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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 (1600E) 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
1600E 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 1600E under heat stress to advance abilities of thermotolerance.
Moreover, transcriptome and gRT-PCR analyses revealed that HSP17.6A, HSP17.6l,
HSP21, and HSP70B expression levels were regulated by heat in 1600E, MIM160, arf70,
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, 1600E, and MIM160 under heat stress. The 21-day-old WT and 1600E 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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biological assays (n > 6).

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
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FIGURE 7 | Seed germination percentages, survival percentages, hypocotyl elongation lengths, and rachis lengths of WT and the T-DNA insertion mutants arf10-7,
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 hot7-3 mutant acts as a

may be involved in ARFs repression. Auxin can regulate the
expression of ARFI0 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). ARFI10, 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 1600E than WT seeds, under
heat stress, while seeds of MIM160 were sensitive to heat
(Figure 3B). In addition, loss of function mutants arfl0-1,
arfl6-3, and arfl7-2 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 WTcon 1600Econ arfiOcon arfi6con arfi7con WTH 1600EH arf10H arf16H arf17H
name

(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 HSP17.61l 4.61155 8.15528 7.76221 5.1607 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 90.84 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 1.583 3.16 2.03 7.44 417
AT5G12030 HSP17.6A  1.00 2.67 1.14 2.01 3.52 54.30 99.39 58.48 114.72 95.71
AT5G12020 HSP17.6ll  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 4.16 412 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 (Figure7A). These results
indicated that ARFI10, 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 ARFI10 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
ARFI0 and ARFI6, negatively affected seed germination. The
expression of miR160 targets, ARFIO, ARFI6, and ARFI7,
was repressed and elevated in 1600E and MIM160 plants,

respectively (Figures 2A,B). Taken together, miR160-induced
repression of ARFI0, 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 YUCCAS8 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, 1600E, and MIM160 plants under heat stress. The 7-day-old 1600E (A) and MIM160 (B) seedlings were treated with heat
stress at 44°C for 1 h and 25 min, 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 HSP17.6ll 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, 1600E and MIM160
plants could elevate and reduce hypocotyl elongation lengths,
respectively (Figure 5B). Furthermore, mutants of ARFI16 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 ARFI17 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 1600E, arf10-
1, arfl6-3, or arfl7-2 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). HTT1I, 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 HSP17.611 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 arfl7-2 plants,
the expression of HSP101, HSP21, HSP17.6A, and HSP17.611
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). HSP10I (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 HSP17.61I protect
plant cells from heat-induced programmed cell death (Rikhvanov
et al., 2007). 1600E and MIM160 plants showed heat tolerance
and heat sensitivity, respectively, via regulating the expression of
ARFI10, 16, and 17. Thus, miR160 might repress its target gene
expression to regulate HSP genes and control thermotolerance of
plants.

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 116, 281-297. doi: 10.1016/S0092-8674(04)0
0045-5

Bentsink, L., and Koornneef, M. (2008). Seed dormancy and germination.
Arabidopsis Book 6:¢0119. doi: 10.1199/tab.0119

Bewley, J. D. (1997). Seed germination and dormancy. Plant Cell 9, 1055-1066.
doi: 10.1105/tpc.9.7.1055

Conclusively, miR160 was induced in heat stress to repress
the expression of its targets, ARFIO, ARFI16, and ARFI17,
which regulated seed germination, hypocotyl growth, and rachis
growth of Arabidopsis. In addition, the expression levels of
HSP genes were regulated by ARFI0, 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.

SIGNIFICANCE STATEMENT

The induction of microRNA160 (miR160) repressed ARFI0, 16,
and 17 to affect plant development and HSPs gene expression,
resulting in elevating thermotolerance of plant.

AUTHOR CONTRIBUTIONS

J-SL and S-TJ designed the research. C-CK performed most of
the experiments, and J-SL, I-CY, W-AT, Y-HS, C-CL, Yi-CL,
Yu-CL, Y-WK, Y-CK, and H-ML provided substantial help in
specific experiments. J-SL and W-AT created transgenic plants
overexpressing miR160 and target mimic. J-SL, H-ML, and
STJ wrote the article. All authors read and approved the final
manuscript.

FUNDING

This work was supported by the Ministry of Science and
Technology in Taiwan under grants 105-2313-B-002-052-MY3
and 105-2311-B-005-003 to S-TJ and J-SL, respectively, and
also supported by the National Taiwan University under grant
103R892004, 104R892004, and 106R891504 to S-TJ.

ACKNOWLEDGMENTS

We wish to thank Technology Commons, College of Life Science,
National Taiwan University for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.
00068/full#supplementary-material

Busch, W., Wunderlich, M., and Schoffl, F. (2005). Identification of novel
heat shock factor-dependent genes and biochemical pathways in Arabidopsis
thaliana. Plant J. 41, 1-14. doi: 10.1111/j.1365-313X.2004.02272.x

Chen, C. C, Fu, S. F,, Norikazu, M., Yang, Y. W., Liu, Y. ], Ikeo, K., et al. (2015).
Comparative miRNAs analysis of Two contrasting broccoli inbred lines with
divergent head-forming capacity under temperature stress. BMC Genomics
16:1026. doi: 10.1186/512864-015-2201-1

Clarke, S. M., Mur, L. A,, Wood, J. E., and Scott, I. M. (2004). Salicylic acid
dependent signaling promotes basal thermotolerance but is not essential

Frontiers in Plant Science | www.frontiersin.org

14

February 2018 | Volume 9 | Article 68


https://www.frontiersin.org/articles/10.3389/fpls.2018.00068/full#supplementary-material
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1199/tab.0119
https://doi.org/10.1105/tpc.9.7.1055
https://doi.org/10.1111/j.1365-313X.2004.02272.x
https://doi.org/10.1186/s12864-015-2201-1
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Lin et al.

miRNA Involved in Thermotolerance

for acquired thermotolerance in Arabidopsis thaliana. Plant ]. 38, 432-447.
doi: 10.1111/j.1365-313X.2004.02054.x

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16,
735-743. doi: 10.1046/j.1365-313x.1998.00343.x

Damodharan, S., Zhao, D., and Arazi, T. (2016). A common miRNA160-based
mechanism regulates ovary patterning, floral organ abscission and lamina
outgrowth in tomato. Plant J. 86, 458-471. doi: 10.1111/tpj.13127

Ding, Y., Ma, Y., Liu, N,, Xu, J., Hu, Q,, Li, Y., et al. (2017). microRNAs involved
in auxin signalling modulate male sterility under high-temperature stress in
cotton (Gossypium hirsutum). Plant J. 91, 977-994. doi: 10.1111/tpj.13620

Feng, H., Zhang, Q., Wang, Q., Wang, X, Liu, J., Li, M,, et al. (2013). Target of
tae-miR408, a chemocyanin-like protein gene (TaCLP1), plays positive roles in
wheat response to high-salinity, heavy cupric stress and stripe rust. Plant Mol.
Biol. 83, 433-443. doi: 10.1007/s11103-013-0101-9

Franco-Zorrilla, J. M., Valli, A., Todesco, M., Mateos, 1., Puga, M. I, Rubio-
Somoza, I, et al. (2007). Target mimicry provides a new mechanism
for regulation of microRNA activity. Nat. Genet. 39, 1033-1037.
doi: 10.1038/ng2079

Giacomelli, J. I, Weigel, D., Chan, R. L, and Manavella, P. A. (2012).
Role of recently evolved miRNA regulation of sunflower HaWRKY6
in response to temperature damage. New Phytol. 195, 766-773.
doi: 10.1111/j.1469-8137.2012.04259.x

Gray, W. M., Ostin, A., Sandberg, G., Romano, C. P., and Estelle, M. (1998). High
temperature promotes auxin-mediated hypocotyl elongation in Arabidopsis.
Proc. Natl. Acad. Sci. U.S.A. 95, 7197-7202. doi: 10.1073/pnas.95.12.7197

Guan, Q,, Lu, X,, Zeng, H., Zhang, Y., and Zhu, J. (2013). Heat stress induction
of miR398 triggers a regulatory loop that is critical for thermotolerance in
Arabidopsis. Plant J. 74, 840-851. doi: 10.1111/tpj.12169

Gustavsson, N., Kokke, B. P., Hirndahl, U., Silow, M., Bechtold, U., Poghosyan,
Z., et al. (2002). A peptide methionine sulfoxide reductase highly expressed
in photosynthetic tissue in Arabidopsis thaliana can protect the chaperone-like
activity of a chloroplast-localized small heat shock protein. Plant J. 29, 545-553.
doi: 10.1046/j.1365-313X.2002.029005545.x

Gutierrez, L., Bussell, J. D., Pacurar, D. I, Schwambach, J., Pacurar, M.,
and Bellini, C. (2009). Phenotypic plasticity of adventitious rooting in
Arabidopsis is controlled by complex regulation of AUXIN RESPONSE
FACTOR transcripts and microRNA abundance. Plant Cell 21, 3119-3132.
doi: 10.1105/tpc.108.064758

Hanzawa, T., Shibasaki, K., Numata, T., Kawamura, Y., Gaude, T., and Rahman,
A. (2013). Cellular Auxin homeostasis under high temperature is regulated
through a SORTING NEXINI-dependent endosomal trafficking pathway.
Plant Cell 25, 3424-3433. doi: 10.1105/tpc.113.115881

Hendelman, A., Buxdorf, K., Stav, R., Kravchik, M., and Arazi, T. (2012).
Inhibition of lamina outgrowth following Solanum lycopersicum AUXIN
RESPONSE FACTOR 10 (SIARF10) derepression. Plant Mol. Biol. 78, 561-576.
doi: 10.1007/s11103-012-9883-4

Hong, S. W, and Vierling, E. (2000). Mutants of Arabidopsis thaliana defective in
the acquisition of tolerance to high temperature stress. Proc. Natl. Acad. Sci.
U.S.A. 97, 4392-4397. doi: 10.1073/pnas.97.8.4392

Huijser, P., and Schmid, M. (2011). The control of developmental phase transitions
in plants. Development 138, 4117-4129. doi: 10.1242/dev.063511

Iba, K. (2002). Acclimative response to temperature stress in higher plants:
approaches of gene engineering for temperature tolerance. Annu. Rev. Plant
Biol. 53, 225-245. doi: 10.1146/annurev.arplant.53.100201.160729

Khraiwesh, B., Zhu, J. K, and Zhu, J. (2012). Role of miRNAs and siRNAs in biotic
and abiotic stress responses of plants. Biochim. Biophys. Acta. 1819, 137-148.
doi: 10.1016/j.bbagrm.2011.05.001

Kotak, S., Larkindale, J., Lee, U., von Koskull-Déring, P., Vierling, E., and Scharf,
K. D. (2007). Complexity of the heat stress response in plants. Curr. Opin. Plant
Biol. 10, 310-316. doi: 10.1016/j.pbi.2007.04.011

Kruszka, K., Pacak, A., Swida-Barteczka, A., Nuc, P., Alaba, S., Wroblewska,
Z., et al. (2014). Transcriptionally and post-transcriptionally regulated
microRNAs in heat stress response in barley. J. Exp. Bot. 65, 6123-6135.
doi: 10.1093/jxb/eru353

Kumar, R. R, Pathak, H., Sharma, S. K., Kala, Y. K., Nirjal, M. K., Singh,
G. P, et al. (2015). Novel and conserved heat-responsive microRNAs

in wheat (Triticum aestivum L.). Funct. Integr. Genomics 15, 323-348.
doi: 10.1007/s10142-014-0421-0

Kurihara, Y., and Watanabe, Y. (2004). Arabidopsis micro-RNA biogenesis
through Dicer-like 1 protein functions. Proc. Natl. Acad. Sci. US.A. 101,
12753-12758. doi: 10.1073/pnas.0403115101

Larkindale, J., Hall, J. D., Knight, M. R., and Vierling, E. (2005). Heat
stress phenotypes of Arabidopsis mutants implicate multiple signaling
pathways in the acquisition of thermotolerance. Plant Physiol. 138, 882-897.
doi: 10.1104/pp.105.062257

Larkindale, J., and Knight, M. R. (2002). Protection against heat stress-induced
oxidative damage in Arabidopsis involves calcium, abscisic acid, ethylene, and
salicylic acid. Plant Physiol. 128, 682-695. doi: 10.1104/pp.010320

Li, S., Liu, J,, Liu, Z,, Li, X., Wu, F,, and He, Y. (2014). HEAT-INDUCED TAS1
TARGET1 Mediates Thermotolerance via HEAT STRESS TRANSCRIPTION
FACTOR Ala-Directed Pathways in Arabidopsis. Plant Cell 26, 1764-1780.
doi: 10.1105/tpc.114.124883

Li, W. X,, Oono, Y., Zhu, J., He, X. J., Wu, J. M., Iida, K., et al. (2008). The
Arabidopsis NFYAS5 transcription factor is regulated transcriptionally and
posttranscriptionally to promote drought resistance. Plant Cell 20, 2238-2251.
doi: 10.1105/tpc.108.059444

Liang, G., He, H., and Yu, D. (2012). Identification of nitrogen starvation-
responsive microRNAs in Arabidopsis thaliana. PLoS ONE 7:¢48951.
doi: 10.1371/journal.pone.0048951

Lin, J. S, Lin, C. C, Lin, H. H,, Chen, Y. C,, and Jeng, S. T. (2012). MicroR828
regulates lignin and H,O, accumulation in sweet potato on wounding. New
Phytol. 196, 427-440. doi: 10.1111/§.1469-8137.2012.04277.x

Lin, J. S, Lin, C. C,, Li, Y. C,, Wu, M. T,, Tsai, M. H., Hsing, Y. L, et al. (2013).
Interaction of small RNA-8105 and the intron of IbMYB1 RNA regulates
IbMYBI family genes through secondary siRNAs and DNA methylation after
wounding. Plant J. 75, 781-794. doi: 10.1111/tpj.12238

Lin, Y., Lai, Z,, Tian, Q,, Lin, L., Lai, R,, Yang, M., et al. (2015). Endogenous target
mimics down-regulate miR160 mediation of ARF10,—16, and—17 cleavage
during somatic embryogenesis in Dimocarpus longan Lour. Front. Plant Sci.
6:956. doi: 10.3389/fpls.2015.00956

Liu, P. P, Montgomery, T. A., Fahlgren, N., Kasschau, K. D., Nonogaki, H., and
Carrington, J. C. (2007). Repression of AUXIN RESPONSE FACTORI10 by
microRNA160 is critical for seed germination and post-germination stages.
Plant J. 52, 133-146. doi: 10.1111/j.1365-313X.2007.03218.x

Liu, X,, Dong, X,, Liu, Z., Shi, Z., Jiang, Y., Qi, M., et al. (2016). Repression of
ARF10 by microRNA160 plays an important role in the mediation of leaf water
loss. Plant Mol. Biol. 92, 313-336. doi: 10.1007/s11103-016-0514-3

Liu, X., Huang, J., Wang, Y., Khanna, K., Xie, Z., Owen, H. A,, et al. (2010). The
role of floral organs in carpels, an Arabidopsis loss-of-function mutation in
MicroRNA160a, in organogenesis and the mechanism regulating its expression.
Plant J. 62, 416-428. doi: 10.1111/j.1365-313X.2010.04164.x

Liu, X., Zhang, H., Zhao, Y., Feng, Z, Li, Q. Yang, H. Q., et al
(2013). Auxin controls seed dormancy through stimulation of abscisic
acid signaling by inducing ARF-mediated ABI3 activation in Arabidopsis.
Proc. Natl. Acad. Sci. US.A. 110, 15485-15490. doi: 10.1073/pnas.13046
51110

Long, S. P., and Ort, D. R. (2010). More than taking the heat: crops and global
change. Curr. Opin. Plant Biol. 13, 241-248. doi: 10.1016/j.pbi.2010.04.008

Mallory, A. C., Bartel, D. P., and Bartel, B. (2005). MicroRNA-directed regulation
of Arabidopsis AUXIN RESPONSE FACTORI17 is essential for proper
development and modulates expression of early auxin response genes. Plant
Cell 17, 1360-1375. doi: 10.1105/tpc.105.031716

Mallory, A. C., and Vaucheret, H. (2006). Functions of microRNAs and related
small RNAs in plants. Nat. Genet. 38(Suppl.), S31-536. doi: 10.1038/ng1791

Martinez, J., Patkaniowska, A., Urlaub, H., Lithrmann, R., and Tuschl, T. (2002).
Single-stranded antisense siRNAs guide target RNA cleavage in RNAI. Cell 110,
563-574. doi: 10.1016/50092-8674(02)00908-X

Meng, Y., Shao, C., Wang, H., and Chen, M. (2011). The regulatory activities of
plant microRNAs: a more dynamic perspective. Plant Physiol. 157, 1583-1595.
doi: 10.1104/pp.111.187088

Moreno, A. A, and Orellana, A. (2011). The physiological
the wunfolded protein response in plants. Biol Res. 44,
doi: 10.4067/S0716-97602011000100010

role of
75-80.

Frontiers in Plant Science | www.frontiersin.org

15

February 2018 | Volume 9 | Article 68


https://doi.org/10.1111/j.1365-313X.2004.02054.x
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1111/tpj.13127
https://doi.org/10.1111/tpj.13620
https://doi.org/10.1007/s11103-013-0101-9
https://doi.org/10.1038/ng2079
https://doi.org/10.1111/j.1469-8137.2012.04259.x
https://doi.org/10.1073/pnas.95.12.7197
https://doi.org/10.1111/tpj.12169
https://doi.org/10.1046/j.1365-313X.2002.029005545.x
https://doi.org/10.1105/tpc.108.064758
https://doi.org/10.1105/tpc.113.115881
https://doi.org/10.1007/s11103-012-9883-4
https://doi.org/10.1073/pnas.97.8.4392
https://doi.org/10.1242/dev.063511
https://doi.org/10.1146/annurev.arplant.53.100201.160729
https://doi.org/10.1016/j.bbagrm.2011.05.001
https://doi.org/10.1016/j.pbi.2007.04.011
https://doi.org/10.1093/jxb/eru353
https://doi.org/10.1007/s10142-014-0421-0
https://doi.org/10.1073/pnas.0403115101
https://doi.org/10.1104/pp.105.062257
https://doi.org/10.1104/pp.010320
https://doi.org/10.1105/tpc.114.124883
https://doi.org/10.1105/tpc.108.059444
https://doi.org/10.1371/journal.pone.0048951
https://doi.org/10.1111/j.1469-8137.2012.04277.x
https://doi.org/10.1111/tpj.12238
https://doi.org/10.3389/fpls.2015.00956
https://doi.org/10.1111/j.1365-313X.2007.03218.x
https://doi.org/10.1007/s11103-016-0514-3
https://doi.org/10.1111/j.1365-313X.2010.04164.x
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1016/j.pbi.2010.04.008
https://doi.org/10.1105/tpc.105.031716
https://doi.org/10.1038/ng1791
https://doi.org/10.1016/S0092-8674(02)00908-X
https://doi.org/10.1104/pp.111.187088
https://doi.org/10.4067/S0716-97602011000100010
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Lin et al.

miRNA Involved in Thermotolerance

Navarro, L., Jay, F., Nomura, K., He, S. Y., and Voinnet, O. (2008). Suppression
of the microRNA pathway by bacterial effector proteins. Science 321, 964-967.
doi: 10.1126/science.1159505

Neta-Sharir, 1., Isaacson, T., Lurie, S., and Weiss, D. (2005). Dual role for tomato
heat shock protein 21: protecting photosystem II from oxidative stress and
promoting color changes during fruit maturation. Plant Cell 17, 1829-1838.
doi: 10.1105/tpc.105.031914

Ni, Z., Hu, Z, Jiang, Q., and Zhang, H. (2013). GmNFYA3, a target gene of miR169,
is a positive regulator of plant tolerance to drought stress. Plant Mol. Biol. 82,
113-129. doi: 10.1007/s11103-013-0040-5

Nover, L., and Scharf, K. D. (1997). Heat stress proteins and transcription factors.
Cell. Mol. Life Sci. 53, 80-103. doi: 10.1007/PL00000583

Oshino, T., Abiko, M., Saito, R., Ichiishi, E., Endo, M., Kawagishi-Kobayashi,
M., et al. (2007). Premature progression of anther early developmental
programs accompanied by comprehensive alterations in transcription during
high-temperature injury in barley plants. Mol. Genet. Genomics 278, 31-42.
doi: 10.1007/s00438-007-0229-x

Oshino, T., Miura, S., Kikuchi, S, Hamada, K., Yano, K., Watanabe,
M., et al. (2011). Auxin depletion in barley plants under high-
temperature conditions represses DNA proliferation in organelles and
nuclei via transcriptional alterations. Plant Cell Environ. 34, 284-290.
doi: 10.1111/j.1365-3040.2010.02242.x

Pall, G. S., Codony-Servat, C., Byrne, J., Ritchie, L., and Hamilton, A. (2007).
Carbodiimide-mediated cross-linking of RNA to nylon membranes improves
the detection of siRNA, miRNA and piRNA by northern blot. Nucleic Acids
Res. 35:¢60. doi: 10.1093/nar/gkm112

Pinweha, N., Asvarak, T. Viboonjun, U., and Narangajavana, J.
(2015). Involvement of miR160/miR393 and their targets in cassava
responses to anthracnose J.  Plant Physiol. 174, 26-35.
doi: 10.1016/j.jplph.2014.09.006

Qiao, M., Zhao, Z. Song, Y. Liu, Z, Cao, L, Yu, Y, et al. (2012).
Proper regeneration from in vitro cultured Arabidopsis thaliana requires the
microRNA-directed action of an auxin response factor. Plant J. 71, 14-22.
doi: 10.1111/j.1365-313X.2012.04944.x

Queitsch, C., Hong, S. W., Vierling, E., and Lindquist, S. (2000). Heat shock
protein 101 plays a crucial role in thermotolerance in Arabidopsis. Plant Cell
12, 479-492. doi: 10.1105/tpc.12.4.479

Reinhart, B. J., Weinstein, E. G., Rhoades, M. W., Bartel, B., and Bartel,
D. P. (2002). MicroRNAs in plants. Genes Dev. 16, 1616-1626.
doi: 10.1101/gad.1004402

Ren, L., and Tang, G. (2012). Identification of sucrose-responsive microRNAs
reveals sucrose-regulated copper accumulations in an SPL7-dependent
and independent manner in Arabidopsis thaliana. Plant Sci. 187, 59-68.
doi: 10.1016/j.plantsci.2012.01.014

Rhoades, M. W., Reinhart, B. J., Lim, L. P.,, Burge, C. B., Bartel, B., and
Bartel, D. P. (2002). Prediction of plant microRNA targets. Cell 110, 513-520.
doi: 10.1016/50092-8674(02)00863-2

Rikhvanov, E. G., Gamburg, K. Z., Varakina, N. N., Rusaleva, T. M,
Fedoseeva, 1. V., Tauson, E. L., et al. (2007). Nuclear-mitochondrial cross-
talk during heat shock in Arabidopsis cell culture. Plant J. 52, 763-778.
doi: 10.1111/j.1365-313X.2007.03275.x

Sakata, T., Oshino, T., Miura, S., Tomabechi, M., Tsunaga, Y., Higashitani, N., et al.
(2010). Auxins reverse plant male sterility caused by high temperatures. Proc.
Natl. Acad. Sci. U.S.A. 107, 8569-8574. doi: 10.1073/pnas.1000869107

Seo, M., Hanada, A., Kuwahara, A., Endo, A., Okamoto, M., Yamauchi,
Y., et al. (2006). Regulation of hormone metabolism in Arabidopsis
seeds: phytochrome regulation of abscisic acid metabolism and abscisic
acid regulation of gibberellin metabolism. Plant J]. 48, 354-366.
doi: 10.1111/j.1365-313X.2006.02881.x

Shahnejat-Bushehri, S., Mueller-Roeber, B., and Balazadeh, S. (2012). Arabidopsis
NAC transcription factor JUNGBRUNNENI1 thermomemory-
associated genes and enhances heat stress tolerance in primed and unprimed
conditions. Plant Signal. Behav. 7, 1518-1521. doi: 10.4161/psb.22092

Silva-Correia, J., Freitas, S., Tavares, R. M., Lino-Neto, T. and Azevedo,
H. (2014). Phenotypic analysis of the Arabidopsis heat stress response
during germination and early seedling development. Plant Methods 10:7.
doi: 10.1186/1746-4811-10-7

disease.

affects

Stief, A., Altmann, S., Hoffmann, K., Pant, B. D., Scheible, W. R, and
Bidurle, 1. (2014). Arabidopsis miR156 regulates tolerance to recurring
environmental stress through SPL transcription factors. Plant Cell 26,
1792-1807. doi: 10.1105/tpc.114.123851

Sun, J., Qi, L, Li, Y., Chu, J, and Li, C. (2012). PIF4-mediated activation
of YUCCAS8 expression integrates temperature into the auxin pathway
in regulating arabidopsis hypocotyl growth. PLoS Genet. 8:21002594.
doi: 10.1371/journal.pgen.1002594

Tang, G., Reinhart, B. J.,, Bartel, D. P, and Zamore, P. D. (2003). A
biochemical framework for RNA silencing in plants. Genes Dev. 17, 49-63.
doi: 10.1101/gad.1048103

Toh, S., Imamura, A., Watanabe, A., Nakabayashi, K., Okamoto, M., Jikumaru, Y.,
et al. (2008). High temperature-induced abscisic acid biosynthesis and its role
in the inhibition of gibberellin action in Arabidopsis seeds. Plant Physiol. 146,
1368-1385. doi: 10.1104/pp.107.113738

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D. Kelley, D. R,
et al. (2012). Differential gene and transcript expression analysis of RNA-
seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562-578.
doi: 10.1038/nprot.2012.016

Wang, D., and Luthe, D. S. (2003). Heat sensitivity in a bentgrass variant. Failure
to accumulate a chloroplast heat shock protein isoform implicated in heat
tolerance. Plant Physiol. 133, 319-327. doi: 10.1104/pp.102.018309

Wang, J. W., Wang, L. ]., Mao, Y. B., Cai, W. ], Xue, H. W., and Chen, X. Y. (2005).
Control of root cap formation by MicroRNA-targeted auxin response factors in
Arabidopsis. Plant Cell 17, 2204-2216. doi: 10.1105/tpc.105.033076

Wang, W., and Luan, Y. (2015). The advance of tomato disease-related
microRNAs. Plant Cell Rep. 34, 1089-1097. doi: 10.1007/s00299-015-
1782-0

Wu, T. Y, Juan, Y. T,, Hsu, Y. H,, Wu, S. H,, Liao, H. T, Fung, R. W. M., et al.
(2013). Interplay between heat shock proteins HSP101 and HSA32 prolongs
heat acclimation memory posttranscriptionally in Arabidopsis. Plant Physiol.
161, 2075-2084. doi: 10.1104/pp.112.212589

Xin, M., Wang, Y. Yao, Y., Xie, C, Peng, H. Ni, Z., et al. (2010).
Diverse set of microRNAs are responsive to powdery mildew infection
and heat stress in wheat (Triticum aestivum L.). BMC Plant Biol. 10:123.
doi: 10.1186/1471-2229-10-123

Yan, K, Liu, P, Wu, C. A, Yang, G. D, Xu, R, Guo, Q. H, et al. (2012).
Stress-induced alternative splicing provides a mechanism for the regulation
of microRNA processing in Arabidopsis thaliana. Mol. Cell 48, 521-531.
doi: 10.1016/j.molcel.2012.08.032

Zhang, G. Z., Jin, S. H,, Jiang, X. Y., Dong, R. R,, Li, P, Li, Y. J,, et al
(2016). Ectopic expression of UGT75D1, a glycosyltransferase preferring
indole-3-butyric acid, modulates cotyledon development and stress tolerance
in seed germination of Arabidopsis thaliana. Plant Mol. Biol. 90, 77-93.
doi: 10.1007/s11103-015-0395-x

Zhong, L., Zhou, W., Wang, H., Ding, S, Lu, Q., Wen, X, et al
(2013). Chloroplast small heat shock protein HSP21 interacts with plastid
nucleoid protein pTAC5 and is essential for chloroplast development in
Arabidopsis under heat stress. Plant Cell 25, 2925-2943. doi: 10.1105/tpc.113.1
11229

Zhong, S. H., Liu, J. Z, Jin, H, Lin, L, Li, Q., Chen, Y., et al. (2013).

temperatures transgenerational epigenetic of

RNA silencing by inhibiting siRNA biogenesis in Arabidopsis. Proc.

Natl. Acad. Sci. US.A. 110, 9171-9176. doi: 10.1073/pnas.12196

55110

Warm induce release

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Lin, Kuo, Yang, Tsai, Shen, Lin, Liang, Li, Kuo, King, Lai and Jeng.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

16

February 2018 | Volume 9 | Article 68


https://doi.org/10.1126/science.1159505
https://doi.org/10.1105/tpc.105.031914
https://doi.org/10.1007/s11103-013-0040-5
https://doi.org/10.1007/PL00000583
https://doi.org/10.1007/s00438-007-0229-x
https://doi.org/10.1111/j.1365-3040.2010.02242.x
https://doi.org/10.1093/nar/gkm112
https://doi.org/10.1016/j.jplph.2014.09.006
https://doi.org/10.1111/j.1365-313X.2012.04944.x
https://doi.org/10.1105/tpc.12.4.479
https://doi.org/10.1101/gad.1004402
https://doi.org/10.1016/j.plantsci.2012.01.014
https://doi.org/10.1016/S0092-8674(02)00863-2
https://doi.org/10.1111/j.1365-313X.2007.03275.x
https://doi.org/10.1073/pnas.1000869107
https://doi.org/10.1111/j.1365-313X.2006.02881.x
https://doi.org/10.4161/psb.22092
https://doi.org/10.1186/1746-4811-10-7
https://doi.org/10.1105/tpc.114.123851
https://doi.org/10.1371/journal.pgen.1002594
https://doi.org/10.1101/gad.1048103
https://doi.org/10.1104/pp.107.113738
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1104/pp.102.018309
https://doi.org/10.1105/tpc.105.033076
https://doi.org/10.1007/s00299-015-1782-0
https://doi.org/10.1104/pp.112.212589
https://doi.org/10.1186/1471-2229-10-123
https://doi.org/10.1016/j.molcel.2012.08.032
https://doi.org/10.1007/s11103-015-0395-x
https://doi.org/10.1105/tpc.113.111229
https://doi.org/10.1073/pnas.1219655110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

