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ZmLEA3, a Multifunctional Group 3 LEA Protein from Maize
(Zea mays L.), is Involved in Biotic and Abiotic Stresses
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Late embryogenesis abundant (LEA) proteins accumulate to
high levels during the late stage of seed maturation and in
response to water deficit, and are involved in protecting
higher plants from damage caused by environmental stres-
ses, especially drought. In the present study, a novel maize
(Zea mays L.) group 3 LEA gene, ZmLEA3, was identified and
later characterized using transgenic tobacco plants to inves-
tigate its functions in abiotic and biotic stresses. Transcript
accumulation demonstrated that ZmLEA3 was induced in
leaves by high salinity, low temperature, osmotic and oxida-
tive stress as well as by signaling molecules such as ABA,
salicylic acid (SA) and methyl jasmonate (MeJA). The tran-
script of ZmLEA3 could also be induced by pathogens
[Pseudomonas syringae pv. tomato DC3000 (pst dc3000)].
ZmLEAS3 is located in the cytosol and the nucles. Further
study indicated that the ZmLEA3 protein could bind
Mn**, Fe**, Cu>™ and Zn>*. Overexpression of ZmLEA3 in
transgenic tobacco (Nicotiana tabacum) and yeast (GS115)
conferred tolerance to osmotic and oxidative stresses.
Interestingly, we also found that overexpression of ZmLEA3
in transgenic tobacco increased the hypersensitive cell death
triggered by pst dc3000 and enhanced the expression of
PR1a, PR2 and PR4 when compared with the wild type.
Thus, we proposed that the ZmLEA3 protein plays a role
in protecting plants from damage by protecting protein
structure and binding metals under osmotic and oxidative
stresses. In addition, ZmLEA3 may also enhance transgenic
plant tolerance to biotic stress.

Keywords: Hypersensitive response e Metal binding e
Osmotic stress ¢ Oxidative stress e Plant pathogens e
ZmLEA3.

Abbreviations: APX, ascorbate peroxidase; BMGY, buffered
glycerol-complex medium; BMMY, buffered methanol-com-
plex medium; CaMV, Caulifower mosaic virus; CAT, catalase;
CS4, citrate synthase 4 GFP, green fluorescent protein; HR,
hypersensitive response; IMAC, immobilized metal ion

affinity chromatography; JA, jasmonate; LEA, late embryogen-
esis abundant; LDH, lactate dehydrogenase; MDA, malondial-
dehyde; MeJA, methyl jasmonate; MS, Murashige and Skoog;
PEG, polyethylene glycol; POD, peroxidase; PR, pathogenesis
related; pst dc3000, Pseudomonas syringae pv. tomato
DC3000; qRT-PCR, quantitative real-time reverse transcrip-
tion-PCR; ROS, reactive oxygen species; SA, salicylic acid;
TBA, thiobarbituric acid; TCA, trichloroacetic acid; SOD,
superoxide dismutase; WT, wild type; YNB, yeast nitrogen
base.

Introduction :-
Environmental stresses such as drought, high salinity and dis-
ease induce changes in enzyme activities and gene expression in
crop plants, leading to considerable reduction in their growth
and productivity. In response to various stresses, plants pro-
duce a series of proteins to protect cell metabolism. The syn-
thesis of hydrophilic proteins is a major part of the plant
response to stress conditions. Late embryogenesis abundant
(LEA) proteins are major hydrophilic proteins, which can
reduce the damage caused by adverse conditions.

LEA proteins were first identified in cotton seeds 31 years
ago (Dure and Galau 1981); they are accumulated during the
late stages of seed development and are associated with the
acquisition of desiccation tolerance in maturing seeds. LEA pro-
teins have high hydrophilicity, a lack or low proportion of cyst-
eine and tryptophan residues, and a preponderance of certain
amino acid residues such as glycine, glutamate, lysine and
threonine. According to amino acid sequences and conserved
motifs, LEA proteins are categorized into seven distinctive
groups (Battaglia et al. 2008). Three major groups (numbered
1, 2 and 3) of LEA proteins have been described in a range of
different plants and plant tissues. Group 3 LEA protein func-
tions have been extensively studied in transgenic plants, and are
characterized by a repeating motif of 11 amino acids
TAQAAKEKAGE (Dure 1993). Circular dichroism (CD) analysis

Plant Cell Physiol. 54(6): 944-959 (2013) doi:10.1093/pcp/pct047, available online at www.pcp.oxfordjournals.org
(© The Author 2013. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
All rights reserved. For permissions, please email: journals.permissions@oup.com
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Response of tobacco to the Pseudomonas syringae pv. Tomato
DC3000 is mainly dependent on salicylic acid signaling pathway
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Abstract

Pseudomonas syringae pv. Tomato DC3000 (Pst DC3000) was the first pathogen
to be demonstrated to infect Arabidopsis and to cause disease symptoms in the
laboratory setting. However, the defense response to Pst DC3000 was unclear
in tobacco. In this report, the expression profiles of twelve defense response—
related genes were analyzed after treatment with salicylic acid (SA), jasmonic
acid (JA), and pathogen Pst DC3000 by qRT-PCR. According to our results, it
could be presented that the genes primarily induced by SA were also induced
to higher levels after Pst DC3000 infection. SA accumulation could be induced
to a higher level than that of JA after Pst DC3000 infection. In addition, SA
could result in hypersensitive response (HR), which did not completely depend
on accumulation of reactive oxygen species. These results indicated that
tobacco mainly depended on SA signaling pathway rather than on JA signaling
pathway in response to Pst DC3000. Further study demonstrated that JA could
significantly inhibit the accumulation of SA and the generation of the HR
induced by Pst DC3000.

response; tobacco.

Introduction

Plants are sessile organisms, and thus, they have evolved
efficient mechanisms to combat attacks from pathogens,
including the basal immune systems and highly specific
resistance (Jones & Dangl, 2006). One of the most effec-
tive defense mechanisms to against pathogens is the
hypersensitive response (HR; Hammond-Kosack & Jones,
1996). The HR prevents pathogens from extracting nutri-
ents from the host plant’s healthy tissue. It is initiated as
the plant develops necrotic lesions in the locally infected
tissue, and is accompanied by the accumulation of sali-
cylic acid (SA) and jasmonic acid (JA; Malamy et al.,
1990; Metraux et al, 1990). Finally, some pathogenesis-
related (PR) proteins become activated and participate in
the HR (Bol et al, 1990; Ohshima et al., 1990; Seo et al.,
1997).

The plant hormones SA and JA are thought to be
involved in the regulation of signaling networks, includ-
ing pathogen-associated molecular patterns (PAMP)

FEMS Microbiol Lett 344 (2013) 77-85

responses and effector-triggered immunity (Bent &
Mackey, 2007; Zipfel, 2009). Following the early signaling
that occurs after a pathogen attack, plant-generated SA
and JA usually act as secondary signaling molecules. So the
accumulation of SA and JA has been widely used as a reli-
able marker of defense responses and is closely associated
with redox homeostasis, hypersensitive cell death, and sys-
temic acquired resistance (Dong, 2004; Song et al., 2004).
Plants defend themselves against a pathogen attack
using two principally different mechanisms: (1) their
existing defense faculties, such as physical barriers; and
(2) inducible defense responses. When a pathogen breaks
through a plant’s physical barriers, the plant cells send
signals alerting of the breach and then activate the induc-
ible defense mechanisms. The inducible defense response
often requires a large number of defense genes to be
expressed, which produce many different types of pro-
teins, such as cell wall proteins, hydrolytic enzymes
(chitinases and -1, 3-glucanases), and other PR proteins,
WRKY transcriptional factors, protease inhibitors (Pls),

@ 2013 Fed of Mic al Societies
Published by John Wiley & Sons Ltd. Al rights reserved
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Group 5 LEA protein, ZmLEASC, enhance tolerance to osmotic and low
temperature stresses in transgenic tobacco and yeast
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Group 5 LEA (Late Embryogenesis Abundant ) proteins contain a significantly higher proportion of hy-
drophobic residues but lack significant signature motifs or consensus sequences. This group is considered
as an atypical group of LEA proteins Up to now, there is little known about group 5C LEA proins in
maize Here, we identified a novel group 5C LEA protein from maize. The accumulation of transcripts

Keywords:

Low temperature stress
Osmotic stress
Phaosphorylation
ZmISFASC

d trated that ZnLEASC displayed similar induced characteristics in leaves and roots. Transcrip tion
of ZnLEASC could be induced by low temperature, osmotic and oxidative stress and some signaling
molecules, such as abscisic acid (ABA), saliclke acid (SA) and metlyl jasmonate (MeJA). However,
transcription of ZmLEASC was significantly inhibited by high salinity. Further study indicated that the
ZNLEASC protein could be phasphorylated by the protein kinase CKIL. ZmLEASC could protect the activity
of LDH under water deficit and low temperature stresses. Overexpression of ZmLEASC conferred to
transgenic tobacco (Nicotiana benthamiana) and yeast (GS115) tolerance to csmotic and low temperature

stresses.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

In response to adverse conditions, plants have developed mul-
tiple pathways for adaptation or adjustment to survive under these
conditions. Late-Embryogenesis Abundant (LEA ) proteins accumu-
late during the late stages of seed development. These proteins have
a low molecular weight and highly hydrophilic characteristics and
are ubiquitous in plants (Dure et al, 1989). Many studies have
demonstrated that LEA proteins are associated with desiccation
tolerance in maturing seeds and plants. Some LEA proteins could act
as a kind of oxygen scavengers (Hara et al., 2013; Kim et al, 2013).

The nomendature of LEA pmoteins is different according to
different dassification methods (Dure et al, 1989; Wise and

Abbreviations: ABA, abscisic ackl; GFP. green fluorescent proten; LEA, Lte
embryogenesis abundant; ORF, open reading frame; gRT-PQR, quantitative real-
time reverse transcription-PCR; JA, jasmonate; SA, saiylic acid; LDH, lactate de-
hydrogenase; ROS, reactive axygen speces; M D, minimal dextrose medium; BMCY,
buffered glyceral.complex medum; BMMY, buffered methanol.complex medium;
YNB, yext nitrogen hase; YPD, yeast extrat pepome dextrose medum; RWC
reldive water content

* Corresponding author. Qate Key Liboratory of Crop Biology, Caollege of life
Sciences, Shandong Agncultwral University, 61 Dai Zong Street Tafan
Shandong 271018, China. Tel: <86 538 824 9137; fax: <86 538 824 9608

E-mail addrecses: dgli@sdausducn, b00011@xdaweduon (D. L)

! These authors contributed equally to this work.

http: [fdedoiorg/ 101016 fj plaphy2014.08.016
0981.9428/0 2014 Hlsevier Masson SAS. All nights reserved.

Tunnadiffe, 2004; Battaglia et al, 2008). According to the amino
acid sequence homologyand the conserved motifs, LEA proteins are
categorized into seven distinctive groups. The dassified methods
define the structural, functional, and evolutionary relationships of
different group LEA proteins (Battaglia et al., 2008 ). Groups 1 (Em),
2 (dehydrin), 3, 4, 6, and 7, which have spedfic motifs within each
respective group, are considered as typical LEA protein. While
group 5 lacks a significant signature motif ora consensus sequence,
it is considered an atypical LEA protein. According to the nomen-
dature (Cuming, 1999; Battaglia etal., 2008), the LEA proteins were
also annotated as the first proteins described for this group: group 1
(D-19), group 2 (D-11), group 3 (D-7/D-29), and group 4 (D-113),
group 6 (LEA18) and group 7 (ASR1). Group 5 LEA proteins are
nonhomologous proteins, w hich were assigned to three subgroups
SA, 5B, and 5C The three subgroups are also annotated as D-34, D-
73 and D-95 by Cumming (1999 ), which were the first described
proteins for this group. Group 5 LEA proteins contain a significantly
higher proportion of hydrophobic residues than typical LEA pro-
teins. Unlike typical LEA proteins, group 5 LEA proteins have a
globular conformation, which is not soluble after boiling (Cuming,
1999; Baker et al.,, 1988; Galau et al., 1993).

Although significant similarity has not been detected among the
different LEA protein families, recent studies have provided
experimental evidence demonstrating the roles of LEA proteins
under a broad range of stresses (Battaglia et al., 2008; Sun et al.,
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ZmHSP16.9, a cytosolic class I small heat shock protein in maize
(Zea mays), confers heat tolerance in transgenic tobacco
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Abstract Various organisms produce HSPs in response
to high temperature and other stresses. The function of heat
shock proteins, including small heat shock protein (sHSP),
in stress tolerance is not fully explored. To improve our
understanding of sHSPs, we isolated ZmHSP16.9 from
maize. Sequence alignments and phylogenetic analysis
reveal this to be a cytosolic class | sHSP. ZmHSP16.9
expressed in root, leaf and stem tissues under 40 °C
treatment, and was up-regulated by heat stress and exog-
enous H,0,. Overexpression of ZmHSP16.9 in transgenic
tobacco conferred tolerance to heat and oxidative stresses
by increased seed germination rate, root length, and anti-
oxidant enzyme activities compared with WT plants. These
results support the positive role of ZmHSP16.9 in response
to heat stress in plant.

Key message The overexpression of ZmHSP16.9 enhanced
tolerance to heat and oxidative stress in transgenic tobacco.

Keywords Heat stress - Small heat-shock protein -
Maize - Heat tolerance
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Introduction

Plants as sessile organisms are exposed to persistently
changing stress factors that limit the growth and yield of
diverse crop plants. The environmental factors include
drought, salinity, high and low temperatures and chemicals
(Zhu 2002). It is generally accepted that the worldwide
greenhouse effect produces a warmer world. The heat
stress is even more damaged and can disturb cellular
homeostasis and lead to severe retardation in growth and
development, and even death (Kotak et al. 2007). However,
plants deploy a variety of sophisticated mechanisms to
rapidly sense a changing environment and protect them-
selves from these environmental stresses (Xiong et al.
2002; Zhu 2001, 2002).

The heat shock protein (HSP) superfamily is one of the
proteins universally accumulated under heat stress condi-
tion (Schlesinger 1990). In plants, HSP genes are also
induced in response to a large number of abiotic stresses,
such as cold, salinity, drought, and some signaling mole-
cules, such as abscisic acid (ABA), salicylic acid (SA), and
H,0,, suggesting that HSPs play important roles in pro-
tecting plants against stress and in the reestablishment of
cellular homeostasis (Chamg et al. 2006: Guan et al. 2004;
Ma et al. 2006; Malik et al. 1999; Rampino et al. 2009; Sun
et al. 2001; Volkov et al. 2006). Molecular weight placed
the plant HSPs into six groups: HSP100s; HSP90s:
HSP70s; HSP60s: and small HSPs (sHSPs) (12-40 kDa)
(Sanmiya et al. 2004), and co-chaperones HSP40 or DNAJ
family (Qiu et al. 2006).

Plant sHSPs are divided into six classes: three classes of
(classes CI, CII and CIII) sHSPs are localized in the
cytosole or in the nucleus and the other three in the plas-
tids, endoplasmic reticulum and mitochondria (CIV, CV
and CVI) (Sun et al. 2002; Wang et al. 2004). Completion
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Ectopic expression of ZmSIMK1 leads to improved drought tolerance
and activation of systematic acquired resistance in transgenic tobacco
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The mitogen-activated protein kinase (MAPK) cascades play pivotal roles in diverse signaling path-
ways related to plant biotic and abiotic stress responses. In this study, a group B MAPK gene in Zea
mays, ZmSIMK1, was functionally analyzed. Quantitative real-time PCR (QRT-PCR) analysis indicated that
ZmSIMK1 transcript could be induced by drought, salt, Pseudomonas syringae pv. tomato DC3000 (Pst
DC3000) and certain exogenous signaling molecules. Analysis of the ZmSIMK1 promoter revealed a group
of putative cis-acting elements related to drought and defense responses. B-Glucuronidase (GUS) staining

;m:sl produced similar results as gRT-PCR. ZmSIMK1 was mainly localized in the nucleus, and further study
Ectopic expression indicated that the C-terminal domain (CD) was essential for targeting to the nucleus. Transgenic tobacco
Drought stress accumulated less reactive oxygen species (ROS), had higher levels of antioxidant enzyme activity and
HR osmoregulatory substances and exhibited an increased germination rate compared with wild-type (WT)
SAR tobacco under drought stress. ROS-related and drought stress-responsive genes in transgenic tobacco

were significantly upregulated compared with the same genes in WT lines under drought stress. More-
over, overexpression of ZmSIMK1 promoted the hypersensitive response (HR) and pathogen-related gene

(PR) transcription in addition to triggering systemic acquired resistance (SAR) in tobacco.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Plants are exposed to diverse stress conditions, including
drought, saltand pathogen infection, throughout their life cycles. To
address various stresses, plants have evolved a variety of biochem-
ical and physiological mechanisms. Among the stresses, drought
and pathogens constitute major limits to crop productivity. MAPK
cascades have been demonstrated to play roles in a myriad of
cellular processes, including biotic and abiotic stresses, growth,
differentiation and cell death (Nakagami et al., 2005; Rodriguez

Abbreviations: MAPK, mitogen-activated protein kinase; gRT-PCR, quantitative
real-time PCR; RT-PCR, reverse transcription PCR; Pst DC3000, Pseudomonas syringae
pv. tomato DC3000; ROS, reactive oxygen species; PR, pathogen related genes; SAR,
systemic acquired resistance; ABA, abscisic acid; SA, salicylic acid; MeJA, methyl
jasmonate; GFP, green fluorescent protein; DAPI, 4'6-dianidino-2 phenylindole; CD,
C-terminal domain; KD, kinase domain; REL, relative electrolyte leakage; MDA,
malondialdehyde; NBT, nitroblue tetrazolium; DAB, 3,3'-diaminobenzidine; APX,
ascorbate peroxidase; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase;
DMTU, dimethylthiourea; H,0;, hydrogen peroxide; HR, hypersensitive response;
CaMV, cauliflower mosaic virus; CTAB, cetyl-trimethyl-ammonium bromide; GUS,
B-glucuronidase.

* Corresponding author at: State Key Laboratory of Crop Biology, College of Life
Sciences, Shandong Agricultural University, 61 Dai Zong Street, Tai'an, Shandong
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0168-1656/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http:/{dx.doi.org{10.1016/j.jbiotec.2013.11.006

etal., 2010; Kosetsu et al., 2010). MAPK is activated by its upstream
specific MAPKK via the phosphorylation of conserved threonine
(T) and tyrosine (Y) residues in the catalytic subdomain. MAPKK
itself is activated via the phosphorylation of two serine/threonine
residues in a conserved S/T-X3-5-S/T motif by an upstream MAP-
KKK (Chang and Karin, 2001). After activation, the MAPK module is
either translocated into the nucleus or maintained in the cytoplasm
to initiate the cellular responses through the phosphorylation of
downstream proteins (Qiu et al., 2008; Nadarajah and Sidek, 2010).
Thus, MAPKs, as the last component of the MAPK cascade, play a
major role in signal transduction from upstream components to the
target. MAPKs are ubiquitous proteins in eukaryotes and exist as a
gene family. For example, the Arabidopsis thaliana genome contains
a total of 20 MAPK genes, and 17 MAPK genes have been identified
in the rice genome (Rohila and Yang, 2007; Nadarajah and Sidek,
2010), indicating the complexity of the MAPK cascades in the plant
kingdom.

Since the first report of a plant MAPK identified MSERK1 in alfalfa
(Duerr et al., 1993) and D5 kinase in pea (Stafstrom et al., 1993),
MAPK components have been isolated from many plant species
(Mizoguchi et al., 1993; Wilson et al., 1993). Among these, specific
MAPKs involved in drought and biotic stress signal transduc-
tion have been identified, including AtMPK4 and AtMPK6, which
are activated by osmotic stress, and AtMEKK1-AtMKK1/AtMKK2-
AtMPK4, which is involved in drought, cold and salt stress signal
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Studies on the Classification and Function of LEA Proteins

Liu Yang Xing Xin Li Dequan
(State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Taian 271018)

Abstract: LEA proteins (late embryogenesis abundant proteins) had important biological function. Low temperature, drought,
salinity and ABA can induce the expression of LEA proteins. Significant physical and chemical properties of LEA proteins are high hy-
drophilic and themmal stability. According to the character, LEA proteins can be divided into different groups. LEA proteins can scav—

enge ROS and free radical, stabilize the structure of membrane, and protect enzyme against inactivation. The classification, function

and expression regulation of LEA proteins were summarized in this paper.
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