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Abstract Plant heat shock transcription factors (Hsfs) are
important regulators of heat shock signal transduction pathway.
There are 30 members of the Hsf family in maize, only two
of which, ZmHsf06 and ZmHsf12, belong to subclass Al.
Our previous work demonstrated that ZmHsf)6-overexpressing
Arabidopsis lines showed improved tolerance to heat and
drought stresses. In this study, we isolated ZmHsf12 from
young leaves of maize (Zea mays L.) using homologous
cloning methods. The CDS (coding sequence) of ZmHsf12 is
1,494 bp and encodes a putative protein consisting of 497
amino acids which possesses domains such as DBD (DNA-
binding domain), OD (oligomerization domain), NLS (nuclear
localization signal), NES (nuclear export signal), and an
AHA (activator) motif. The ZmHsf12-GFP fusion protein is
localized to the cell nucleus. ZmHsf12 was expressed in
many maize organs, and its expression was up-regulated by
heat shock. Furthermore, we characterized the function of
ZmHsf12 in yeast and Arabidopsis. Yeast cells overexpressing
ZmHsf12 showed enhanced heat tolerance. ZmHsf12-
overexpressing Arabidopsis seedlings displayed significant
increases in both basal and acquired thermotolerance. Compared
to WT seedlings, the ZmHsf12-overexpressing lines displayed
both increased chlorophyll contents and higher survival
rates. Also, the expression of AzHsps was increased higher in
the ZmHsf12-overexpressing Arabidopsis lines after heat
stress. The results of our study strongly suggested that
ZmHSsf12 may take part in plant response to heat stress.
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Introduction

Crop plants are often exposed to environmental stresses
during agricultural production in warm-climate regions, and
are frequently subjected to changes in climate, particularly
rising temperatures (Sewelam et al. 2014; Driedonks et al.
2016), which can have a significantly adverse impacts on
crop productivity and grain quality. Kang and Eltahir (2018)
predicted that the North China Plain will be threatened by
deadly heatwaves as a result of climate change and the vast
expansion of irrigation after fifty years. In order to survive,
plants have developed a series of physiological and biochemical
mechanisms to respond to various stresses and adapt to
environmental changes. It has become clear that plants can
acquire thermotolerance by regulating a large of target genes,
such as heat shock protein (Hsp) genes that encode heat
shock proteins (Hsps) during acclimation to permissive high
temperatures (Schoffl et al. 1998). In this process, heat shock
transcription factors (Hsfs) act as key regulatory factors of the
Hsps and control the mRNA levels of the target genes by
binding to heat shock elements (HSEs) in the promoter
regions of Hsps (Nover et al. 2001; Wahid et al. 2007). Some
Hsps such as Hsp40, Hsp70, Hsp90, Hsp101 and particularly
small Hsps, were induced during the heat shock conditions
(Queitsch et al. 2000; Hahn et al. 2011; Hu et al. 2012; Wu
et al. 2013; Zhong et al. 2013; Huang et al. 2018). The
production and accumulation of Hsps in cells are necessary
to protect plants from the effects of heat stress (Kotak et al.
2007). Hsfs are the most important regulatory proteins during
the heat shock (HS) response in plants (Nover et al. 2001;
Kotak et al. 2007; Wang et al. 2018).

Hsfs were found in all eukaryotic organisms. Drosophila
melanogaster, yeast and Caenorhabditis elegans have only
one Hsf gene respectively, and vertebrates have four Hsfs in
their genomes (Pirkkala et al. 2001). But in plants, Hsfs are
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encoded by complex gene family that can contain many
members, for example, there are 21 members in Arabidopsis
(Guo et al. 2008), 25 members in rice (Scharf et al. 2012), 30
members in maize (Scharf et al. 2012), 56 members in wheat
(Xue et al. 2014) and 26 members in tomato (Yang et al.
2016). Plant Hsfs belong to three classes (A, B and C) based
on the peculiarities of oligomerization domain (OD) and the
flexible linkers between DNA-binding domain (DBD) and
OD. Each class is comprised of seveval subclasses. AHA
motifs are found in the C-terminal regions of all class A. and
many AHA motifs serve to positively regulate the HS
response in plants (Busch et al. 2005; Nishizawa et al. 2006;
Li et al. 2014; Xue et al. 2014). Hsf41 from tomato was the
first plant Hsf gene to be isolated and it was shown that
constitutively expressed HsfAl proteins are in an inactive
monomer state and interact with Hsp90/Hsp70 in the absence of
heat stress (Hahn et al. 2011). In model species such as
Arabidopsis and tomato, HsfAls are the early HS response
genes that act as transcriptional activators for the late
response Hsfs such as Hsf42 (Charng et al. 2007; Liu et al.
2011). The tomato HsfAla is a master regulatory factor that
triggers the HS response and any other Hsfs in tomato can
replace it (Mishra et al. 2002). In both acquired thermotolerance
(AT) and basal thermotolerance (BT), the expression levels
of Hsfs and Hsps induced by HS were found to be up-regulated
in transgenic tomatoes expressing Hsf4 la and were strongly
down-regulated in the co-suppression lines (Mishra et al.
2002; Scharf et al. 2012). No obvious morphological and
developmental changes were observed at the control temperature
(Mishra et al. 2002). Four Hsfs, HsfAla, HsfAlb, HsfAld
and HsfAle, were present in Arabidopsis. HsfAla, HsfAlb
and HsfAld function as the main positive regulators in
Arabidopsis response to HS (Yoshida et al. 2011; Scharf et
al. 2012; Liu and Charng 2013). Single knockout mutants of
HsfAla, HsfA1b, HsfAld or HsfAle showed no effects on the
expression of Hsps and there were no changes in influence
on morphology or phenotype, but plants of all four HsfA417
knockout lines showed a complete loss of thermotolerance
and displayed diverse phenotypes and developmental retardation
(Yoshida et al. 2011; Nishizawa-Yokoi et al. 2011; Liu et al.
2011; Scharf et al. 2012).

In maize, it was initially shown that the mRNA levels of
three Hsfs were different during different stage of pollen
development (Gagliardi et al. 1995), and one Hsf (ZmHsfa,
GenBank No. S61458) was expressed constitutively while
the others (ZmHsfb, GenBank No. NP 001307887 and
ZmHsfc, GenBank No. S61459) were induced by heat stress.
Based on the genomic sequences and phylogenetic analyses,
25 Hsfs were initially identified in maize (Lin et al. 2011)
and 30 Hsfs were reported in 2012 (Scharf et al. 2012).
However, little is known about the characteristics of gene
expression and the biological functions of individual members
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of the Hsf family under abiotic stress conditions. Only four
maize Hsf genes, ZmHsf04, ZmHsf05, ZmHsf06 and ZmHsf25,
have been isolated and characterized ( Li et al. 2015; Zhao et
al. 2017; Jiang et al. 2018; Li et al. 2019). The proteins encoded
by these genes belong to HsfA2, HsfAl and HsfB subclasses,
respectively. There are two HsfA1l subclass members in
maize, ZmHsf06 and ZmHsf12 (Lin et al. 2011). It was
previously reported that maize ZmHsf06 was expressed in
many green organs, and was up-regulated by HS and other
stresses (Li et al. 2014). Arabidopsis seedlings over-expressing
ZmHsf06 showed increased tolerance to heat and drought
stresses (Li et al. 2015).

ZmHsf12 is another member of the maize HsfA1 subclass,
and its expression patterns and functions in thermotolerance
are unclear. In the present study, we cloned the CDS of
ZmHsf12 and quantitatively analyzed gene expression in
different organs and under heat stress. The subcellular
localization of ZmHsf12 was determined by fusing it with
GFP. To understand the biological function of ZmHsf12, we
introduced the gene into yeast and also generated transgenic
Arabidopsis plants. We then performed thermotolerance
assays on the recombinant yeast strains and the transgenic
plants, and the expression of heat protection genes induced
by ZmHsf12 was analyzed further.

Results

Cloning of the ZmHsf12 and Analysis of the Putative Protein
Sequence

Sequence analysis showed that the CDS of ZmHsf12 (GenBank
No. MK733910) was 1,494 bp in length and is predicted to
encode a protein of 497 amino acid residues. The protein
possesses a DBD which is a typical structure of Hsfs family,
an adjacent OD, a NLS, a NES and an AHA motif (Fig. 1).
The amino acids alignment results of the HsfA1 members in
plant showed that ZmHsf12 protein shared 79%, 82%, 71%,
68% and 58% identities with ZmHsf06 (GRMZM2G115456
P01, the other HsfA1 member from maize), SbHsfA1 (XP_
002466067, HsfA1 from Sorghum bicolor), SiHsfA1 (XP_
004980999, HsfAl from Setaria italica), OsHsfAl (XP_
015630421, HsfAl from Oryza sativa) and HvHsfAl
(BAJ86136, HsfAl from Hordeum vulgare), respectively
(Fig. 2). The alignment results showed that DBD, OD, NLS,
AHA and NES domains of ZmHsf12 were highly conserved
with those of other plant HsfA1l. The amino acid sequence
analysis in HEATSTER (http://applbio.biologie.uni-frankfurt.
de/hst/heatster/) suggested that ZmHsf12 contained eight Al
signature sequences which are marked by bold solid black
lines (Fig. 2). These results clearly showed that ZmHsf12 is
a member of HsfA1 subclass.
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ATGCAGAGCGGCGGGGTGGCCGCCCCCGCGETCCCGETGCACGCGGCCETGGEGGGCGGCGGAGGAGGGGCGGCC
MQ s 66V AAAAVY PV HAAVGGGGGGAA

GCCGCGCCGCCGCCGCCGTTCCTCATGAAGACGTACGAGATGGTGGACGACCCGGCCACGGACGLCGTCGTGTCC
AVA P P PP FLMETVYEMVYDDPATDGVV S

TGGGGCCCCGGGAACAACAGCTTCATCGTCTGGAACACGCCCGAGTTCGCCCGAGACCTCCTGCCCAAGTACTTC
WGP GNNSFEFTVWNTPEFARDTLILPEKTYF

AAGCACAGCAACTTCTCCTCGTTCGTCAGGCAGCTCAACACCTACGGGTTTAGAAAGGT TGATCCAGACAGATGG
K HS NF S S FVRQQGQLNTYGEFZREKVYDPDTERW

GAATTTGCAAATGAGGGTTTTCTGAGAGGACAAAAACATCTGCTGAAGACTATCAACAGAAGGAAACCATCCTTG
E FANEGFLRGAOQEKHLILIEKTTNZERTRIEKTESIL

CAGGGTAACAGCCAACCACAGCAACCTCAGTTGCAGAACGCTCCTGTGCCTTCGTGTGTAGAGGTGCGTAAGTTT
Q G NSQPQQPQLAQNAPVESCVEVGKTF

GGGTTGGAGGAAGAGATTGAACGGCTGAAAAGGGATAAGAATGTTCTTATGCAAGAGCT TGTAAGGCTGAGACAG
G LEEETERILIERDIEKNVIELMQ@ETLUVRTLTRTQQ

CAACAGCAAACAACTGACCATCAGCTCCAGACTTTGGGCAAGCGTCTTCAAGGGATGGAGTCACGGCAGCAACAG
Q @ g T T D HO@LGTILGETRILIGGMET SRGQQQDQ

ATGATGTCTTTCCTGGCCAAAGCAATGCAAAGTCCTGGTTTCCTAGCACAGT TTGTACAGCGAAATGAGAACAGC
M MSFLAEKAMQQSPGFLAQFVQRNENS

AGGAGGAGAATAGTAGCTGCGAACAAGAAAAGGCGGCTGCCCAAGCAAGATGGACTCGAGTCCGAAAGTTCTGCT
RRRIVAANEKLKRRLPEK®QDG GLESESSA

GCTTCGTTAGACGGTCAAATCATCAAGTATCAGCCTTCGATCAACGAAGCAGCCAAAGCAATGCTAAGGAAGATC
A°SLDGQTITITKYQPSTINEAAEKAMLTEREKTII

CTAAACGTAGATTCTTCGCATATGTTTGAATCTATGGGCAATTCAGATAATAGTAATAATAATAATAATAATCTG
LNV DSSHMFESMGNSIDNSNNNNNNIL

CTGGAGGATTATATGCCGGCCGGCCAAGCTTTTGAGAGCTCTTCGTCGACAAGAAATTCTGGGGTCACCCTTGCA
LEDY MPAGQAFESSSSTRNSGVTLA

GAGGTTCCAGCAAACTCAGGCTTGGCGTATGTCGGCACGAGCTCGGCTATCTGTTCTCCTCCAGCGGCCCCTGAA
EVPANSGLAYVGGTSSAICSPPAAPE

ATGCAGTGCCCAGTGGTGCTGGATAACAAGGCGTACAAGCAAGTGGCCAGCATGAGTGCTGTGCCTCCTGTTTCA
MmQCcCPVVLDNIEKAYKAQVASMSAV PP VS

AGTGACATGGGTATTATTCCGGAATTCTCAGATCTGGCAGACT TGGTCTCTGTGGATATTCTTGGAGGGGCCTTT
s bMe I I PEFSDLADLYSVDILGSGATF

GAGATGATGCCTGGTCCTGAGTTCCCCCTGCCAGAAGAAGGTGATGATGGGACCACCATGTACAACAACAACGAC
EMMPCGPEFPLPEESGDDSGTTMYNNNID

GAGGAGGCTCAGAGCCTTCCAGGCATCGTCAACTCCATCTGGGAGCAGTTCCTGGTAGGCAGCCCTCTATCTACC
EEAQSLPGIVNSIWEGQFLVYGSTPLST

GATAATGAGGAAGTTGATTCAGCAGGCGGACTATATGCGCAGGAGGATGGATGGAGCAAAGTGGGGAACATCGCT
b NEEVDSAGGLYAQETDGWSEKVGNTIA

AATCTTACAGAACAGATGGGACTTGTATCATCAACAAATCACCGGGACTCAGGGAATGGGCTGTACTAG
NLTEQMGTLUYSSTNHRDSGNGIL Y =*

Fig. 1. Nucleotide and the predicted amino acid sequences of ZmHsf12. The amino acids underlined in black indicate a typical DBD and
the adjacent OD domain is underlined in bold. NLS (dotted underline), AHA-motif (bold dotted underline) and NES (dashed and dotted
underline) are indicated.
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ZmHsf12 OSCEVAAAA. . . iieeemmeeaean VGG. CGGGAA. . _AA E G 47
ZoHsf06 CGCVMAHAAAAAAAASTVITAVAPFVTABAVAVAFP. . VTAHARAAA. GNGSAT. . . AA E D T4
SbHsfAl QGCVVAHAAAAAAAAS . . ... ... ... TVTTAVAFP. . VPAHAHVYCNCGCPAA. . _AA E D 64
SiHsfAl QGCVAAAAAAAAAAAAAATVIT. . _AVAFPVAFAFA. _ ASAHARVCN. .GGGAA.. _NA E D 70
OsHsfAl EAAVAARBAAAAGA. .. . ... ... . cccccncncnnnn- VAFPFGAAVSNGVAT E A 53
HvHsfAl EGGVALASS. .. i s i ii i ii e cmmn e aaanan VAFPGQGAG. .. ... D A 43
ZmHsf12 G. 127
InoHsf06 G. 154
SbHsfAl G. 144
SiHsfAl G. 150
OsHsfAl G. 132
HvHsfAl A 122
IoHsf12 195
ZoHzf06 222
SbhHsfAl 212
SiHsfAl 218
OsHsfAl 200
HvHsfAl 202
Al 5 Al_14
ZoHsf12 G. {E S 274
ZnHsf06 GGEDSESA 302
SbHsfAl GCGEDSESA 292
SiHsfAl GGEDSESA 298
OsHsfAl GSEDSES. . 278
HvHsfAl 11 NFES. . 280
12
ZaHsf12  [MINVISS. HVPES VNS O SNNNKN PAN ¥G. .. ISSAICSPFAAPE 350
ZnHsf06 R GN.... SAN GGGG. G AICFPE 376
SbHsfAl R PAN VYSASSC PSYAPE 367
SiHsfAl R PAT YAASSG SSYAPE a7n
OsHsfAl R PAN VATSSG TSTF.Q 350
HvHsfAl R PGN MFISSG SSSFPE 354
ZImHsf12 NEAYKQYA SS...OMGI.... LVS.. . VOILGGAFENM 415
ZoHsf06 NMSSNQVF SKATIDMG. .. .. LVNEGSYDIFGGAFENP. 447
SbHsfAl NELSNQVYF SN. FITAGSSDI LVYNEDSYNIFGCAFENP. 442
SiHsfAl SNSSNQYF SK. PIAPAPGDL IVPED. SOEFGGPFGHP. 446
OsHsfAl NGIFKEVYF PK. AVAPGPIDL IVAEENVOEFGGGFENP. 428
HvHsfAl sussrnu PK. AMTPGLSDI LITEDAINEFVENYANP. 432
ZaHsf12 ... DGTTMYNNNIEEAQ SBECH VNS (NEQER vCSPES 1 NEEWS ACCLY. . . AQEDENSKVGNIA 489
ZmHsf06 FPIETDETMYNN 1 CS...... FQENENSKYGNIC 520
SbHsfAl PIETDETMYN. 1 CGLDARCSFQENBNSKVGNIS 520
SiHsfAl PIETDEILYN. . E A\l CYLDSRETFQE NELEBMA . 522
OsHsfAl PIETDEILYN. .BD. 1 CYLDQKETQQCNEN IKAENMA . 504
HvHsfAl  PMDFIDTDEL. _@O. 1 CLLDIREAQEENEN TRTEKLA a 508
ZmHsf12  RODSCNCLY 497
ZoHsf06  ROSCNGL. 527
SbHsfAl RODSCNGL. 527
SiHsfAl RV...... 524
OsHsfAl TG .. ... 506
HvHsFAl RC..___ . 510

Fig. 2. Sequence alignment of ZmHsfA1 with HsfA1 subclass members from other plants. The accession number of in maizeDGB (https:/
www.maizegdb.org) for ZmHsf06 is GRMZM2G115456 PO1. The accession numbers for the other proteins in NCBI (https:/www.ncbi.
nlm.nih.gov) are as follows: SbHsfA1, XP_002466067; SiHsfA1, XP_004980999; OsHsfA 1, XP_015630421; HvHsfA 1, BAJ86136. HsfAl
signature sequences are indicated by bold solid black lines above the sequence alignment, and highly conserved amino acids are

highlighted in gray.

Expression Profile of ZmHsf12

Using qRT-PCR assays, we quantified the expression of
ZmHsf12 in maize organs at normal temperature and in
response to HS. The results demonstrated that ZmHsf12 was
expressed in many organs such as roots, shoots and leaves of
maize seedlings and functional leaf, ear, pollen, immature
embryos of anthesis under normal conditions. The expression of
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ZmHsf12 was found to be highest in young leaves and lowest
in ears and immature embryos (Fig. 3A). Expression analysis
was performed in order to examine the role of ZmHsf12 in
the maize response to HS. The relative expression of ZmHsf12
was up-regulated by heat stress at 42°C in both leaves and
roots, with the highest levels of 1.5-fold in leaves and 6-fold
in roots occurring at 30 min after the start of HS treatment
(Fig. 3B). With prolonged heat treatment, the up-regulation
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Fig. 3. Expression patterns of ZmHsf12 in maize. (A) Tissue-specific expression patterns of ZmHsf12. The expression level in young
roots was set as 1. Analysis of ZmHsf12 expression changes in response to heat shock at 42°C in leaves (B) and roots (C). The expression
of the untreated samples was set as 1. Reference gene fS-actin from maize was used as an internal control to normalize the signals of
different samples. Error bars refer to the standard deviations of three biological replicates. The asterisks * and ** indicate significant
differences compared with controls at P<0.05 and P<0.01 level (¢ test), respectively.

—

Fig. 4. Subcellular localization of the ZmHsf12-GFP fusion protein in onion epidermal cells. (A) Cells expressing ZmHsf12-GFP under
white light; (B) Cells expressing ZmHsf12-GFP under DAPI red fluorescence; (C) Cells expressing ZmHsf12-hGFP under green channel
fluorescence; (D) Cells merged of A, B and C. The scale bar represents 50 pum.

of transcription declined, but it was still a little higher than in ~ The ZmHsf12-GFP Fusion Protein is Localized to the Plant
the controls at 120 min after treatment. These results suggested ~ Cell Nucleus

that ZmHsf12 is expressed constitutively in the tested organs

and is up-regulated during HS treatment. To determine the subcellular localization of ZmHsf12, we
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constructed the pCAMBIA1300-35S::ZmHsf12-GFP fusion
expression vector. The constructs were bombarded into the
cells of onion epidermis. The onion epidermis were incubated at
22°C overnight. After stained with staining solution DAPI of
nuclei-special dye, the epidermic cells was checked by a
fluorescence microscope. It showed that the fluorescence
signal derived from the ZmHsfl12-GFP protein was only
detected in the cell nuclei, and matched perfectly with the
DAPI fluorescence. These results suggested that ZmHsf12
localized to the nucleus (Fig. 4) and that it functions there.

Overexpression of ZmHsf12 Enhanced Thermotolerance in
Yeast

Tomato Hsf proteins can bind to yeast HSE and functionally
replace ScHsfl (Boscheinen et al. 1997). The biological
function of ZmHsf12 was determined in transgenic yeast.
Under normal conditions, the growth rate of yeast cells harboring
pYES2-ZmHsf12 was similar to the pYES2 control (Fig.
5A). When exposed to HS, the growth rate of pYES2-
ZmHsf12 expressing cells was higher than that of pYES2
transformed cells, especially after 12 h of HS treatment (Fig. 5B).
Yeast cells were further observed on solid media containing

A
35, —apYES2
y | —s-pYES2ZmHIN2
25
T 15 A
14
0.5 1
"
0 T
0 2 6 9 12 15 18 21 24
Time (h)
C ODyy, 0.1 0.05

PYES2-ZmHsf12

pYES2

SD-Gal

Gal. There were no obvious differences in colony formation
between cells harboring pYES2 and pYES2-ZmHsf12 grown
on the same Gal plate without heat stress, but the yeast cells
overexpressing ZmHsf12 showed much higher tolerance to
HS than that did the controls which failed to grow at higher
cell dilutions, because the thermotolerance was decreased
after exposed to HS for 15 min (Fig. 5C). The results showed
that expression of maize ZmHsf12 improved heat tolerance
in yeast.

Overexpression of ZmHsf12 Improved Thermotolerance in
Transgenic Arabidopsis

To verify the thermotolerance resulting from the expression
of ZmHsf12 in Arabidopsis, we obtained ZmHsf12-
overexpressing lines using a pPCAMBIA1300::35S::ZmHsf12
construct. Three T3 generation homozygous progeny (lines
4 11,6 14 and 10 10) displayed different ZmHsf12 expression
levels as determined by semi RT-PCR (Fig. 6E) were used in
the functional study. Seedlings of the three ZmHsf12
expressing lines and WT were used to assay thermotolerance
in Arabidopsis. For basal and acquired thermotolerance, 5-
day-old seedlings of all the genotypes were subjected to two

B
25+ W pYES2 “
——pYES2-ZmHsf12
5]
0.01 0.1 0.05 0.01

SD-Gal+ HS

Fig. 5. The growth patterns of yeast cells transformed with pYES-ZmHsf12 and empty vector pYES2 with or without HS at 50°C for 15
min. The growth rates of yeast cells expressing the pYES-ZmHsf12 (A) and empty vector (B) in liquid SD-Gal inducing medium for
different times after without or with HS treatment at 50°C for 15 min. (C) Growth of yeast cells transformed with different vectors on solid
SD-Gal inducing medium with or without HS at 50°C for 15 min. After incubation for 3 days at 30°C, plates were photographed. Error
bars refer to the standard deviations of three biological replicates. The asterisk * indicates significant differences compared with the control at

P <0.05 level (¢ test).
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Fig. 6. Overexpressing ZmHsf12 improved the basal thermotolerance in Arabidopsis seedlings. (A) 13-day-old seedlings of WT and three
overexpressing lines (4-11, 6-14 and 10-10) grown on the same plate without heat stress were used as a control. (B) 5-day-old seedlings
of all genotypes under HS at 45°C for 50 min and recovered at normal conditions for 8 days. (C) Survival rate of WT and three
ZmHsfl12-overexpressing lines with or without heat stress. More than 30 seedlings of each line were used in the experiment. Data are
means (= SD) of three independent experiments. (D) Chlorophyll contents of seedlings with 0.1 g fresh tissue under normal and HS
conditions in each experiment. Data are means (+ SD) of three independent experiments. (E) Semi RT-PCR analysis of the ZmHsf12 mRNA
levels in seedlings of all genotypes. The Actin2 expression levels were used as a gene expression control. (F) Schematic representation of

the HS regimes. The asterisks *
respectively.

different heat stress regimes (Fig. 6F; Fig. 7E), then allowed
to recover and grow for another 8 days at 22°C. Under non-
heat stress conditions, there were no obvious phenotypic and
developmental changes between WT and the transgenic
Arabidopsis seedlings (Fig. 6A; Fig. 7A). When exposed to
45°C for 50 min, the basal thermotolerance of the ZmHsf12-
overexpressing lines was increased significantly compared to
the WT seedlings after recovery at normal conditions for 8
days (Fig. 6B). When pretreated at 37°C for 1 h, allowed to
recover under normal conditions for 2 days, and then exposed to
46°C for 60 min, seedlings of the ZmHsf12-overexpressing
lines displayed increased acquired thermotolerance compared to

and ** indicate significant differences compared with WT at P<0.05 and P <0.01 level (¢ test),

WT seedlings after recovery at 22°C for 8 days (Fig. 7B).
After exposure to heat stress, the three lines showed higher
survival rates (Fig. 6C; Fig. 7C) and chlorophyll contents
(Fig. 6D; Fig. 7D) than did WT seedlings. These results
indicated that ZmHsf12 may participate in both basal and
acquired thermotolerance in Arabidopsis.

Expression of AtHsps was Affected by ZmHsf12 Overexpression
in Arabidopsis

For qRT-PCR analysis the expression profiles of AtHsps
under HS conditions, one high-level expression line 6-14 and
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Fig. 7. The acquired thermotolerances were improved in Arabidopsis seedlings overexpressing ZmHsf12. (A) 15-day-old seedlings of WT
and the three overexpressing lines (4-11, 6-14 and 10-10) grown on the same plate without heat stress were used as a control. (B)
Seedlings of all genotypes grown at normal conditions for 5 days pretreated at 37°C for 1 h were recovered at normal conditions for 2
days before exposed to 46°C for 60 min, and then recovered for another 8 days. (C) Survival rate of WT and three overexpressing lines
with or without heat stress. Each experiment contained over 30 seedlings of each line. Data represent the means (+ SD) of three
biological experiments. (D) Chlorophyll contents of seedlings with 0.1 g fresh tissue under normal and HS conditions in each experiment.
Data represent the means (+ SD) of three independent biological experiments. (F) Schematic representation of the HS regimes. * and **
indicate significant differences compared with WT at P <0.05 and P <0.01 level (¢ test), respectively.

WT were selected to test whether the expression of ZmHsf12
affects the expression of AHsps in Arabidopsis. The seedlings
were sampled after 50 min of HS treatment at 45°C. The
results showed that the expression of Hsp genes (AtHsp18.2,
AtHsp21, AtHsa32, AtHsp70b, AtHsp90.1, and AtHsp101) in
seedlings of the ZmHsf12-overexpressing line 6-14 were 1.4-
to 2-fold higher than in WT without HS and 3- to 35-fold
after heat treatment (Fig. 8). Expression of AtHspl8.2,
AtHsp21, AtHsa32, AtHsp70b, AtHsp90.1, and AtHspl01
genes in the ZmHsf12-overexpressing line 6-14 plants treated
with HS was more than that in WT plants. The induction of
these genes expression was more obvious in the ZmHsf12-
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overexpressing line 6-14 than that in WT. These results
demonstrated that changes in the expression ArHsps may
result in the themotolerance differences observed between
transgenic and WT Arabidopsis seedlings.

Discussion

Based on the structural characteristics of the proteins and
phylogenetic comparisons, plant Hsfs can be divided into
three classes (A, B, and C). The members of subclass HsfA1
play key roles in the early response to heat shock based on
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studies in model plants, and they act as transcriptional activators
of down-stream Hsps expression to increase thermotolerance
(Scharf et al. 1998; Mishra et al. 2002; Liu et al. 2013; Gong
et al. 2014). Four members of the HsfA1 subclass are present
in the genomes of the model plant Arabidopsis and tomato
respectively. HsfA1 in tomato is a master regulator in plant
response to heat shock. However, HsfAls are functionally
redundant for responding to heat shock in Arabidopsis
(Lohmann et al. 2004; Liu et al., 2013). The genome of
maize contained two members of subclass HsfAl, ZmHsf06
and ZmHsf12. Alignment of the ZmHsf06 and ZmHsf12
protein sequences showed that the two proteins share 79%
amino acid identities (Fig. 2), and they have the structure and
domains typical of heat shock transcription factors. It has
been speculated that the two proteins might have originated
from the same ancestor. The ZmHsf12 protein contained a
NLS and the subcellular localization assay showed that the
ZmHsf12-GFP fusion protein is localized to the nucleus (Fig. 4).
The alignment results showed that ZmHsf12 contains all of the
functional domains including DBD, OD, NLS, AHA and
NES, that are highly conserved in other plant HsfA1 proteins.
Sharf et al. (2012) proposed the current Hsf classification
scheme and further developed a web server (HEATSTER)
for identification and classification of Hsfs in plants (Berz et
al. 2019). Based on this method, we found that ZmHsf12
includes eight HsfA1 signature sequences (Fig. 2). Therefore,
ZmHsf12 is a member of subclass HsfAl.

Except for the HsfAls in wheat leaves (Xue et al. 2014),
expression of the Hsf41 gene family members in plants were
induced by HS (Liu et al. 2013; Li et al. 2014; Gong et al.
2014). ZmHsf12 was constitutively expressed in all detected
organs of maize and was induced by HS in roots and leaves
(Fig. 3). But the increase in expression of ZmHsf12 in roots
was higher than it was in leaves at 30 min after HS treatment.
These results indicated that ZmHsf12 may participate in plant
response to heat stress.

In recent years, the quality and yield have decreased
dramatically in many crops because of the rising temperature
(Tito et al. 2018). At present, the functional mechanisms that
control the plant response to HS are not entirely clear.
During the process of triggering the heat shock response, we
know that Hsfs play vital roles in plants (Schoffl et al. 1998;
Nover et al. 2001; Mishra et al. 2002;Guo et al. 2016). The
members of the tomato HsfA1 subclass are master regulators
in the HS response. In Arabidopsis, HsfAla and HsfA1b are
constitutively expressed and act as the early response Hsfs
under heat stress (Liu et al. 2011). HsfAla and HsfA1b also
act as transcriptional activators to induce the expression of
late response genes (Liu et al. 2011). The other two members
of the HsfA1 subclass in Arabidopsis, HsfA1d and HsfAle,

can serve as regulators involved in the regulation of HsfA2
transcription in the signal network of Hsf regulation (Nishizawa-
Yokoi et al. 2011). Under non-heat stress conditions, HsfA 1
proteins expressed constitutively are in inactive monomers
that interact with repressors such as Hsp90/Hsp70 (Hahn et
al. 2011). Research in the model plant species tomato and
Arabidopsis showed that HsfAls are vital regulators when
plants are exposed to heat stress (Schoffl et al. 1998; Mishra
et al. 2002; Nishizawa-Yokoi et al. 2011).

In maize, ZmHsf06 was identified as a member of the
HsfAl subclass. ZmHsfl6-overexpressing Arabidopsis showed
enhanced thermotolerance after heat stress treatment (Li et
al. 2014, 2015). We isolated ZmHsf12, the other member of
the maize HsfAl subclass in this study. When exposed to
HS, the growth rate of yeast cells harboring pYES2-ZmHsf12
in liquid Gal medium (Fig. 5B) and yeast cells overexpressing
ZmHsf12 on solid Gal medium (Fig. 5C) showed much more
tolerance to HS than did the controls. The Arabidopsis seedlings
overexpressing ZmHsf12 showed significantly higher basal
thermotolerance (Fig. 6B) and acquired thermotolerance
(Fig. 7B) compared to WT seedlings. The survival rates and
chlorophyll contents of the ZmHsfI12-overexpressing lines
were higher than in WT seedlings for both basal thermotolerance
(Fig. 6C, D) and acquired thermotolerance (Fig. 7C, D).
Thus, the two HsfAl subclass proteins, ZmHsfl12 and
ZmHsf06, may perform the same function in the maize HS
response. ZmHsf06 overexpression enhanced drought-stress
tolerance in transgenic Arabidopsis, but ZmHsf12 did not
provide the same tolerance (data not shown). Further study
may reveal the functional diversification of the two proteins.

When subjected to heat stress, plants are stimulated to
produce Hsps for the acquisition of thermotolerance (Verling
1991; Queitsch et al. 2000; Liu et al. 2006; Hu et al. 2012;
Wau et al. 2013). Hsfs regulate the expression of target genes
by their binding affinity for HSEs in the promoters of Hsps
(Wahid et al. 2007). Our results suggested that the ectopic
expression of ZmHsf12 in Arabidopsis affected the expression
of AtHsps. All of the tested genes, AtHspl8.2, AtHsp2l,
AtHsa32, AtHsp70b, AtHsp90.1 and AtHsp101, showed higher
expression levels in the ZmHsf12-expressing line 6-14 than
in WT after HS at 45°C (Fig. 8). These results indicated that
ZmHsf12 play a role in plant thermotolerance by regulating
the expression of Hsps.

In Arabidopsis, AtHsfAla can be phosphorylated by the
active AtCBK3 kinase, leading to the accumulation of Hsp
proteins, thereby increasing plant thermotolerance under HS
conditions (Liu et al. 2008). In maize, further research will be
required to identify the protein that regulates ZmHsfl2
expression. It is important to study the upstream signals in heat
shock signal transduction pathway in maize in the future.
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Fig. 8. Effect of ZmHsf12 on Hsps expression during HS in Arabidopsis. The expression levels of AtHsps in seedlings of WT and
ZmHsf12-overexpressing line 6-14 with and without HS at 45°C for 50 min. The expression of untreated seedlings of WT was set as 1.
Reference gene Atactin8 (At1g49240) was used as an internal control to normalize the loading of different samples. Error bars refer to the
standard deviations of three biological replicates. * indicates significant differences compared with WT-HS at P <0.05 level (¢ test). The
accession number of the genes: AtHspl8.2, At5g59720; AtHsp21, At4g27670; AtHsa32, At4g21320; AtHsp70b, Atlgl6030; AtHsp90.1,

At5g52640; AtHsp101, Atlg74310.

Materials and Methods

Plant Growth Conditions

Mature seeds of maize (inbred line H21) were surface-sterilized with
0.1% HgCl, rinsed thoroughly with sterile water and allowed to
germinate in an incubator at 28°C. The seedlings were then transplanted
into individual pots and watered with Hoagland nutrient solution

@ Springer

under 16/8 h day/night (100 pmol m™2 s) at 28/20°C and 60% RH.
After the second leaf had fully expanded, the second leaves, shoots
and roots were collected an immediately frozen in liquid nitrogen for
use in the expression analysis experiments. For stress tests, uniformly-
grown seedlings were selected and subjected to different treatments.
The functional leaves, ears, pollen and immature embryos were
harvested for expression analysis in different growth stages. For heat
stress tests, uniform maize seedlings with two fully expanded leaves
were transferred into Hoagland nutrient solution that had been
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preheated in an incubator at 42°C and the shoots were exposed to
42°C air temperature for appropriate time. The second leaves were
sampled after the HS treatments and stored in liquid nitrogen for use
in the gene expression experiments. The controls were seedlings
grown at 28°C under normal conditions.

Arabidopsis thaliana (ecotype Columbia) was used for genetic
transformation with the maize ZmHsf12 gene. Surface sterilization
and seedling culture conditions were as described by Li et al. (2015).
After 1 week, the seedlings were transplanted into potted soil and
grown. The plants were watered once a week with Hoagland solution.

Preparation of cDNA and Cloning the CDS Sequence of ZmHsf12

Total RNA was isolated using TRIpure Reagent (Aidlab, Beijing,
China). DNase I (TaKaRa) was to treat each RNA sample to remove
contaimating genomic DNA. Purified mRNA was used for the first
strand synthesis of cDNA with the PrimeScript RT Reagent Kit
(Takara, Shiga, Japan). The RNA quantity was determined with a
NanoDrop 2000 spectrophomoter (Thermo, Wilmington, DE, USA).
The full-length coding sequence of ZmHsf12 was amplified by RT-PCR
using forward primer (5-ATGCAGGGCGGCGGGGTGGC-3') and
reverse primer (5'-CTAGTACAGCCCATTCCCTGA-3') with
PrimeSTAR HS DNA polymerase (TaKaRa). The PCR reaction
mixture and amplification program were as described by Li et al.
(2015). The amplification products were sequenced after they were
cloned into T-vector (Transgen, Beijing, China).

Quantitative Real-time PCR

Quantitative real-time PCR (qQRT-PCR) assays were performed in a
7500 Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) using SYBR Premix Ex Taq (TaKaRa). The maize S-actin gene
was used as an endogenous control gene to normalize gene
expression, whereas the Ardctin8 gene was used as the control in
Arabidopsis. Three biological replicates at least were carried out and
relative gene expression was analyzed using the method previously
described by Li et al. (2015). Primer sequences used in this
experiment are listed in Table S1.

Semi RT-PCR Analysis

Using semi RT-PCR, we measured the relative mRNA abundance for
ZmHsf12 in two-week-old transgenic Arabidopsis seedlings. For semi
RT-PCR, the first strand of cDNA was synthetized by reverse transcription
from 1 pg of total RNA. The ZmHsf12 fragment were obtained using
gene-specific primers (5-GCTTCATCGTCTGGAACAC-3' and 5'-
TTCAATCTCTTCCTCCAACC-3"). AtActin2 (At3g18780), the loading
control, was amplified with the specific primers (5'-CAATCGTGT-
GTGACAATGG-3' and 5'-AACCCTCGTAGATTGGCA-3"). The
PCR products were examined by electrophoresis on a 1% agarose gel
and images were captured with the Gel Doc System Universal Hood
II (Bio-Rad, Hercules, CA, USA).

Subcellular Localization of ZmHsf12 in Onion Epidermis Cells

The ZmHsf12 CDS amplified by PCR without the stop codon using the
following primers (forward: 5-GAGAACACGGGGGACTCTAG-
AATGCAGGGCGGCGGG-3'; reverse: 5-GCCCTTGCTCACCATG-
GATCCGTACAGCCCATTCCC-3'), the amplified fragment was
inserted into the pCAMBIA1300-GFP vector which was restricted in
advance with the restriction enzymes Xba I and BamH 1 according to
the ClonExpress II one step cloning kit (Vazyme, Jiangsu Sheng,
China) instruction.

Gold particle embedding and bombardment were performed as
described by Li et al. (2014). The bombarded onion epidermis was
placed on MS agar plates, sealed and cultured in the dark at 22°C

overnight. The epidermis was then stained with DAPI (10 pg mlI™) for 5
min and rinsed with physiological saline three times, each for 5 min.
The fluorescence was then examined in the stained cells using a Zeiss
LSM510 META confocal laser microscope.

Thermotolerance Assay of Yeast Cells Overexpressing ZmHsf12

The yeast expression vector pYES2 (Invitrogen, Carlsbad, CA, USA)
contains GAL1 promoter. Expression of genes cloned downstream of
the GAL1 promoter can be induced by galactose (but not by glucose)
in the medium in Saccharomyces cerevisiae, which is often used to
select ura3-genotype host strain transformants using the URA3 gene.
The PCR primers (forward, 5'-GGGAATATTAAGCTTGGTACCA-
TG-GAGGGCGGCGGGGTG-3'; reverse, 5-TGATGGATATCTGC-
AGAATTCCTAGTACAGCCCATTCCC-3') were designed to amplify
the CDS of ZmHsf12. Using the ClonExpress II one step cloning kit
(Vazyme), the PCR products were integrated into the pYES2 vector
digested with Kpn I and EcoR 1 (NEB, Ipswich, MA, USA).

The pYES2-ZmHsf12 construct and the pYES2 control vector were
transformed into competent cells of yeast strain /NVScl using LiAc
method (Gietz et al. 1992). SC-Glu-Ura” medium was used to select
the transformants. Pick single colony into 50 ul ddH,O, mixed, froze
and thaw in liquid nitrogen for 3 times. Using the PCR method,
positive yeast clones were obtained. For the thermotolerance test on solid
SD-Gal inducing medium, positive clones of the two strains were picked
into liquid SC-Glu-Ura” medium and the cultures were shaken overnight
(250 rpm) until the ODgyy was 0.6-0.7. The cultures were diluted to and
ODg of 0.2 with SC-Glu-Ura™ liquid medium and shaken for 2-3 h to
allow the cells to enter the exponential phase of growth (ODgy of 0.4-
0.8), after which they were collected by centrifugation, washed twice
with sterile water, and then serially diluted to ODgy, 0f 0.1, 0.05, and 0.01.
There were two groups in the experiment: one group was subjected to HS
in a water bath at 50°C for 15 min, and the other group was the control
(no HS). Small aliquots (8 pl) of each culture dilution were plated on SC-
Gal-Ura™ medium, the plates were incubated at 30°C and colonies were
observed and photographed after 3 days. For the thermotolerance test in
liquid SD-Gal inducing medium, exponential phase cells grown in liquid
SC-Glu-Ura™ medium were diluted to an ODgy of 0.2 with the same
liquid medium, and divided into two groups as before. One group was the
control, and the other group was subjected to HS in a 50°C water bath for
15 min. The two groups were then shaken and the ODggp Was measured
every three hours.

Plasmid Constructs and Plant Transformation

The CDS of ZmHsf12 was amplified using the gene-specific PCR
primers  (5-GAGAACACGGGGGACTCTAGAATGCAGGGCG-
GCGGG-3' and 5'-CGATCGGGGAAATTCGAGCTCCTAGTACA-
GCCCATTCCC-3"). The amplified fragment was integrated into the
pCAMBIA1300 vector digested with Xba I and Sac I (NEB).
Agrobacterium tumefaciens strain GV3101 was then transformed
with the pCAMBIA1300-35S::ZmHsf12 construct. Arabidopsis
transformation was performed using the floral dip method described by
Clough and Bent (1998). MS culture medium containing 25 pg 1™
hygromycin was used to screen transgenic Arabidopsis lines,. In this
experiment, the homozygous T3 generation of the transgenic lines was
used.

Thermotolerance Analysis in Arabidopsis

Seedlings of WT Arabidopsis and transgenic lines were sown
together on the same 0.5 x MS plate. In the basal thermotolerance
assay, seedlings grown for 5 days under normal conditions were
exposed to 45°C for 50 min in a growth chamber and then allowed to
recover at 22°C. In the acquired thermotolerance assay, 5-day-old
seedlings were exposed to 37°C for 1 h in a chamber, returned to
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normal growth conditions for 2 days, exposed to 46°C for 60 min
again, and then allowed to recover at 22°C. The growth changes in
the seedlings of the different genotypes were photographed after
recovery for 8 days and the viable seedlings were counted. The
seedlings that had grown new leaves were considered to be survivors.
Referring to the method described by Li et al. (2015), the chlorophyll
content of the different genotypes was mesured.
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