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Abstract

Background: Phytohormone abscisic acid (ABA) is involved in the regulation of a wide range of biological
processes. In Arabidopsis, it has been well-known that SnRK2s are the central components of the ABA signaling
pathway that control the balance between plant growth and stress response, but the functions of ZmSnRK2 in
maize are rarely reported. Therefore, the study of ZmSnRK2 is of great importance to understand the ABA signaling
pathways in maize.

Results: In this study, 14 ZmSnRK2 genes were identified in the latest version of maize genome database.
Phylogenetic analysis revealed that ZmSnRK2s are divided into three subclasses based on their diversity of C-
terminal domains. The exon-intron structures, phylogenetic, synteny and collinearity analysis indicated that SnRK2s,
especially the subclass Ill of SnRK2, are evolutionally conserved in maize, rice and Arabidopsis. Subcellular
localization showed that ZmSnRK2 proteins are localized in the nucleus and cytoplasm. The RNA-Seq datasets and
gRT-PCR analysis showed that ZmSnRK2 genes exhibit spatial and temporal expression patterns during the growth
and development of different maize tissues, and the transcript levels of some ZmSnRK2 genes in kernel are
significantly induced by ABA and sucrose treatment. In addition, we found that ZmSnRK2.10, which belongs to
subclass 1ll, is highly expressed in kernel and activated by ABA. Overexpression of ZmSnRK2.10 partially rescued the
ABA-insensitive phenotype of snrk2.2/2.3 double and snrk2.2/2.3/2.6 triple mutants and led to delaying plant
flowering in Arabidopsis.

Conclusion: The SnRK2 gene family exhibits a high evolutionary conservation and has expanded with whole-
genome duplication events in plants. The ZmSnRK2s expanded in maize with whole-genome and segmental
duplication, not tandem duplication. The expression pattern analysis of ZmSnRK2s in maize offers important
information to study their functions. Study of the functions of ZmSnRK 10 in Arabidopsis suggests that the ABA-
dependent members of SnRK2s are evolutionarily conserved in plants. Our study elucidated the structure and
evolution of SnRK2 genes in plants and provided a basis for the functional study of ZmSnRK2s protein in maize.
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Background

Phytohormone abscisic acid (ABA) is widely involved in
plant growth and development, responses to biotic and
abiotic stresses, as well as crop grain filling and seed
maturation processes [1, 2]. The core regulatory compo-
nents of ABA signaling have been identified and studied
well in Arabidopsis. ABA binds to the receptors pyrabac-
tin resistance 1 (PYR1) and PYRI1-like proteins (PYLs),
which interact with and inhibit clade-A protein phos-
phatase type 2Cs (PP2Cs), leading to the release of
SnRK2 (Sucrose non-fermenting protein kinase 2). The
activated SnRK2s subsequently phosphorylate down-
stream target proteins such as ABA-responsive element-
binding factors (ABFs) to mediate various ABA re-
sponses [3—7]. SnRK2s are crucial for ABA signaling be-
cause ABA-mediated regulation of various physiological
processes is attributed to the SnRK2s-mediated phos-
phorylation of different downstream targets.

The first SURK2 gene, named PKABAI, was cloned
and characterized in wheat. PKABALI is involved in the
phosphorylation of downstream ABA responsive tran-
scription factor TaABF1 [8]. So far, the SnRK2 proteins
have been identified and characterized in many species,
including 10 members (SnRK2.1 to - 2.10) in Arabidop-
sis [9] and 10 (SAPK1 to - 10) in rice [10]. SnRK2 family
can be divided into three subclasses (subclass I, II and
III) based on the sequence of amino acids at the C-
terminal domain [9]. Analysis of the kinase activity of
SnRK2s in Arabidopsis and rice indicates that each sub-
class of SnRK2 has a discrepant activation pattern in re-
sponse to ABA and osmotic stress. Subclass I SnRK2s
are quickly and strongly activated by osmotic stress,
while the ABA-independent subclass II and III SnRK2s
are activated by both ABA and osmotic stress. Specific-
ally, subclass II SnRK2s are weakly activated by ABA,
and subclass III SnRK2s are rapidly and strongly acti-
vated by ABA. Therefore, subclass III SnRK2s are widely
considered as key regulators in ABA signaling pathway
[10-14]. In Arabidopsis, subclass III SnRK2s are
encoded by three genes, SuRK2.2, SnRK2.3, and SuRK2.6
which are quickly activated by ABA treatment [11, 15].
snrk2.2/2.3/2.6 triple mutant exhibits a small plant size
and is insensitive to ABA in terms of seed germination
and seeding growth [16]. Although SnRK2.2, SnRK2.3,
and SnRK2.6 function redundantly in ABA-mediated
regulation of plant growth and stress responses, there
also exhibit distinct functions in some aspects. SuRK2.6
is mainly required for ABA-induced stomatal closure,
and therefore snrk2.6 single mutant leads to severe water
loss in Arabidopsis leaves [17, 18]. SuRK2.2 and SnRK2.3
are particularly involved in the regulation of seed ger-
mination and seedling growth. snrk2.2/2.3 double mu-
tant can germinate in the presence of extremely high
ABA concentration [19]. In rice, subclass III SnRK2s
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include three genes, SAPK8, SAPK9, and SAPKI10 which
are homologous to Arabidopsis SnRK2.2, SnRK2.3, and
SnRK2.6 respectively. These three SnRK2 proteins are
also activated by ABA [10, 20]. Compared with Wild
type (WT), transgenic rice lines overexpressing SAPKS,
SAPK9, or SAPK10 show delayed germination and seed-
ling growth [21], suggesting that the subclass IIT SnRK2s
in rice is also involved in the regulation of seeds
germination.

Maize (Zea mays L.) not only serves as grain and for-
age crop but also is widely used as main raw material in
many fields such as food and bioenergy industries. In
maize, ABA coupled with the VIVIPAROUS1 (VP1)
transcription factor plays an essential role in kernel de-
velopment and maturation [22, 23]. In addition, ABA is
also a key factor in the regulation of programmed cell
death during maize endosperm development [24, 25].
Here, we conducted genome-wide identification of
ZmSnRK2 gene family in maize, and the gene structure,
chromosomal location, phylogenetic relationship, syn-
teny, and expression profiles of these ZmSnRK2s were
investigated. Moreover, we found that ZmSnRK2.10
gene, which belongs to subclass III, was activated by
ABA in maize. Overexpression of ZmSnRK2.10 could
partially complement the phenotype of Atsnrk2.2/2.3,
Atsnrk2.2/2.3/2.6 mutants and delay the flowering time
in Arabidopsis. This study will enhance our understand-
ing of the SnRK2 gene family and provide insights into
the functional diversity of SuRK2 genes in maize.

Results

Genome-wide identification and evolutionary analysis of
SnRK2 genes in maize

To identify possible SnRK2 homologs in MaizeGDB
database (https://maizegdb.org/), we constructed the
HMM (Hidden Markov Model) of SnRK2s based on
their protein sequences in Arabidopsis thaliana and
Oryza sativa, and used it for BLASTP analysis. A total of
14 candidate ZmSnRK2 genes were identified and char-
acterized (Additional file 1: Table S1), among which 10
ZmSnRK2 genes have been cloned and reported previ-
ously [26], we cloned the ZnSnRK2.9 gene and the
remaining three newly identified ZmSnRK2 genes were
designated = ZmSnRK2.12 to ZmSnRK2.14. To
characterize the properties of the identified SnRK2s in
maize, the protein sequences of ZmSnRK2s were ana-
lyzed by ExPASy (https://web.expasy.org/compute_pi/).
As shown in Table S1, the protein lengths of ZmSnRK2s
range from 333 amino acids (ZmSnRK2.3) to 366 amino
acids (ZmSnRK2.8 and ZmSnRK2.12) and the molecular
weights range from 37.84kDa (ZmSnRK2.3) to 42.84
kDa (ZmSnRK2.5). The ZmSnRK2 proteins were acidic
with predicted pl values varying from 4.57 to 6.73.


https://maizegdb.org/
https://web.expasy.org/compute_pi/

Long et al. BMC Plant Biology (2021) 21:309

The full-length of 14 ZmSnRK2 proteins downloaded
from Gramene (http://ensembl.gramene.org/) were clus-
tered by clustalwl.83, and then a neighbor-joining (NJ)
phylogenetic tree was constructed (Additional file 1: Fig.
S1A). Comparative analysis showed that ZmSnRK2s were
clustered into three subclasses, in which ZmSnRK2.12
with ZmSnRK2.8, ZmSnRK2.9 and ZmSnRK2.10 was
classified as subclass III, while ZmSnRK2.13 and
ZmSnRK2.14 with ZmSnRK2.4, ZmSnRK2.5,
ZmSnRK2.6, ZmSnRK2.7 and ZmSnRK2.11 were clus-
tered into subclass 1. Based on previous reports [26, 27],
ZmSnRK2.3 with ZmSnRK2.1 and ZmSnRK2.2 were clas-
sified as subclass II. The conserved motifs in ZmSnRK2
proteins were analyzed by MEME (http://meme-suite.
org/), all the ZmSnRK2 proteins were identified to con-
tain six large conserved motifs (Additional file 1: Fig.
S1A). Among these proteins, the location of the con-
served motifs in subclass III proteins showed a high
similarity, while the other 10 ZmSnRK2s (subclass I and
subclass II) exhibited a similar pattern of motifs distribu-
tion. Protein sequences alignment indicated that the
ZmSnRK2s were evolutionarily conserved, and the varia-
tions in ZmSnRK2 proteins were mainly identified at C-
terminal regions (Additional file 1: Fig. S1B).

To investigate the evolutionary features of identified
ZmSnRK2 genes in maize with that in other plants, phylo-
genetic and conserved motifs analysis were performed
based on the amino acid sequences of all SnRK2 proteins
from Zea mays, Arabidopsis thaliana and Oryza sativa. All
these SnRK2s were clustered into three subclasses and con-
tain six large conserved motifs too (Additional file 1: Fig.
S2A, Fig. S2B). It is worth noting that ZmSnRK2.8/2.9/2.10/
2.12 belong to the same branch with SnRK2.2/2.3/2.6 in
Arabidopsis and SAPK8/9/10 in rice and exhibited a similar
pattern of conserved motifs distribution (Fig. 1A). ShRK2.2/
2.3/2.6 play a crucial role in responding to ABA signal
pathway in Arabidopsis [28], which may suggest these four
members of subclass III play an important function in re-
sponse to ABA signal in maize. The other two newly identi-
fied ZmSnRK2 genes (ZmSnRK2.13 and ZmSnRK2.14)
were clustered with AtSnRK2s in Arabidopsis that are par-
ticularly involved in response to osmosis stress [16], which
suggested a possible role of these two ZmSnRK2s in the
regulation of osmotic stress in maize. The difference be-
tween subclass III with subclass I and subclass II was that
aspartic acid (short for D) was enriched in the C-terminal
regions of subclass III proteins, while glutamate (short for
E) was enriched in the C-terminal regions of subclass I and
II proteins (Fig. 1B and Additional file 1: Fig. S2C).

Genes structure, chromosomal localization and synteny
analysis of ZmSnRK2 genes in Zea mays

To explore the structural diversity of the ZmSnRK2
members, the intron-exon organization of each
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ZmSnRK2 gene was analyzed by comparing the cDNA
sequences with the corresponding genomic DNA se-
quences. As show in Fig. 2A, most of ZmSnRK2 genes
contain nine exons and eight introns, whereas
ZmSnRK2.5 only consists of a single intron. Compared
with other ZmSnRK2 genes, ZmSnRK2.6 contains a long
intron in its gene structure. Notably, three members
(ZmSnRK2.1, ZmSnRK2.2 and ZmSnRK2.3) clustered in
subclass I share a high similarity in gene structure. For
four ZmSnRK2 members (ZmSnRK2.8, ZmSnRK2.9,
ZmSnRK2.10, and ZmSnRK2.12) clustered in subclass
I, ZmSnRK2.8 and ZmSnRK2.12 share a high similarity
in gene structure, as well as ZmSnRK2.9 and
ZmSnRK2.10. Besides, ZmSnRK2.14, ZmSnRK2.11 and
ZmSnRK2.4 share a high similarity in gene structure, as
well as ZmSnRK2.13 and ZmSnRK2.7.

Combining the information of the highly conserved
motifs, phylogenetic and gene structures analysis of
ZmSnRK2s, we speculated that the expansion of
ZmSnRK2s in maize tended to be tandem or segmental
duplication events. Firstly, the physical locations of the
ZmSnRK2 genes on chromosomes were analyzed based
on the genome database. As the Fig. 2B shown that all
the identified ZmSnRK2 genes could be mapped on
maize chromosomes from 1 to 10, with each 3 on
chromosome 1 and 5. Interestingly, four ZmSnRK2
members clustered in subclass III were located at the
distal side of either chromosome 1 or chromosome 5.
Moreover, ZmSnRK2.8 and ZmSnRK2.9 are closely asso-
ciated on chromosome 1, while ZmSnRK2.10 and
ZmSnRK2.12 are closely associated on chromosome 5.
In addition, we identified many segmental duplication
events but not tandem duplication events among SnRK2s
in maize by using MCScanX program. Furthermore, syn-
teny and collinear relationships among Zea mays, Arabi-
dopsis thaliana and Oryza sativa were analyzed to
investigate potential evolutionary events of SnRK2s in
plants. Each member of SnRK2 in maize has one or
more orthologous genes in Arabidopsis and rice, and
this collinearity relationship occurs in the same subclass
(Fig. 2C), suggesting that the duplication events of
SnRK2s have occurred in plants before the differenti-
ation of maize, rice, and Arabidopsis. Together, these re-
sults indicated that the expansion of SnRK2 genes family
in maize mainly because of segmental duplication.

Expression pattern analysis of ZmSnRK2 genes in Zea
mays

To explore the biological functions of ZmSnRK2 genes,
we first analyzed the expression profile of ZmSnRK2
genes in 78 samples. These samples were derived from
different tissues at different developmental stages of
maize and the transcriptome data in these samples were
downloaded from NCBI database (http://www.ncbi.nlm.


http://ensembl.gramene.org/
http://meme-suite.org/
http://meme-suite.org/
http://www.ncbi.nlm.nih.gov/sra

Long et al. BMC Plant Biology (2021) 21:309 Page 4 of 17

A I s R
88 — ZmSnRK2.9
o7 93 1 ZmsnRK2.10
OSSAPK10 ~— T E—
96 OsSAPK9 . [N s
ZmSnRK2.8

100, S5 L— ZmSnRK2.12

AtSNRK22 . Iammmon s s o
100 AtSNRK2.3 . T s o

0.05 W viotitt [ motir2 [l Motits llMotirs IliMotits Il Motife
B * 40 * 60 80
ZmSnRK2.9: P P P s RO S 'E | R R EK 95
ZmSnRK2.10: P P P s RDM 8 NE VR R EK 95
OsSAPK10: p p p s ROni 8 BE VR R EK 100
OsSAPK9: RO 8 BB | R R EK 90
OsSAPK8: RO\ S |E | R R EK 90
ZmSnRK2.12: RDpi 8 M\ R R DK 20
ZmSnRK2.8: KEp 8 B |\ R R EK 89
AtSnRK2.6: Ko 8 \E || R R EK 88
AtSnRK2.2: s F R R EK 20
AtSnRK2.3: s R R DK : 89
LVAVKYIeRGeKIDeNVqREIINHRSL4HPNIGRFKEVILTP3
* 120 * 140 * 160 * 180 * 200
ZmSnRK2.9: M:EY S R S |/SYCHSM CHR T :R/KCDF 188
ZmSnRK2.10: MEY S R S |/SYCHSM ' CHR 0 K (CDF 188
: M:EY S R S /SYCHSM 'CHRD 'K T KiiCDE 193
COothpro: MR- s s KicoE 17e
OsSAPKS: MEY S R S | /SYCHSM T K CDF 183
ZmSnRK2.12: MEY S R S | /SYCHSM CHR o) KiCDF 183
ZmSnRKZS MY S R S |/SYCHSM '(CHR o KIICOF 182
AtSnRK26 MY S R S |/SYCH M (CHR i i} KuCDE 181
AtSnRK2.2: MY R S |/SYCH M CHR 4 KiCDl : 190
AtSnRK2.3: M:EY S R CHR I CDF YSELLElily : 182
* 220 * 240 * 260 * 280 * 300
ZmSnRK2.9: p p p I --------—-—---} . 274
ZmSnRK2.10: F 2 : 288
OsSAPK10: F 1 279
OsSAPK9: H F : 251
OsSAPKS: H F D)y T, : 269
ZmSnRK2.12: H SVl Bl - — - ——————— . 269
ZmSnRK2.8: H F : 268
AtSnRK2.6: H U ol - — - —— ————— . 267
AtSnRK2.2: H VRS ol - — - ——————— : 276
AtSnRK2.3: R F Dl i——— . 268
* 320 * 340 * 360 * 380 *
ZmSnRK2.9: P N T h3: M ] ¥ 366
ZmSnRK2.10: 4 B M 8 Y 380
OsSAPK10: ¥ T M s | 371
OsSAPK9* Y & M 8 ¥ 346
OsSAPK8: ) o M 8 "B : 362
ZmSnRK2.12: Y T 3z M 8 | 362
ZmSnRK2.8: Y o MEDEMDS B' . 361
AtSnRK2.6: F T M s "B ;362
AtSnRK2.2: F B MODREDSES B : 369
AtSnRK2.3: EP F ) T MDDREDSES 81 : 361
6pEI h WF6KN6PaDL61d Q5 Ep QPmQ 6 IMQI6 EAT6P a 6 d LD6DDDM d dSd d 6D6 SSGEIVYA6
Domain llI Domain IV
Osmotic stress response ABA stress response

Fig. 1 Phylogenetic relationships, conserved motifs, and amino acid sequence alignment of subclass lll SNRK2s in maize, rice and Arabidopsis. (A)
Phylogenetic tree and conserved motifs analysis of subclass Ill SnRK2s family in maize, rice and Arabidopsis. (B) Amino acid sequence alignment

of the subclass Il SNRK2 proteins in maize, rice and Arabidopsis. Domain Il is responsible for osmotic stress response, and domain IV functions in
ABA stress response




Long et al. BMC Plant Biology (2021) 21:309 Page 5 of 17
p
A ZMSNRK2.14 4 *++—0-¢ - -
ZmSnRK2.4
ZmSnRK2.11
ZMSNRK2.5 -GS
ZmSnRK2.7
4|_T:ZmSnRK2.13
ZmSnRK2.6 wwl-4—0-+0—% PP
ZmSnRK2.3 wul—4——0H04—0 0 @
ZmSnRK2.1 w——— 88—+ 40008
ZmSnRK2.2 wulp———A4p— 00— 0 0 8
ZmSnRK2.12
7ZmSnRK2.8 il -4 40— ED e
ZmSnRK2.9 ww@-@—+4—0—0 0
ZmSnRK2,1g—.-.—l-0—0—.+-— .
akb 1lkb Zlkb I;kb ikb 5kb f‘ikb ;kb ékb S;kb 1I0kb 1I1kb
Legend:
@B CDS s upstream/downstream — Intron
N NS ~ on - 0
N N N N AN N NN
B cC2 ¢ @ 2 o¢ ¢ a8
< < < < II < I
,g . ___ __ x _____ N ______________J
8 1 2 3 4 5
S
£
2
[%]
Q
o
N i,
S g
% =
%] 1) 2 3 4 ) o / 8 9 10
'l\E‘ gE CGEEEED GEEED GEEED GEEEED GEED GEEED GEEED GEED GEE
©
g
©
N
V\
>
[ ©
£ g
G
©
N
>
Oc S ‘sgoé(r\v’-=‘_'=m===m==c»
X X X=X X X X X X
273 7 S 3 stz sz S s 3
2/77@,;90@/\, % B NI G 9 %] (%] %)
RA 272 9 Q) b 9 9 9
?.70 O ] 08 o OO ] o] e}
Fig. 2 Distribution and gene duplications of SnRKZs. (A) The exon-intron structure of ZmSnRK2s. The exons, introns, and untranslated regions are
indicated by red boxes, black lines and blue boxes, respectively. (B) Synteny and collinearity analysis of SnRK2s in maize. The positions of SnRK2
genes were depicted on the chromosomes of Zea mays. The Arabic numerals in bars represent different chromosome respectively. Subclass |l
SnRK2 genes are colored with red. (C) Synteny and collinearity analysis of SnRK2 genes among maize, Arabidopsis, and rice. The WGD (whole-
genome duplication) or segmental duplication is linked by green lines, and gray lines in the background represent the collinear blocks among
different chromosomes. These pictures of B and C were drawn by using Circos

nih.gov/sra) [29]. The ZmSnRK2 genes showed different
spatial and temporal expression patterns in maize
(Fig. 3A). For the members of subclass III, the expres-
sion level of ZmSnRK2.8 was relatively stable at each
stage of the kernel development, but was significantly
higher in the embryo than that of the endosperm. The
expression level of ZmSnRK2.9 was low in all samples.
Notably, ZmSnRK2.10 was highly expressed during the
development of kernel, especially in the 10 DAP (days
after pollination) and 24 DAP of kernel development,
the stage of which is very important for grain filling and
seed maturation. ZmSnRK2.12 was the only gene that

showed a high expression level in pollen. Besides, the
expression level of ZmSnRK?2.14 was relative lower in al-
most all tissues, whereas the ZmSnRK2.13 was highly
expressed in seeds (Fig. 3A, B). The expression of
ZmSnRK2 genes in several maize tissues or during
kernel development was examined by semi-quantitative
RT-PCR (sqRT-PCR) or qRT-PCR analysis, and results
obtained from qRT-PCR analysis were almost consistent
with those obtained from the public database (Figs. 3B-
4D). ABA and sucrose act as signal molecules to regulate
the expression of genes involved in metabolism during
grain filling [2, 30]. We then analyzed the expression
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Fig. 3 The expression profiling of ZmSnRK2s in maize. (A) The heatmap was generated based on the released RNA-seq data download from
public database (http://www.ncbi.nlm. nih.gov/sra) under accession number SRP037559. The color scale is shown at the upper of the figure.
Higher expression levels are shown in red, and lower in blue. The map was made by Mev 4.9. (B) Semi-quantitative RT-PCR analysis was
conducted to analyze the expression of 14 ZmSnRK2 genes in root (R), stem (S), leaf (L), flower (F), anther (A), Seed (Se), and Germinated Seed (G).
(C) The heatmap indicates the relative expression of 14 ZmSnRK2 genes in shoot, root, stem, leaf, tassel, anthers, seed coat (15 DAP), embryo (15
DAP), and endosperm (15 DAP) based on gRT-PCR data. (D) The heatmap indicates the expression of ZmSnRK2 genes in the developing maize
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changes of the ZmSnRK2 genes in maize kernel under
the treatment of ABA and sucrose, and the result indi-
cated that the ZmSnmRK2 genes were differentially
expressed after ABA or sucrose treatment (Additional
file 1: Fig. S3). For example, the expression levels of
ZmSnRK2.1/2.3/2.6/2.9/2.10 were upregulated under
ABA treatment, whereas the transcript levels of
ZmSnRK2.8/2.9/2.10/1.12, members of subclass III, were
increased after sucrose treatment. Besides, th

[¢)

expression level of ZmSnRK2.13 was downregulated
under both ABA and sucrose treatment.

ZmSnRK2 proteins are localized in cytoplasm and nucleus
The cytoplasmic and nuclear localization of ZmSnRK2.1
to ZmSnRK2.11 (except ZmSnRK2.9) proteins in Nicoti-
ana benthamiana leaves have been reported [31]. Here,
to determine the subcellular localization of all ZmSnRK2
proteins accurately, we generated ZmSnRK2s-GFP fusion
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signals were detected using the Confocal microscope. 355-eGFP was used as the control. Merged, individual images of GFP and bright field
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images of onion epidermal cells were shown. GFP, green fluorescent protein. The localization of the nuclei was indicated by DAPI

constructs driven by the cauliflower mosaic virus
(CaMV) 35S promoter, and transiently transformed
them to both maize protoplast and Nicotiana benthami-
ana leaves. A strong green fluorescence signal was ob-
served in the nucleus and cytoplasm of the maize
protoplasts or Nicotiana benthamiana leaves cells trans-
formed with ZmSnRK2s-GEP, while the free GEP protein
was detected in the cytoplasm, plasma membrane and
nuclei (Fig. 4 and Additional file 1: Fig. S4).

The kinase activity of ZmSnRK2.10 protein is activated by
ABA

Considering that the ZmSnRK2.10, a subclass III
SnRK2s, was highly expressed during kernel develop-
ment and was induced by ABA, we investigated whether

the ZmSnRK2.10 protein kinases is activated by ABA
and whether it is directly involved in ABA signaling
pathway. The luciferase reporter gene driven by the
ABA-responsive RD29B promoter was used to test the
roles of ZmSnRK2.10 in ABA signaling pathway. Four
selected ZmSnRK2s members, including ZmSnRK2.8
(ZmOST1I) that is activated by ABA and weakly mediates
the closing of stomata in maize [32], ZmSnRK2.10,
ZmSnRK2.11 (member of subclass I) and ZmSnRK2.3
(member of subclass II) were tested. The ZmSnRK2
genes and reporter gene were co-transformed into maize
leaf protoplasts. The result showed that the protoplast
expressing ZmSnRK2.8 or ZmSnRK2.10 exhibited a
higher RD29B-LUC expression than that expressing
ZmSnRK2.3 or ZmSnRK2.11. Similar to ZmSnRK2.8, the
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up-regulation  of  RD29B-LUC  expression by
ZmSnRK2.10 was extremely enhanced by ABA treatment
(Additional file 1: Fig. S5). To further confirm that the
ZmSnRK2.10 protein kinase was directly activated by
ABA, immunoprecipitation-kinase (IP-kinase) assay was
performed using MBP as substrates to investigate the
kinase activity of with or without ABA treatment. After
immunoprecipitation of ZmSnRK2 proteins by anti-Flag
antibody, in vitro kinase assay was performed. The result
showed that none of these ZmSnRK2s exhibited kinase
activity without ABA treatment. However, the kinase ac-
tivities of ZmSnRK2.8 and ZmSnRK2.10, but not
ZmSnRK2.3 and ZmSnRK2.11, were induced after ABA
treatment (Fig. 5). These results indicated that both
ZmSnRK2.8 and ZmSnRK2.10 are activated by ABA and
are involved in the regulation of ABA-responsive genes
expression.

Overexpression of ZmSnRK2.10 partially rescues the ABA-
insensitive phenotype of snrk2.2/2.3 and snrk2.2/2.3/2.6
mutants

To investigate the biological functions of ZmSnRK2s, we
generated Arabidopsis transgenic plants expressing four
selected ZmSnRK2 genes (ZmSnRK2.3/2.8/2.10/2.11)
driven by the Ubi promoter in snrk2.2/2.3 double mu-
tant background, and several homozygous transgenic
lines were obtained for each transgene. The Atsnrk2.2/
2.3 double mutant exhibits ABA-insensitive phenotypes
during seed germination and seeding growth [19]. To
check whether the overexpression of ZmSnRK2 genes af-
fects the ABA sensitivity of the Atsnrk2.2/2.3 double
mutant, the seeds from the WT, Atsnrk2.2/2.3 mutant
and transgenic plants were germinated on the media
supplemented with different concentrations of ABA. As
shown in Additional file 1: Fig. S6, no difference in seeds
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germination was observed among the WT, Atsnrk2.2/2.3
mutant and the transgenic plants under normal condi-
tions. In the presence of exogenous ABA, however, the
seeds germination and seeding growth of ZmSnRK2.8
and ZmSnRK2.10 transgenic plants in Atsnrk2.2/2.3 mu-
tant background was obviously inhibited compared to
Atsnrk2.2/2.3 mutants, but less serious than the WT. In
contrast, the ZmSnRK2.3 and ZmSnRK2.11 overexpress-
ing plants in Atsnrk2.2/2.3 mutant background displayed
a similar phenotype as Atsnrk2.2/2.3 mutant under ABA
treatment. These results indicated that ZmSnRK2.8 and
ZmSnRK2.10 possess a similar function as AtSnRK2.2
and AtSnRK2.3 in ABA signaling pathways. The germin-
ation rate of ZmSnRK2.10 overexpression in Atsnrk2.2/
2.3 mutant was further statistically analyzed. As Fig. 6
showed, at the 10th day after sown on 1/2MS agar
medium containing 1.2 pM ABA, approximately 50%
seeds of the two OEZmSnRK2.10/Atsnrk2.2/2.3 lines
comparing with 26% of the WT and 100% of Atsnrk2.2/
2.3 mutant seeds germinated, which further confirmed
that ZmSnRK2.10 could partially complement the ABA
insensitive phenotype of Atsnrk2.2/2.3.

We also analyzed the flowering time of the transgenic
lines that expressed ZmSnRK2.10 in the WT and
Atsnrk2.2/2.3 mutant background (Fig. 7A-C). Compar-
ing with the WT plants, the Atnrk2.2/2.3 double
mutants showed an early flowering phenotype. Overex-
pression of ZmSnRK2.10 in Atsnrk2.2/2.3 background,
however, could restore the flowering time of the
Atsnrk2.2/2.3 double mutants to WT level. ZmSnRK2.10
in WT background also resulted in a significant delay of
flowering time. In the transgenic plants overexpressing
ZmSnRK2.11 gene in both WT and Atsnrk2.2/2.3 mu-
tant background, the flowering time was not affected.
(Additional file 1: Fig. S7), suggesting that ZmSnRK2.10

-

ZmSnRK2s _ ZmSnRK2.3 ZmSnRK2.8  ZmSnRK2.10 ZmSnRK2.11
ABA + - + - + - + - + -
activity
anti-Flag “ -—" - -
- — .
Fig. 5 The ZmSnRK2.10 kinase activity is activated by ABA. Mazie leaf protoplasts were transiently transformed with empty vector or the
constructs expressing the indicated SnRK2s. The SnRK2 proteins were immunoprecipitated by using anti-Flag antibody (lower panel) and the
kinase activity of SnRK2s was analyzed by in vitro kinase assay using MBP as a substrate (upper panel)
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has a special role in controlling flowering time in Arabi-
dopsis. To understand the mechanism of ZmSnRK2.10
in the regulation of flowering time, the transcript levels
of two critical genes, FLOWERING LOCUS T (FT) and
FLOWERING LOCUS C (FLC), in transgenic lines were
analyzed by qRT-PCR. FT controls flowering time in
Arabidopsis, and its mutant plants show significantly late
flowering [33]. FLC is a floral repressor and FT can dir-
ectly bind to the promoter region of FLC to inhibit its
expression, thus inhibiting the flowering in Arabidopsis
[34]. The qRT-PCR analysis indicated that the expres-
sion level of FLC was up-regulated and the expression
level of FT was reduced in the transgenic plants overex-
pressing ZmSnRK2.10 (Fig. 7D-E). Therefore, we sus-
pected that overexpression of ZmSnRK2.10 delayed
flowering time at least partially via the regulation of the
expression of FLC and FT genes.

In addition, nearly all major ABA responses are
blocked in the Atsnrk2.2/2.3/2.6 triple mutant in

Arabidopsis. The triple mutant shows earlier flowering,
smaller plant size, fewer pollen number, and poor
fertilization phenotype compared with Atsnrk2.2/2.3
double mutant [6, 16]. We also transformed
ZmSnRK2.10 into Atsnrk2.2/3/6 triple mutant and ob-
tained overexpression transgenic lines (Additional file 1:
Fig. S8A, B). Overexpression of ZmSnRK2.10 rescued
the dwarf morphology of Atsnrk2.2/2.3/2.6 mutant sig-
nificantly, but the plant size of transgenic plants was still
smaller than the WT (Fig. 8 and Additional file 1: Fig.
S8C). This result indicated that ZmSnRK2.10 functions
redundantly with AtSnRK2.2/2.3/2.6.

Discussion

The conserved evolution of the ZmSnRK2s

The core components of ABA signaling pathway have
been well characterized in the dicot model plant Arabi-
dopsis, but the studies on ABA regulatory pathway in
crops still need to be strengthened. Protein kinase
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SnRK2s is the central node of ABA signal transduction
[35, 36]. The SnRK2 genes family has been identified in
many plants. In maize, 11 SnRK2 genes have been re-
ported previously [26]. In this study, we identified 14
members of SnRK2 at genome-wide level using the latest
maize genome database. Compared with 10 members in
Arabidopsis and 10 members in rice, the SuRK2 mem-
bers in maize were expanded to 14 [9, 10]. The expan-
sion of SMRK2 genes in maize was attributed to gene
duplication events, which is one of the important strat-
egies that plants used to adapt to the surrounding envir-
onment [37, 38]. It has been reported that three
duplication events, including whole-genome duplication,
genomic tandem duplication and segmental duplication

in plants [39]. Similar to Arabidopsis and rice, the
SnRK2 genes in maize were divided into three subclasses
(Additional file 1: Fig. S1 and Fig. S2), and the exon-
intron organizations of SnRK2 genes among these three
species exhibited a high similarity (Fig. 2A), which indi-
cates that the gene structures of SnRK2s are evolutionar-
ily conserved in higher plant. Further, the collinearity
relationship of SnRK2s indicated that SnRK2 genes had
been differentiated before the differentiation of maize,
rice and Arabidopsis (Fig. 2C). The most ancient land
plants, such as Bryophytes and Charophyceae algae, only
contain SnRK2 genes clustered in subclass III, and the
subclasses I and II branches were evolved as new sys-
tems to adapt to osmotic stress conditions after the
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separation of bryophytes and vascular plants [38]. The
neofunctionalization and subfunctionalization of the du-
plication gene is an important mechanism to maintain
its stability. The original duplicated gene has dual func-
tions and repulsion between these two functions, which
results in gene loss. When the duplication event occurs,
each gene obtains one of the functions and optimizes
them respectively, leading to the elimination of func-
tional conflict and the stability of duplicated genes [40].
This indicates that the duplication events of SnRK2
genes represent an ancient system and have expanded
along with whole-genome duplication events in plants.
Previous studies speculated that maize had experienced
at least three genome-wide replication events: mono-
cotyledonous plant differentiation, the emergence of
Gramineae, and the differentiation of maize and sor-
ghum. These duplication events occurred about 110
million years ago, 50 million years ago, and 12 mil-
lion years ago, respectively [41-43]. In addition,
through the synteny and collinearity analysis of
SnRK2 genes in maize genome, we identified eight
segmental duplications but no tandem duplication
(Fig. 2B), which supports the opinion that most of
maize genes were duplicated during ancient polyploi-
dization [44]. These results suggested that the expan-
sion of SnRK2 members and origin of novel gene
functions in maize maybe due to the segment dupli-
cation and polyploidization. This explanation is con-
sistent with the adaptive radiation model, which
proposes that the newly developed genes help the
existing genes to cope with new conditions, and the
genomic tandem duplication accelerates the evolution
of novel function of the duplicated genes [45, 46].

The expression pattern of ZmSnRK2s in maize

Analysis of gene expression patterns can provide import-
ant clues to explore gene function. In Arabidopsis, the
tissue-specific expression of SuRK2.6 in stomata is
tightly coupled with its functions in guard cells to regu-
late stomatal closure [18]. The expression of two other
subclass III genes, SnRK2.2 and SnRK2.3, are different
from that of SnRK2.6. These two genes express in nearly
all the tissues and are closely related to their role in
regulating various ABA responses, such as seed germin-
ation, dormancy, and seedling growth [19, 28]. Previous
studies revealed the expression profile of ZmSnRK2
family genes under different abiotic stresses [26, 31]. To
investigate the spatiotemporal expression patterns of
ZmSnRK2s, we first analyzed the expression of
ZmSnRK2s using public RNA-Seq database, and found
that ZmSnRK2 genes exhibited differential expression
patterns during the growth and development of various
maize tissues. Even in the same subclass, each gene ex-
hibited a distinct expression pattern. The paralogous
genes tend to maintain similar functions, but show dif-
ferences in activity and specificity. The significant differ-
ence in gene expression among ZmSnRK2 genes is
consistent with the results reported in previous studies
[47, 48]. The changes of homologous genes in the pro-
moter region lead to rapid divergence in expression pat-
terns, which further lead to functional differentiation
[49]. The chromosomal location, gene structure, and col-
linearity analysis indicated that four genes ZmSnRK2.8,
ZmSnRK2.9, ZmSnRK2.10, and ZmSnRK2.12, which be-
long to subclass III of SnRK2 in maize, are derived from
gene duplication events. We focused on the differential
expression pattern of these four genes and found that
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ZmSnRK2.10 was highly expressed in both embryo and
endosperm, especially in the middle and late stage of
kernel development, the stages of which are important
for storage material accumulation and seed maturation
(Fig. 3D). In addition, the transcripts of ZmSnRK2.10
were induced by ABA and sucrose respectively (Add-
itional file 1: Fig. S3). In wheat, the transcripts of
PKABAI and TaSnRK2.3 were induced by ABA, and
both genes are important for seed maturation and abi-
otic stress response [8, 27]. Although the different maize
tissues were tested in this research and previous reports
[26, 31], the expression pattern of some ZmSnRK2s
under ABA treatment is almost consistent, such as
ZmSnRK2.1 and ZmSnRK2.7 (Additional file 1: Fig. S3).
Moreover, the expression pattern of most ZmSnRK2s in
maize different tissues varied. For instance, the
ZmSnRK2.10 showed an increased expression in kernel
after ABA treatment, but was downregulated expression
in seedling, leaf and root [26, 31]. Combined with the re-
sults that ZmSnRK2.10 was highly expressed in kernel
and was induced by ABA, we propose that ZmSnRK2.10
plays important roles in linking metabolism and stress
signaling during the grain filling and maturation process.

Functional characterization of ZmSnRK2.10 in Arabidopsis
SnRK2s are divided into three subclasses based on ABA
activation in Arabidopsis. Subclass III, including
SnRK2.2, SnRK2.3 and SnRK2.6, are strongly activated
by ABA, and subclass II, including SnRK2.7 and
SnRK2.8, are slightly activated by ABA. The subclass I
SnRK2s cannot be activated by ABA, but can be strongly
activated by hyperosmotic stress except the SnRK2.9 [7,
11]. Because the subclass III SnRK2s are ABA-
dependent, the snrk2.2 or 2.3 single mutant exhibits
weak ABA-insensitive phenotypes and snrk2.2/2.3
double mutant shows strong ABA-insensitive pheno-
types during seed germination and seedling growth in
Arabidopsis [19]. Further studies showed that snrk2.2/
2.3/2.6 triple mutant exhibits almost completely insensi-
tive to ABA in seed germination and seedling growth
[16, 28]. SAPKS8, SAPKY, and SAPKI10, which are homo-
logs of AtSnRK2.2, AtSnRK2.3, and AtSnRK2.6, belong
to subclass III in rice and are strongly activated by ABA
[10]. Overexpression of SAPKS8, SAPK9, or SAPKI0 in
rice leads to delayed germination and seedling growth,
which are caused by the accumulation of higher levels of
ABA compared with WT plants [21]. Compared with
SAPK8 and SAPK9, SAPK10 displays the highest hom-
ology to AtSnRK2.2 and AtSnRK2.3 and it mediates the
phosphorylation of WRKY72, which results in the re-
lease of its suppression on jasmonic acid biosynthesis
and bacterial blight resistance [50]. Overexpression of
SAPKI0 confers rice with hypersensitivity to ABA during
seed germination and seedling growth [51]. In maize, we
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found that the ZmSnRK2.10 was the closest homologous
gene of SAPKIO in rice and SnRK2.2/2.3 in Arabidopsis,
and this gene, as well as ZmSnRK2.8 (same as OST! in
Arabidopsis), was activated by ABA. The other subclass
members ZmSnRK2.3 and ZmSnRK2.11 cannot be acti-
vated by ABA (Fig. 5 and Additional file 1: Fig. S5).
Overexpression of ZmSnRK2.8 rescues the drought-
hypersensitive phenotype of ostI mutant and signifi-
cantly improves the growth and development of plants
under stress conditions in Arabidopsis [32, 52] In our
study, overexpression of ZmSnRK2.8 and ZmSnRK2.10,
but not ZmSnRK2.3 and ZmSnRK2.11, in AtSnRK2.2/2.3
background can partially complement the hypersensitive
phenotypes of Atsnrk2.2/2.3 to ABA in seed germination
and early seedling development (Fig. 6 and Additional
file 1: Fig. S6). In addition, overexpression of
ZmSnRK2.10 can also rescue the phenotype of
Atsnrk2.2/2.3/2.6 triple mutant (Fig. 8 and Additional
file 1: Fig. S8). The identified functions of ZmSnRK.10 in
Arabidopsis suggests that the ABA-dependent members
of SnRK2 maybe are evolutionarily conserved in plants.

On the other hand, it has been reported that ABA can
inhibit plant floral transition [53]. Exogenous application
of ABA delays plant flowering time. A series of ABA
synthesis and signal transduction mutants, including
aba2, abi4, abi5, and snrk2.2/2.3/2.6, exhibit early-
flowering phenotype [6, 53-55]. We found that the
snrk2.2/2.3 double mutant also showed early flowering
in Arabidopsis and overexpression of ZmSnRK2.10 in
snrk2.2/2.3 double mutant rescued early-flowering
phenotype. Moreover, overexpression of ZmSnRK2.10 in
WT background delayed flowering time via the upregu-
lation of FLC gene that is involved in floral transition
(Fig. 7). This result is consistent with the interpretation
that SnRK2-mediated phosphorylation of ABI5 and/or
ABF promotes FLC gene expression [53]. All these re-
sults indicate that molecular functions of subclass III
SnRK2s are conserved in plants. In future, overexpres-
sion or knock-out of ZmSnRK2.10 by CRISPR-Cas9
technique needs to be performed in maize, which will
advance our understanding of the roles of ZmSnRK2.10
in the regulation of abiotic stress tolerance in maize.

Conclusion

Although ZmSnRK2s have been cloned and character-
ized in maize as early as 2008, no genome-wide identifi-
cation and characterization of ZmSnRK2s has been
conducted in maize. Here, we presented a genome-wide
identification of ZmSnRK2s in maize and found 14
SnRK2 genes based on the released maize genome data.
Through chromosomal localization, gene structure, evo-
lutionary association, synteny and collinearity analysis of
SnRK2 genes in maize by comparing with the SnRK2s in
rice and Arabidopsis, we can learn that the SnRK2 family
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genes are evolutionarily conserved in plants, especially
the ABA-dependent subclass III SnRK2s. In addition,
through transcriptional and biochemical analysis, we
found that ZmSnRK2.10 was highly expressed in kernel
and was activated by ABA. Overexpression of
ZmSnRK2.10 in snrk2.2/2.3 double and snrk2.2/2.3/2.6
triple mutants partially rescued the ABA-insensitive phe-
notypes of these mutants, and also resulted in delaying
plant flowering in Arabidopsis. Our study provided new
insights about the structure, evolution, and functions of
SnRK2s in maize.

Methods

Plant materials and growth condition

Maize (Zea mays L.) self-interbreeding line B73 material
(obtained from Maize Research Institute of Sichuan
Agricultural University) used in this study, was grown
on the experimental farm of Sichuan Agricultural Uni-
versity in Chongzhou, Sichuan, China. Seeds of Arabi-
dopsis thaliana accession Col-0 (Columbia 0) and the
mutants snrk2.2/2.3, snrk2.2/2.3/2.6 (all in Col-0 back-
ground, obtained from Zhu lab in Purdue University) [6,
19] were used in this study. The Arabidopsis plants, in-
cluding transgenic lines, were grown under 16 h light/8 h
dark condition at 22 °C in the day and 16 °C at night.

Whole genome identification of SnRK2s in Zea mays

To identify the SnRK2 genes in Zea mays, we obtained
the genome sequence and annotation data of Zea mays
from MaizeGDB (https://www.maizegdb.org/). The pro-
tein database and genome database were blasted by
using the query sequences of the SuRK2 family in Arabi-
dopsis thaliana (http://www.arabidopsis.org) and Oryza
sativa (http://www.ricedate.com). The E-value cut-off
was set at 1.0e-5 to ensure confidence and redundant se-
quences were deleted by manual.

Multiple sequence alignment, orthologous gene
identification and phylogenetic analysis

The phylogenetic analysis of SnRK2 family were con-
ducted as the method in this article [56]. In brief, amino
sequences from Zea mays, Arabidopsis thaliana and
Oryza sativa were aligned by ClustalX v1.83 with default
parameters and then constructed a phylogenetic tree
using the neighbor joining (NJ) method in MEGA
(version 5.10) [57]. The parameters of NJ analysis
were as followed: bootstrap with 1000 replicates for
statistical testing, pairwise deletion for data processing
and poisson correction for modeling. The position in
phylogenetic tree (bootstrap value >50) and identify
between orthologous gene pairs (>90%) would deter-
mine the orthologous gene in Zea mays, Arabidopsis
thaliana and Oryza sativa.
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Chromosomal location of ZmSnRK2s and collinearity
analysis

Gene ID information of the ZmSnRK2 loci on chromo-
some were obtained from the genome annotation files.
The distribution of ZmSnRK2s on the chromosome was
generated with MapChart version 2.32 [58]. The Gene
Structure Display Server (http://gsds.cbi.pku.edu.cn/)
was used for gene structure analysis. Conserved protein
motifs of the ZmSnRK2s were predicted by the MEME
Version 5.0.4 program (http://meme-suite.org/). The de-
fault parameters of MEME were setting except two:
maximum number of motifs, 25; optimum width, 6-50
[59].. The MCscanX program was used to identify
ZmSnRK2s duplications as previous described [56, 60].
All genes were classified into various types of duplica-
tions, including WGD, segmental and tandem duplica-
tions. A schematic diagram of the putative WGD or
segmental duplications of ZmSnRK2s was constructed
using the Circos (http://circos.ca/), and the ZmSnRK2s
with WGD or segmental duplications were linked by
lines.

Analysis of the expression pattern of ZmSnRK2 genes

To study the expression patterns of the ZmSnRK2 genes,
we obtained the expression level of each ZmSnRK2 gene
in different tissues by analyzing the released transcrip-
tion data [29], and then submitted it to the MeV_4_9_0
[61] for stratified clustering (Hierarchical Clustering,
HCL). Further, different tissues of B73 were collected for
RNA extract and qRT-PCR analysis, including root,
stem, leaf, filament, anther at the same stage (Heading
stage). Besides, the development kernels were also col-
lected, including kernels at 2—30 days after pollination
(DAP), endosperm and embryo at 15 DAP. The treat-
ment to vitro kernel was according to the paper de-
scribed by [30]. The RNA extraction of materials was
followed the protocol of Trizol (TIANGEN, Beijing,
China) reagent. RNA was reverse transcribed using the
PrimeScript™ RT Reagent Kit with genomic DNA Eraser
(Takara, Dalian, China), and quantitative RT-PCRs were
performed using a SYBR premix Ex Taqtm RT-PCR kit
(Takara, Dalian, China). All the experiments were per-
formed following the manufacturer’s instructions. The
primers used for qRT-PCR were listed in Additional file
1: Table S2.

Gene cloning, vector construction and subcellular
localization of ZmSnRK2 genes

Full-length ¢cDNA sequence of ZmSnRK2 genes exclude
terminator codon were amplified by PCR. The PCR
products were sequenced and then sub-cloned into the
pCAMBIA 2300-35S-eGFP vector [62]. Then the
pCAMBIA2300-ZmSnRK2-eGFP fusion protein were
transformed into Agrobacterium tumefaciens strain
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GV3101. The empty pCAMBIA2300-35S-eGFP was used
as a control. The Agrobacterium was infected into Ni-
cotiana benthamiana leaves, and the fluorescence signal
of green fluorescent protein (GFP) was observed by con-
focal microscope (Leica, Wetzlar, Germany). The
ZmSnRK2.14 was not subcloned due to its low expres-
sion in almost all tissues. The primers used for vector
contractor were listed in Additional file 1: Table S2.

Isolation and transfection of protoplast

The isolation of protoplasts in maize were performed as
described with minor modification [63]. The middle
parts (7 cm) of the second leaves of B73 were transver-
sally cut into 0.5-0.8 mm long strips and put into a petri
dish containing 0.6 M mannitol for 5min. Then the
strips were transferred into another dish containing en-
zyme solution [0.6 M mannitol, 20 mM MES, pH5.7,
0.1% cellulase RS, 0.01% macerozyme, 0.1% BSA, 1 mM
CaCl, and ddH,0]. After vacuum (15-20 cm-Hg) distil-
lation at room temperature for 20 min, the dish was in-
cubated at 28 °C in the dark with shaking for 3h at 40
rpm and for 10 min at 80 rpm. Then, the protoplasts
were released. The enzyme solution containing proto-
plasts was transferred into sterile tubes by filtering with
35um nylon mesh. The protoplasts were collected by
centrifugation at 110xg for 4 min at room temperature
and washed once with 0.6 M mannitol. Finally, the pro-
toplasts were resuspended in MMg solution (0.6 M man-
nitol, 4 mM MES, pH 5.7, 15 mM MgCl,) and observed
under a light microscope to detect the quality and
quantity.

The transfection of protoplast was performed with
PEG-mediated protoplasts transformation protocol [63,
64]. The 20 pg plasmid DNA of p2300-ZmSnRK2s were
mixed with 200 uL protoplasts (a concentration of 2x
10° cells/mL). About 220 uL PEG solution (0.8 M man-
nitol, 40% PEG 4000 and 100 mM CaCl,,] was immedi-
ately mixed with the protoplasts and plasmid DNA by
gently shaking, and then incubated for 15 min at 25 °C.
After incubation, the mixture of protoplasts was washed
and collected by centrifugation, and then resuspended in
incubation solution (4 mM MES, pH 5.7, 0.6 M mannitol,
4 mM KCl) and incubated in the dark at 25 °C overnight.
The fluorescence signal was observed by the confocal
microscope (Leica, Wetzlar, Germany).

Co-transfected ZmSnRK2.3, ZmSnRK2.8, ZmSnRK2.10
and ZmSnRK2.11 with reporter gene to reconstitute the
ABA signaling pathway in B73 leaves protoplast respect-
ively. The ABA-responsive reporter and internal control
were selected with RD29B-LUC and ZmUDbi-GUS re-
spectively. After transfection, the protoplasts were incu-
bated in the absence/ presence of 50 uM ABA for 2h
under light for further analysis.
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Construction of transgenic plants

The sequencing-confirmed ORFs of ZmSnRK2.3,
ZmSnRK2.8, ZmSnRK2.10 and ZmSnRK2.11 were cloned
into the pCAMBIA3301 vector (CAMBIA, Canberra,
Australia) respectively. The constructs were transferred
into Agrobacterium tumefaciens strain GV3101 using
electroporation method and then transformed into Ara-
bidopsis using the floral tip method [65]. The seeds of
the T, generation were harvested and sown in soil, and
the transformants T; plants were identified by spraying
with Basta (glufosinate ammonium; Solarbio, Beijing,
China) and confirmed by PCR to amplify 35S:ZmSnRK2s
fragment and bar gene, respectively. The confirmed
transgenic plants were harvested individually. The T,
seeds were placed on 1/2MS (Murashige & Skoog) agar
medium (1%) containing 5 mg/L glufosinate ammonium.
Seeds of T3 were collected from transgenic lines with a
3:1 (resistant: sensitive) segregation ratio. The two indi-
vidual T3 lines displaying 100% Basta resistance were
considered homozygous and used for further experi-
ments. The Arabidopsis Col-0 was used as control. All
seeds of WT, mutants and transgenic plants were col-
lected at the same stage.

Germination assays and phenotype identification
Seeds were sterilized for 20 min with 75% (v/v) ethanol
and 0.1% (v/v) Tween 80, then washed with ethanol
twice and air-dry. Fifty seeds of each transgenic line,
mutant and WT were placed on the 1/2MS agar
medium (1.0%) supplemented with different concentra-
tions of ABA (0.5, 0.6, 1.0, 1.2 or 1.5 pM), maintained at
4°C in dark for 2days, and then transferred to the
growth chamber at 65% relative humidity under 16-h
-light at 22 °C and 8-h-dark at 18 °C. The percentage of
emergence of two green cotyledons was measured daily
at 8 days after seeds were placed at room temperature.
The flowering time phenotype of WT, mutants and
transgenic lines were compared by measuring the bolt-
ing time of each lines. Recording the numbers of leaf
(RLN) would be another trait to measure the flowering
time.

GUS-staining assays

In the GUS assay, GUS activity was performed follow-
ing this paper [66] with few modifications. The cut-
ting leaves were transferred into a GUS staining
solution (1 mM X-Gluc, 10 mM phosphate buffer [pH
7.0], 0.5% [v/v] Triton X-100 and 2mM potassium
ferricyanide). After vacuum infiltration and overnight
shaking incubation at room temperature, the leaves
were de-stained by repeated washes in 70% ethanol
and photographed.
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Protein extraction and immunoblot analysis

For the experiment shown in Fig.5, Additional Files: Fig.
S6, S7 and S8, protein extraction and immunoblot ana-
lysis were performed as described by [11] with minor
modifications. The protein extraction buffer (100 mm
HEPES, pH 7.5, 5mm EDTA, 5 mm EGTA, 2 mm ortho-
vanadate, 10 mm NaF, 20 mm [-glycerophosphate, 5 mm
DTT, protease inhibitor cocktail [Sigma-Aldrich] for
plant cell and tissue extracts 1:100, and 50 uM PMSF)
was used to extracted the liquid nitrogen grounded
leaves of transgenic plants. Samples were centrifuged at
4.°C and high speed for 10 min, and supernatant was col-
lected. Protein concentration was determined using Bio-
Rad protein assay. Immediately after isolation, about
15 pg protein fractions were transferred to SDS loading
buffer and separated by SDS-PAGE (12.5% acrylamide).
The western blotting detection protein was performed
referring to this paper [30].
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