figures 3–6, respectively. Treatment conditions are shown on the left. Statistic differences between WT and transgenic plants are marked with star

according to Student’s test (**P < 0.01). The error bars are indicated as the standard deviation for at least eight biological assays (n ≥ 8). The hot1-3 mutant acts as a

negative control.

may be involved in ARFs repression. Auxin can regulate the
expression of ARF10 and ARF16 through miR160-independent
mechanism (Wang et al., 2005). Auxin contents were decreased
in barley and Arabidopsis treated with heat stress (Oshino et al.,
2007; Sakata et al., 2010). ARF10, ARF16, and ARF17 were
significantly repressed by heat stress (Figure 1). Taken together,
these results indicated that high temperature decreased auxin to
repress ARFs, and that the repression of ARFs was directly or

indirectly regulated by miR160 and auxin in plants under heat
stress.

Germination capacity and germination progression of seeds
were affected by heat (Silva-Correia et al., 2014). The germination
percentages were better for 160OE than WT seeds, under
heat stress, while seeds of MIM160 were sensitive to heat
(Figure 3B). In addition, loss of function mutants arf10-1,
arf16-3, and arf17-2 plants increased the seed germination
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TABLE 1 | Expression data (a) and Relative expression ratio (b) of genes related to HSP and ABA analyzed by RNA sequencing.

Gene_id Gene

name

WTcon 160OEcon arf10con arf16con arf17con WTH 160OEH arf10H arf16H arf17H

(a)

HSP AT1G74310 HSP101 1.97077 2.28089 0.986023 2.00806 2.23759 9.5854 43.4656 12.8303 27.0586 19.4094

AT5G52640 HSP90-1 1.74728 5.6307 1.50067 3.53854 7.56977 25.0851 110.021 44.4897 69.1907 59.0706

AT1G16030 HSP70B 1.10214 0.854592 0.75951 0.909039 1.44125 1.62456 10.8445 2.00188 5.69133 3.96703

AT1G52560 HSP26.5 0.05635 0.194549 0.453153 0.0001 0.459592 0.176774 1.23449 0.343245 0.838633 0.512882

AT4G10250 HSP22.0 0.0001 0.0639221 0.0001 0.0001 0.0422322 1.21973 2.97422 1.4572 3.10819 2.72171

AT4G27670 HSP21 0.18225 0.136354 0.158792 0.574124 0.450435 0.278769 0.576763 0.370047 1.35617 0.760279

AT5G12030 HSP17.6A 0.55815 1.48772 0.638301 1.12094 1.96582 30.3088 55.4766 32.6397 64.0327 53.4223

AT5G12020 HSP17.6II 4.61155 8.15528 7.76221 5.1507 8.39292 28.0021 58.8752 47.0737 68.1999 47.6183

AT2G29500 HSP17.6B 1.44448 6.23506 2.0331 2.57278 5.06686 14.7018 23.8681 21.1852 33.9697 23.4507

ABA- relate AT1G70800 CAR6 0.0001 0.246802 0.215569 0.0001 0.163066 0.420489 0.260999 0.200945 0.136379 0.125114

genes AT1G70910 DEP 0.0001 0.256557 0.0001 0.108024 0.0847514 0.349678 0.271302 0.0001 0.283523 0.130046

AT2G40220 ABI4 0.0001 0.0936679 0.218163 0.0394391 0.0309424 0.063833 0.396204 0.0001 0.051756 0.0001

AT5G52310 RD29A 0.25066 0.887218 0.252004 0.710685 1.04367 1.03228 3.47823 1.08057 2.12833 1.20656

(b)

HSP AT1G74310 HSP101 1.00 1.16 0.50 1.02 1.14 4.86 22.06 6.51 13.73 9.85

AT5G52640 HSP90-1 1.00 3.22 0.86 2.03 4.33 14.36 62.97 25.46 39.60 33.81

AT1G16030 HSP70B 1.00 0.78 0.69 0.82 1.31 1.47 9.84 1.82 5.16 3.60

AT1G52560 HSP26.5 1.00 3.45 8.04 0.00 8.16 3.14 21.91 6.09 14.88 9.10

AT4G10250 HSP22.0 1.00 639.22 1.00 1.00 422.32 12,197.30 29,742.20 14,572.00 31,081.90 27,217.10

AT4G27670 HSP21 1.00 0.75 0.87 3.15 2.47 1.53 3.16 2.03 7.44 4.17

AT5G12030 HSP17.6A 1.00 2.67 1.14 2.01 3.52 54.30 99.39 58.48 114.72 95.71

AT5G12020 HSP17.6II 1.00 1.77 1.68 1.12 1.82 6.07 12.77 10.21 14.79 10.33

AT2G29500 HSP17.6B 1.00 4.32 1.41 1.78 3.51 10.18 16.52 14.67 23.52 16.23

ABA- AT1G70800 CAR6 1.00 2,468.02 2,155.69 1.00 1,630.66 4,204.89 2,609.99 2,009.45 1,363.79 1,251.14

related AT1G70910 DEP 1.00 2,565.57 1.00 1,080.24 847.51 3,496.78 2,713.02 1.00 2,835.23 1,300.46

genes AT2G40220 ABI4 1.00 936.68 2,181.63 394.39 309.42 638.33 3,962.04 1.00 517.56 1.00

AT5G52310 RD29A 1.00 3.54 1.01 2.84 4.16 4.12 13.88 4.31 8.49 4.81

RNA sequencing was used to analyze transcriptomes of 7-day-old plants cultivated at 22◦C (con) or treated with heat at 44◦C (H). The gene expression levels were calculated as FPKM

(Fragments Per Kilobase of transcript per Million mapped reads). Their ratios relative to those of WT under 22◦C are shown as the relative expression levels in (b).

percentages after heat treatment (Figure 7A). These results
indicated that ARF10, ARF16, and ARF17 were repressed
by miR160 to elevate seed germination in heat stress. For
seed germination, the balance between gibberellin and ABA
is an essential factor in Arabidopsis (Bewley, 1997; Seo et al.,
2006). ABA contents of Arabidopsis seeds are increased when
treated with high temperature (Toh et al., 2008). During
seed germination, miR160 is involved in the regulation of
auxin-ABA crosstalk and reduces the ABA effect (Liu et al.,
2007). Conversely, seeds of transgenic plants overexpressing
miR160-resistant form of ARF10 are hypersensitive to ABA (Liu
et al., 2007). ABI3 is considered to be a major downstream
component of ABA signaling (Bentsink and Koornneef, 2008).
ARF10 and ARF16 regulate ABI3 expression to induce seed
dormancy (Liu et al., 2013). UGT75D1 decreased ARF16-
ABI3 signaling to mediate germination (Zhang et al., 2016).
These studies indicated that miR160 target genes, namely
ARF10 and ARF16, negatively affected seed germination. The
expression of miR160 targets, ARF10, ARF16, and ARF17,
was repressed and elevated in 160OE and MIM160 plants,

respectively (Figures 2A,B). Taken together, miR160-induced
repression of ARF10, ARF16, and ARF17 expression might
decrease ABA-mediated inhibition of seed germination under
heat stress.

The miR160/ARF10, 16, 17 mechanism participates in leaf
development (Ren and Tang, 2012), root formation (Gutierrez
et al., 2009; Liang et al., 2012), and cell differentiation (Qiao
et al., 2012). Several sRNAs involved in plant development
regulate the responses to abiotic stress. When Arabidopsis is
grown in nitrogen-deficient soil, miR160 is induced to control
lateral root formation (Liang et al., 2012). In response to heat
stress, miR156 modulates plant development in Arabidopsis,
through regulating SPL (Stief et al., 2014). The hypocotyl
elongation assay was used to screen genes involved in
thermotolerance (Hong and Vierling, 2000). In heat stress,
the hypocotyl elongates through modulating auxin contents
(Sun et al., 2012). Auxin is an important factor involved in
hypocotyl growth. High temperature induces PIF4 expression
to promote YUCCA8 expression, further elevating auxin
biosynthesis (Sun et al., 2012). The interaction of miR160 and
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FIGURE 8 | Expression of HSPs in WT, 160OE, and MIM160 plants under heat stress. The 7-day-old 160OE (A) and MIM160 (B) seedlings were treated with heat

stress at 44◦C for 1 h and 25min, respectively. Seedlings without heat stress were included for comparison. The total RNAs from these seedlings were extracted and

analyzed by RT-PCR. The expression of HSP101, HSP21, HSP18, HSP17.6A, and HSP17.6II was analyzed using quantitative RT-PCR, and normalized to the levels

of Actin expression. Their ratios relative to those of heat-treated WT are shown as the relative expression levels. Statistic differences between WT and transgenic

plants are marked with star according to hypothesis test (#,*P < 0.05; #plants were grown in control condition; *plants were treated with heat stress). Treatment

conditions are shown on the left. Data are presented as mean ± standard deviation (n = 3).

its targets ARFs plays important roles in auxin signaling of plant
growth (Liu et al., 2007). Upon heat stress, 160OE and MIM160
plants could elevate and reduce hypocotyl elongation lengths,
respectively (Figure 5B). Furthermore, mutants of ARF16 and
ARF17 increase hypocotyl elongation lengths (Figure 7C). In
Arabidopsis, ARF17 negatively alters hypocotyl growth (Mallory
et al., 2005). With auxin treatment, the hypocotyl growth of
transgenic plants overexpressing miR160-resistant ARF17 occurs
slowly compared to those without auxin treatment (Mallory
et al., 2005). All these results indicated that miR160 regulated
hypocotyl growth through auxin signaling.

In addition to plant development, interestingly, the gene
expression levels of several HSPs were increased in 160OE, arf10-
1, arf16-3, or arf17-2 plants, as detected by RNA sequencing
analyses (Table 1). HSFs and HSPs are considered to be the
central components involved in heat tolerance of plants (Nover
and Scharf, 1997; Kotak et al., 2007). Under heat stress,
miRNA also affects HSFs and HSPs expression to regulate
the abilities of thermotolerance. The miR156/SPL mechanism
regulates heat memory via regulating the expression of HSA32,
HSFA2, HSP17.6A, and HSP22 (Stief et al., 2014). HTT1, which

is regulated by miR173/TAS1, acts as a cofactor in the Hsp70-
14-NF-YC2 complex to enhance thermotolerance (Li et al.,
2014). The miR398/CSD mechanism can regulate ROS contents
to mediate HSF expression in Arabidopsis in response to heat
(Guan et al., 2013). Under heat stress, overexpression of miR160
in Arabidopsis enhanced the expression of HSP21, HSP17.6A,
and HSP17.6II compared to those of WT (Figure 8A, Table 1).
Conversely, the expression of HSP101, HSP21, HSP17.6A, and
HSP17.6II was decreased in plants when miR160 expression
was reduced (Figure 8B). In arf10-1, arf16-3, or arf17-2 plants,
the expression of HSP101, HSP21, HSP17.6A, and HSP17.6II
was also altered after heat treatment (Table 1 and Supplemental
Figure S5).

These results indicated that miR160 might regulate the gene
expression of HSPs during heat stress. HSPs are involved in the
stabilization of proteins denatured by stress and the maintenance
of accuracy in early protein folding (Gustavsson et al., 2002).
HSP101 plays a key role in thermotolerance in Arabidopsis
and affects hypocotyl growth and seed germination after heat
treatment (Queitsch et al., 2000). Under heat stress, HSP21
participates in protecting the thermolabile photosystem II (Wang
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FIGURE 9 | Schematic of miR160-mediated response in Arabidopsis upon

heat stress. Heat stress could induce miR160 precursor genes, pre-miR160a,

pre-miR160b, and pre-miR160c, to increase mature miR160. Then, miR160’s

targets, ARF10, ARF16, and ARF17, were repressed by miR160, and regulate

the seed germination, hypocotyl growth, and rachis growth. In addition,

several HSP genes were activated by miR160 and regulated by ARF10,

ARF16, and ARF17. Thus, thermotolerance of plants was enhanced.

and Luthe, 2003; Neta-Sharir et al., 2005) and also maintains
the plastid-encoded RNA polymerase to regulate chloroplast
development (Zhong L. et al., 2013). Furthermore, HSP21 acts
as an essential factor in the early development of seedlings under
heat stress (Zhong L. et al., 2013). In Arabidopsis, salicylic acid
regulates HSP17.6 to promote basal thermotolerance (Clarke
et al., 2004). HSP101 (Wu et al., 2013), HSP21 (Shahnejat-
Bushehri et al., 2012), and HSP17.6A (Stief et al., 2014)
are involved in thermomemory and enhance heat tolerance.
Moreover, HSP101, HSP21, HSP17.6A, and HSP17.6II protect
plant cells from heat-induced programmed cell death (Rikhvanov
et al., 2007). 160OE and MIM160 plants showed heat tolerance
and heat sensitivity, respectively, via regulating the expression of
ARF10, 16, and 17. Thus, miR160 might repress its target gene
expression to regulateHSP genes and control thermotolerance of
plants.

Conclusively, miR160 was induced in heat stress to repress
the expression of its targets, ARF10, ARF16, and ARF17,
which regulated seed germination, hypocotyl growth, and rachis
growth of Arabidopsis. In addition, the expression levels of
HSP genes were regulated by ARF10, ARF16, and ARF17
(Table 1b). These miR160-induced regulation mechanisms could
elevate the thermotolerance of plants (Figure 9). Therefore, this
study advances the understanding of miR160 functions in heat
stress. The miR160/ARFs mechanism not only affects plant
development but also regulates the gene expression of HSPs.
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