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Abstract

Salt stress significantly reduces the productivity of crop plants including maize (Zea mays). miRNAs are major regulators of
plant growth and stress responses, but few studies have examined the potential impacts of miRNAs on salt stress responses
in maize. Here, we show that ZmmiR169q is responsive to stress-induced ROS signals. After detecting that salt stress and
exogenous H,O, treatment reduced the accumulation of ZmmiR169q, stress assays with transgenic materials showed that
depleting ZmmiR169q increased seedling salt tolerance whereas overexpressing ZmmiR169q decreased salt tolerance.
Helping explain these observations, we found that ZmmiR169q repressed the transcript abundance of its target NUCLEAR
FACTOR YAS8 (ZmNF-YAS8), and overexpression of ZmNF-YA8 in maize improved salt tolerance, specifically by transcription-
ally activating the expression of the efficient antioxidant enzyme PEROXIDASE1. Our study reveals a direct functional link
between salt stress and a miR169q-NF-YA8 regulatory module that plants use to manage ROS stress and strongly suggests
that ZmNF-YA8 can be harnessed as a resource for developing salt-tolerant crop varieties.

Introduction arid regions. Global annual losses from salt-affected land

Salinity is one of the most decisive environmental factors  presently exceed US$12 billion, and are rising (Qadir et al,,

limiting plant growth and productivity, with especially pro-  2008; Flowers et al, 2010). Some of the known factors con-
nounced limitations for crop production in arid and semi-  tributing to increases in soil salinity include poor irrigation
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practices, improper application of fertilizers, and industrial
pollution (Ouhibi et al, 2014). For plants, salt accumulation
in soil solution causes reductions in water and nutrient up-
take and also induces ionic stress, osmotic stress, and sec-
ondary stresses like oxidative stress (Ismail et al, 2014 Yang
and Guo, 2018).

Oxidative stress signaling and detoxification mechanisms
for reactive oxygen species (ROS) are both known to be es-
sential components of salinity stress tolerance physiology in
plants. ROS bursts resulting from abiotic stress can function
as secondary signals for salinity response pathways (Zhu
et al, 2020), yet excessive ROS cause serious damage to cells
(Munne-Bosch et al, 2013). Relatively little is known about
how plants sense ROS or about how ROS specifically trigger
activation/inactivation of downstream oxidative-stress-
related genetic and physiological responses.

MicroRNAs (miRNAs) are now understood to regulate
gene expression for multiple developmental and signaling
pathways in plants, and recent studies have shown that
miRNAs function in response to environmental stresses in a
miRNA-, stress-, tissue-, and genotype-dependent manner
(Weiberg et al, 2014 Yu et al, 2017). Thus, miRNAs are
now accepted as potential new targets for genetically im-
proving plant tolerance to various stresses. miRNAs can in-
duce gene silencing via mechanisms including guiding post-
transcriptional gene silencing through mRNA degradation
and via translational inhibition (Yu et al, 2017). Multiple
miRNAs have been reported to be induced by salt stress in
several different plant species, including miR156 (Ma et al,
2021), miR159 (Wang et al, 2013), miR165 (Jia et al, 2015),
miR167 (Ye et al, 2020), miR168 (Qin et al, 2015), miR169
(Luan et al, 2014), miR319 (Zhou et al, 2013), miR393
(Denver and Ullah, 2019; Gao et al, 2011; Busch and
Montgomery, 2015), miR395 (Kim et al, 2010b), miR396
(Gao et al, 2010), miR398 (Sunkar et al, 2006
Jagadeeswaran et al, 2009), miR399 (Ma et al, 2010), and
miR402 (Sunkar and Zhu, 2004; Kim et al, 2010a). Notably,
almost all of these salt-stress-induced miRNAs are evolution-
arily conserved.

Foundational studies in this area established for example
that overexpression of rice (Oryza sativa) miR319 enhanced
salinity tolerance in creeping bentgrass (Agrostis stolonifera)
(Zhou et al, 2013), and overexpressing OsmiR393 and osa-
MIR396¢ decreased salt tolerance in both Arabidopsis thali-
ana and rice (Gao et al, 2010, 2011). Overexpression of
miR395 affects plant tolerance to salinity and drought stress
in Arabidopsis (Kim et al, 2010b). In Arabidopsis, salt stress
induces accumulation of miR402, and overexpression of
miR402 promotes the growth of plants under salt stress
(Sunkar and Zhu, 2004; Kim et al, 2010a). Although there
are now multiple examples of miRNAs functioning in plant
responses to salt stress, the specific mechanisms through
which these miRNA molecules exert their effects are typi-
cally not well understood.

Previous studies have shown that multiple members of
the miR169 family respond differentially to salt stress in
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various plants: for example, miR169g accumulates in re-
sponse to high salinity in rice (Zhao et al, 2009) but the
level of miR169g is greatly reduced by high salinity in
Arabidopsis seedlings (Pegler et al, 2019). We previously
identified maize (Zea mays) miR169 family members that
are differentially accumulated upon high salinity treatment.
We found that 125 mM NaCl treatment caused a dramatic
reduction in the level of one of these miRNAs, ZmmiR169q
(Luan et al, 2014), and therefore hypothesized that this
miRNA may somehow function in maize responses to salin-
ity stress. Here, we show that ZmmiR169q functions as an
ROS responder which can rapidly perceive salinity-induced
ROS accumulation in maize roots. After finding that both
salt stress and exogenous H,O, treatment significantly
reduces ZmmiR169q accumulation, stress assays with trans-
genic materials showed that depleting ZmmiR169q increases
seedling salt tolerance, whereas overexpressing ZmmiR169q
decreased salt tolerance, exhibiting for example substantial
increases in biomass. At the molecular level, we also discov-
ered that ZmmiR169q targets mRNA transcripts encoding
the nuclear factor Y subunit A 8 (NF-YA8, Zm00001d022109;
GRMZM?2G038303), which was named as ZmNF-YA14 in our
previous report (Luan et al,, 2014), and named ZmNF-YAS8 in
a recent report (Liu et al, 2021). So we chose the gene
name of Zm00001d022109 as ZmNF-YAS8, for consistency.
ZmNF-YAS8 specifically binds to two CCAAT boxes present
in the promoter of the maize peroxidase 1 gene (ZmPERT),
thereby positively regulating ZmPER1 transcription and pro-
moting ZmPER1-catalyzed antioxidative metabolism to scav-
enge excessive ROS. Thus, beyond characterizing
ZmmiR169q as a ROS responder and revealing a miR169q-
NF-YA8 regulatory module that plants use to manage ROS
stress, our study clearly suggests that genetic manipulation
of ZmNF-YA8 should facilitate the development of salt-
tolerant crop varieties.

Results

Salinity stress reduces the accumulation of
ZmmiR169q, which negatively regulates salt
tolerance in maize
We previously conducted an analysis of miR169 family ex-
pression based on stem-loop RT-qPCR and found that
ZmmiR169q in roots was significantly down-regulated upon
salt treatment (Luan et al, 2014), so we conducted a GUS-
staining assay of pmiR169g:GUS. The results showed that the
expression of ZmmiR169q was reduced by 1 h high salinity
treatment (200 mM NaCl), then dropped to the bottom at
2 h treatment, followed by a gradual increase after 4 h
(Supplemental Figure S1) suggesting the possibility that
ZmmiR169q responds to salt stress. We further confirmed
the consistency of expression patterns of ZmmiR169q be-
tween B73 and B104 under short-term and long-term salt
stress conditions (Supplemental Figure S2).

To investigate the role of ZmmiR169q in the salt
responses, we generated ZmmiR169 knockdown transgenic
maize plants with miRNA short tandem target mimicry
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Figure 1 ZmmiR169q negatively regulates salt tolerance in maize. a, A diagram of the ZmmiR169 STTM construct (MIM169). b, A diagram of the
ZmmiR169q overexpression construct (miR169q OE). PUBI represents the Ubiquitin promoter and TNOS represents the NOS terminator. c and e,
The expression levels of ZmmiR169q in MIM169 roots (c) and miR169q OE roots (e). d and g, MIM169 transgenic lines (MIM169-1 and MIM169-2)
exhibit salt tolerance, survival was assayed by treatment in 200-mM NaCl for 40 d (d). f and h, ZmmiR169q overexpression transgenic maize lines
(miR169q OE2 and miR169q OE10) showed increased sensitivity to salt, survival was assayed by treatment in 200 mM NacCl for 28 d (f). g Image of
seedling leaves after treatment with 200 mM NaCl for 15 d. h, 20-dy-old miR169q OE2, miR169q OE10, and WT plants grown under 200 mM NaCl
conditions for 12 d. Similar results were observed for three independent experiments; B73 and B104 roots were examined as controls. The expres-
sion levels of ZmmiR169q were normalized to the level of U6. Values are means + sp, n = 3. Scale bars = 5cm. i and j, Dry weight of B73 and
MIM169 seedlings under normal and salt stress conditions. k and |, Dry weight of B104 and miR169q OE seedlings under normal and salt stress
conditions. All asterisks denote a statistically significant difference from the WT, Student’s t test, **P < 0.01.
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(STTM, these plants were named MIM169; the two indepen-
dent lines were MIM169-1 and MIM169-2) (Figure 1, a) and
ZmmiR169q overexpression plants (two lines were named
miR169q OE2 and miR169q OE10) (Figure 1, b). Confirming
the success of our transgenic approaches, we found that the
miRNA abundance of ZmmiR169q was decreased in MIM169
plants and increased in miR169q OE plants (Figure 1, ¢
and e). We then grew the transgenic lines and their corre-
sponding wild-type (WT) plants under normal or salt stress
(200 mM NaCl) conditions. Under control growth conditions,
no visible differences were found between WT and MIM169
plants or between WT and miR169q OE plants (Figure 1, g
and h). In contrast, the growth of MIM169 transgenic maize
plants was faster than WT plants under salt stress conditions
for 15 d (Figure 1, g), and the survival rates of the MIM169-1
and MIM169-2 lines were 40% and 47% greater than that of
WT plants when treated with 200 mM NaCl for 40 d
(Figure 1, d). Again, consistent with a potential role for
ZmmiR169q in salt stress responses in maize, we found that
miR169q OE2 and miR169q OE10 plants were smaller, exhib-
ited more severe damage under salt stress conditions for 12 d
(Figure 1, h), and had significantly reduced survival rates
compared with WT plants under salt stress for 28 d
(Figure 1, f). We also assessed the dry weight of these plants:
the dry weight of MIM169 plants was similar to B73 plants
(Figure 1, i). And there was no significant difference in dry
weight between miR169g OE and B104 plants (Figure 1, k).
After NaCl treatment, the dry weight of MIM169 plants was
significantly higher than that of B73 plants (Figure 1, j).
Consistently, the dry weight of miR169g OE plants was re-
duced significantly compared with B104 plants (Figure 1, I).
Collectively, these results indicated that ZmmiR169q func-
tions as a negative regulator of salt tolerance.

ZmmiR169q rapidly responds to stress-induced ROS
To investigate gene network(s) through which ZmmiR169q
may impact the maize root, we harvested WT and miR169q
OE2 roots at 21 d after germination and performed RNA-
sequencing. More than 72% of the raw reads from each
sample were successfully mapped to annotated gene-coding
regions of the maize genome (Supplemental Table S1), and
a total of 484 significantly differentially up-regulated and 851
down-regulated genes were detected in miR169q OE com-
pared with WT roots (Figure 2, a). Notably, the term
“tetrapyrrole binding” was the most strongly enriched term
in the GO analysis of the differentially expressed genes
(DEGs) (Figure 2, b); tetrapyrroles are widely understood as
mediators of oxidative stress responses and the mitigation
of ROS accumulation as cofactors in the antioxidant systems
(Busch and Montgomery, 2015). There were also some
DEGs, including many encoding peroxidases (POD), with
functional annotations potentially related to oxidative stress
metabolism and physiology (Figure 2, c). Thus, our tran-
scriptome analysis supports our initial physiological findings
from the salt stress growth assessment and again indicates
the potential involvement of ZmmiR169q in salinity
induced-oxidative stress. Specifically, we speculate that
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ZmmiR169q may rapidly sense stress-induced ROS and then
trigger a cascade that reduces the ROS level. Pursuing this
hypothesis, we used hydrogen peroxide (H,O,) treatments
to examine how the expression of ZmmiR169q is affected
by excess ROS stress in maize WT plants. Reverse transcrip-
tion quantitative PCR (RT-qPCR) showed that ZmmiR169q
expression decreased sharply at 1 h post exposure to T mM
H,O,, bottomed at 2 h, and then increased after 4 h
(Figure 2, d). In addition, the expression patterns of
ZmmiR169q in both B73 and B104 were the same under
H,O, treatment (Supplemental Figure S3). To determine
whether reduced ZmmiR169q accumulation was caused by
downregulation of transcription of the ZmmiR169q precur-
sor, we investigated the expression level of the ZmmiR169q
precursor (pre-miR169q) in maize roots by RT-qPCR upon
ROS exposure. Our results showed that the level of pre-
miR169q and ZmmiR169q had similar patterns under 1T mM
H,O, treatment (Figure 2, d). Further GUS assays with
transgenic maize plants expressing B-glucuronidase under
the control of the ZmmiR169q native promoter
(pmiR169g:GUS) indicated that exposure to 1 mM H,O,
resulted in decreased transcription from the ZmmiR169q
promoter (Figure 2, e). In addition, we used the ROS-
scavenger GSH to determine how ROS impact the expres-
sion levels of ZmmiR169q. Exogenous application of GSH
obviously repressed ROS accumulation (Figure 2, f) and
neutralized the expression reduction of ZmmiR169q under 1
mM H,O, treatment (Figure 2, g), suggesting that ROS di-
rectly affect the expression of ZmmiR169q. Collectively,
these results support that ZmmiR169q expression levels im-
pact multiple pathways of oxidative metabolism in cells and
show that increased oxidative stress rapidly reduces both
the transcription and overall accumulation of ZmmiR169q
in maize roots.

ZmmiR169q exerts its functions through its
downstream target, Nuclear factor Y, Subunit A8
NF-Ys are heterotrimeric transcription factors comprising
NF-YA, NF-YB, and NF-YC subunits. Functional NF-Y hetero-
trimers can regulate gene transcription by binding to
CCAAT box regulatory elements present in the promoters
of eukaryotic genes (Gnesutta et al, 2019). In plants, NF-Y
subunits are encoded by multigene families whose members
show structural and functional diversification, with demon-
strated functions in the development of primary and lateral
roots, in root nodule and arbuscular mycorrhizal symbioses,
and in plant responses to biotic and abiotic stresses (Sorin
et al, 2014). Our previous study employed RNA ligase-medi-
ated RACE to show that ZmmiR169q targets seven NF-YA
genes in maize (ZMNF-YA1, ZmNF-YA4, ZmNF-YA6, ZmNF-
YA7, ZmNF-YA8/14, ZmNF-YA11, and ZmNF-YA13) (Luan
et al, 2014). Here, we confirmed that ZmmiR169q can regu-
late the ZmMNF-YA8 gene which has a ZmmiR169q target site
by transient assay (Supplemental Figure S4). And our RNA-
seq experiment showed that ZmNF-YAS8 expression was sig-
nificantly lower in miR169q OE2 roots than in WT roots.
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Figure 2 RNA-seq of WT and miR169q OE roots implicate ZmmiR169q in salinity induced-oxidative stress. a, Genes differentially expressed in the
miR169q OE transgenic (seedling roots) line compared with WT. A total of 484 up-regulated and 851 down-regulated genes were detected in
miR169q OE roots compared with WT. b, Top 10 terms from a gene ontology (GO) enrichment analysis of the DEGs of the molecular function
GO category: the GO term “tetrapyrrole binding” was the most strongly enriched. ¢, Heatmap illustrating the DEGs detected between miR169q
OE and WT plants with functional annotations related to oxidative stress and antioxidant activity. d, ZmmiR169q and pre-miR169q expression
patterns in WT roots under 1-mM H,0, exposure were assessed by RT-qPCR. ZmmiR169q or pre-miR169q expression was normalized the U6
level. Values are means =+ sp, n = 3. e, Histochemical staining of pmiR169g:GUS transgenic plants after 1-mM H,0O, treatment. Bars = 1cm. Both
the RT-qPCR and histochemical staining showed that the expression of ZmmiR169q decreased sharply at 1 h, bottomed at 2 h, and then increased
after 4 h when maize seedlings were exposed to 1 mM H,0O,. f, NBT and DAB staining of the root tip of miR169q OE after 1-mM H,0O, treatment
or 1-mM H,0, supplemented with 100 tM GSH. Bars = 2 mm. g, ZmmiR169q expression level in the roots of WT after 1 mM H,0, treatment for
1 h or T mM H,0O, supplemented with 100 pM GSH for 1 h was assessed by RT-qPCR. ZmmiR169q expression was normalized the U6 level.
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Figure 3 ZmmiR169q regulates salt tolerance by repressing transcription of its downstream target ZmNF-YA8. a and b, ZmNF-YAS transcript levels
in MIM169 roots (a) and miR169q OE roots (b); WT roots were used for a control and ZmNF-YA8 expression was normalized to Actin1. Values are
means = sp, n = 3. Asterisks denote a statistically significant difference from the control, Student’s t test, **P < 0.01. ZmNF-YAS8 expression was sig-
nificantly increased in MIM169 than in WT roots, while ZmNF-YA8 expression was significantly reduced in miR169q OE roots. ¢, B-Glucuronidase
staining of pmiR169g:GUS and pNF-YA8:GUS root tissues to examine tissue/cell specificity of ZmmiR169q and ZmNF-YA8 expression. Shown are
cross-sections of unstained root tips (left) and the stained root tips (right) of the primary root. Similar results were observed for three independent
experiments. Black scale bar, 50 um. The results showed that both the GUS activity in pmiR169:GUS transgenic plants and pNF-YA8:GUS trans-
genic plants was predominantly evident in the root cortex and endodermis tissues of the mature root zone. d, ZmNF-YA8 expression in NF-YA8
OE lines. Values are expressed as means = sp, n = 3, normalized to Actin1. e, The survival rate was determined after treatment in 200 mM Nacl for
40 d. Data are expressed as means = sp. Similar results were observed for three independent experiments. f, NF-YA8 OE6 and NF-YA8 OE8 lines
showed salt tolerance. White scale bars = 5 cm. g and h, Dry weight in NF-YA8 OE lines, measured under normal conditions and after treatment
with 200 mM NaCl for 20 d. Values are means + sp, n = 3. All asterisks denote a statistically significant difference from the control, Student’s t test,
**P < 0.01.

Further, RT-qPCR analysis showed that ZmNF-YA8 mediated via ZmNF-YA8, potentially via ZmmiR169qg-

(Zm00001d022109) expression was significantly increased in
MIM169q roots compared with the WT (Figure 3, a) and
was dramatically decreased in roots of miR169g OE plants
(Figure 3, b). These findings confirm our previous character-
ization of ZmNF-YAS8 as a target of ZmmiR169q. Moreover,
we investigated the tissue/cell specificity of ZmmiR169q and
ZmNF-YA8 expression patterns and observed strong GUS ac-
tivity in pmiR169:GUS transgenic plants and pNF-YA8:GUS
transgenic plants in the root cortex and endodermis tissues
of the mature zone (Figure 3, c). These findings suggest
that the observed impacts of differential ZmmiR169q accu-
mulation upon salt and oxidative stress in maize may be

mediated disruption of ZmNF-YA8 mRNA.

To characterize any effects of ZmNF-YAS8 on salt tolerance
in maize, we generated ZmNF-YA8 overexpression transgenic
lines (NF-YA8 OE) and investigated ZmNF-YA8 expression
levels in the OE lines (Figure 3, d). Recalling our findings
about ZmmiR169q as an apparent negative regulator of salt
tolerance, we conducted salt stress assays with the NF-YA8
OE plants. No obvious differences in overall growth were
detected between NF-YA8 OE and B104 plants under normal
conditions (Figure 3, f and g); in contrast, the NF-YA8 OE
lines showed significant increases in their survival rates and
dry weight compared with B104 plants under salt stress
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(Figure 3, e, f, and h). The survival rates of NF-YA8 OE
plants were approximately 45% and 24% higher than those
of WT plants (12%), respectively (Figure 3, e). These results
demonstrate that ZmNF-YA8 functions as a positive regula-
tor to increase maize salt tolerance.

A ZmmiR169q/ZmNF-YA8 module regulates ROS
accumulation

As salt stress can drive accumulation of ROS in plants, we
next investigated ROS levels in the leaves and roots of differ-
ent maize lines under normal conditions (0 mM NaCl) or 200
mM NaCl treatment (Figure 4, a—h) by monitoring the accu-
mulation of superoxide (O7; nitroblue tetrazolium staining)
and H,0, (3,3'-diaminobenzidine staining). As expected, the
WT plants exhibited increased accumulation of both O*” and
H,O, upon exposure to the salt stress condition. Under both
normal and salt stress conditions, when compared with the
WT, miR169g OE transgenic roots had increased O*~ and
H,O, levels whereas NF-YA8 OE transgenic roots had reduced
levels (Figure 4, a-h). To determine whether the observed
increases in ROS levels correspond with increased cell injury,
we evaluated the malondialdehyde (MDA) content in the dif-
ferent maize lines upon salt stress. Upon salt stress, the
miR169q OE transgenic lines (with higher ROS levels) accumu-
lated more MDA than WT plants, whereas the NF-YA8 OE
transgenic plants (lower ROS accumulation) accumulated less
MDA than WT plans (Figure 4, i).

Antioxidant enzymes function in ROS detoxification, con-
tributing to ROS scavenging under abiotic stresses (Miller
et al, 2010; Huang et al, 2013; Zhang et al, 2016). We then
measured the activities of antioxidant enzymes including
SOD, CAT, and POD in different maize lines after treatment
with 200 mM NaCl for 96 h. The activities of these three
enzymes in the NF-YA8 OE transgenic plants were signifi-
cantly higher than those in the WT plants (Figure 4, j-I). In
contrast, the activities of these three enzymes in the
miR169q OE plants were significantly reduced (Figure 4, j-I).
These results demonstrate that manipulation of ZmNF-YAS8
levels—including via miR169g-mediated reduction and di-
rect overexpression of ZmNF-YA8—affects plant salt toler-
ance by altering MDA levels in cells and by regulating the
overall capacity for ROS scavenger enzyme activity. Thus,
the miR169g-ZmNF-YA8 regulatory module that we have
characterized is likely to interact with downstream target
genes that function in these cellular defense processes.

ZmNF-YAS8 activates transcription of the maize
peroxidase 1 gene ZmPER1

To investigate ZmNF-YA8's downstream gene regulatory
network, roots of WT and NF-YA8 OE plants were harvested
at post-germination day 21 for RNA-seq-based transcriptom-
ics analysis. More than 82% of the raw reads from each sam-
ple were mapped to the annotated gene-coding regions
(Supplemental Table S2), and a total of 948 up-regulated sig-
nificantly DEGs and 1,371 down-regulated DEGs were
detected in our comparison of NF-YA8 OE and WT plants
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(Supplemental Figure S5, a). We detected enrichment for
GO terms associated with tetrapyrrole binding, oxidoreduc-
tase activity, catalytic activity, and antioxidant activity for
the DEGs in NF-YA8 OE plants (Supplemental Figure S5, b),
among which there were 34 genes predicted to encode
POD enzymes (Supplemental Figure S5, c). We also analyzed
DEGs in comparisons including WT versus miR169q OE and
WT versus NF-YA8 OE. Relative to WT, we found that
Zm00001d018618 was among the significantly down-
regulated DEGs in the miR169q OE line but among the up-
regulated DEGs in the NF-YA8 OE line (Figure 5, a and
Supplemental Table S2). Zm00001d018618 is predicted to
encode a POD 1 protein named ZmPER1. Orthologs of
ZmPER1 have been identified in many plant species
(Supplemental Figure S6, a), but their function(s) remain un-
known. Analysis of an expression profile for ZmPER1
obtained from gene expression atlas for maize development
(Walley et al, 2016) indicated that ZmPER1 is prominently
expressed in roots (Supplemental Figure S6, b). The RT-
gPCR of ZmPER1 confirmed our findings from the RNA-seq
analysis: the abundance of ZmPER1 increases upon ZmNF-
YA8 mRNA accumulation (Figure 5, b), supporting the
hypothesis that ZmPERT transcription may be positively reg-
ulated by ZmNF-YA8. We further examined the expression
levels of ZmNF-YA8 and ZmPER1 in the roots of WT B104
under 200 mM NaCl treatment. These two genes were up-
regulated at 2 h, then slowly down-regulated at 48 h of
treatment, followed by a gradual increase till 11 d after
treatment (Supplemental Figure S7). These results suggest
that ZmNF-YA8 and ZmPERT are salt responsive, and their
kinetics fit with that of ZmmiR169q (Supplemental Figure
S2, a).

ZmNF-YAS8 directly binds to CCAAT-boxes in the
ZmPER1T promoter

We analyzed the cis-elements in the predicted promoter re-
gion (~2 kb upstream of the translation initiation site) of
the ZmPERT locus seeking to identify potential binding sites
of ZmNF-YAS, operating under the assumption that this
protein may target similar sequences to previously charac-
terized members of this transcription factor family (Xu et al,,
2014). Interestingly, three typical CCAAT-boxes were found
at —896 nt, —416 nt, and -354 nt from the ATG site in the
sense strand of the ZmPERT promoter, named as C2, C4,
and C5, respectively (Figure 5, ). To test if these three
motifs were functional for ZmNF-YA8 binding, we con-
ducted a yeast one-hybrid (Y1H) assay: the full-length CDS
of ZmNF-YA8 was fused with GAL4AD to generate the prey
vector, while bait vectors were constructed using six frag-
ments containing the three tandem CCAAT boxes (C2, C4,
and C5) and three tandem mutant CCAAT boxes (C2m,
Cé4m, and C5m), respectively. The Y1H assays showed that
the ZmNF-YAS8 fusion protein specifically interacts with C4
and C5, the two CCAAT-boxes closest to the transcription
start site (TSS) of ZmPER1. Mutations of the cis-element se-
quence in the C4 and C5 fragments abolished ZmNF-YA8
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Figure 4 A Zma-miR169q/ZmNF-YA8 module regulates ROS levels in maize. a and b, NBT staining of seedling leaves under normal or salt stress
(200 mM NaCl) growth conditions. ¢ and d, DAB staining of seedling leaves. e and f, NBT staining of seedling whole roots. g and h, DAB staining
of seedling whole roots. The single-root image is partial enlarged view of root in box. i, MDA content in WT, miR169q OE, and NF-YA8 OE plants
exposed to 200 mM NaCl for 1 h. j-I, SOD, POD, and CAT enzyme activities in WT, miR169q OE, and NF-YA8 OE plants exposed to 200 mM NacCl
for 1 h. At least five leaves from six individual plants per line were used for each experiment. The data are presented as the mean + sp of three in-
dependent experiments. Asterisks indicate significant difference compared with WT (Student’s t test, **P < 0.01, *P < 0.05).
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Figure 5 ZmNF-YAS8 directly binds to the ZmPER1 promoter. a, Venn diagram exhibiting one downregulated DEG in miR169g OE overlapped with
the upregulated DEG in NF-YA8 OE line. b, RT-qPCR validation of RNA-seq analysis for ZmPER1 transcripts. Black bars indicate log, (fold change)
calculated from RT-qPCR analysis, the expression level of ZmNF-YA8 was normalized to that of ActinT; gray bars indicate fold change calculated
from RNA-seq analysis. ¢, Schematic diagrams of the promoters of ZmPERT, in which the CCAAT-box elements are denoted using orange rectan-
gles. The segments marked with C2, C4, and C5 represent the promoter fragments used in the Y1H assay. ChIP-F and ChIP-R mean primers used
in ChIP-gPCR assay. The segments marked with P1, P2, P3, and P4 represent the truncated promoter fragments containing different CCAAT-
boxes used in the dual-LUC transient expression assays. P1 comprises three CCAAT-boxes; P2 comprises only the C5 CCAAT-box; P3 comprises
the C2 and C4 CCAAT-boxes; and P4 comprises only the C2 CCAAT-box. d, Growth of yeast cells of co-transformants (bait + prey) on SD/-Leu/-
Ura medium supplemented without (left panels) or with (right panels) AbA. Y1H assay showing direct binding of ZmNF-YAS8 to the CCAAT-box
in the ZMPERT promoter. C2m, C4m, and C5m means the C2, C4, and C5 CCAAT box was mutated, respectively. e, ChIP assay of ZmPER1 in 3-
week-old NF-YA8-flag OE seedlings grown under 200 mM NacCl. Values given are mean + sb (n = 3). **P < 0.01 by the Student’s t test. f, Schematic
diagram showing the effectors and reporter used in the transient transcriptional activity assays, REN means Renilla LUC, LUC means firefly LUC. g,
ZmNF-YAS activates ZmPER1 expression. The data are presented as the mean + sp (n = 3), Student’s t test, **P < 0.01.
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binding, suggesting that this interaction is authentic
(Figure 5, d). To further confirm this binding, we conducted
a chromatin immunoprecipitation (ChIP)-qPCR assay using
the NF-YA8-flag OE transgenic plants, which revealed signifi-
cant enrichment for occupancy of the NF-YA8-flag fusion
protein at the ZmPERT1 promoter region containing the
CCAAT boxes (Figure 5, e).

Next, we examined whether ZmNF-YA8 could directly
regulate the transcription of the target ZmPERT using a
dual-LUC reporter assay in maize protoplasts, in which the
coding sequence of ZmNF-YAS8 (driven by the 35S promoter)
was used as the effectors and the luciferase (LUC) gene
driven by different truncation fragments from the ZmPER1
promoter were used as reporters (Figure 5, f). We found
that the P1-PER1:LUC, P2-PER1:LUC, and P3-PER1:LUC
reporters were activated in maize protoplasts in the absence
of ZmNF-YA8 (Figure 5, g). In addition, such an enhance-
ment is dependent on the singleness of the C5 box
(Figure 5, g), indicating that the presence of a single
CCAAT box (at -354 nt from the TSS, C5) was sufficient for
ZmNF-YAS8 binding. We thus concluded that ZmNF-YA8 di-
rectly binds to the C5 CCAAT box in the ZmPERT promoter
and enhances its expression.

Discussion

MIRNAs function extensively in plant responses to biotic
and abiotic stresses, as well as in mediating cross-talk among
these stress pathways (Weiberg et al, 2014; Cai et al, 2018).
The miR169 family was the first miRNA family characterized
in the plant kingdom, and miR169 family members are
known to regulate biotic stress and abiotic stress-associated
molecular pattern-triggered responses in Arabidopsis (Li
et al, 2008b; Xu et al, 2014 Hanemian et al, 2016
Serivichyaswat et al,, 2017). How miR169 members regulate
salt tolerance is largely unknown in maize. Because the root
system is the first organ to undergo salt stress, we focused
on the functions of ZmmiR169 mainly in roots. In the pre-
sent study, based on transcriptomics profiling and subse-
quent functional analyses, we revealed a full loop—from
salt-induced ROS accumulation to ROS scavenging—that is
mediated by the ZmmiR169q/NF-YA8 module (Figure 6).
Salt stress induces ROS accumulation, which in turn
decreases ZmmiR169q levels in maize roots.

Based on our observations of increased tolerance in
MIM169 plants and increased susceptibility in miR169q OE
plants, we conclude that ZmmiR169q is a negative regulator
in response to salt stress. ZmNF-YA8 transcripts are targeted
by ZmmiR169q in maize roots: salt stress causes significant
increases in ZmNF-YAS8 transcript abundance, and overex-
pression of ZmNF-YA8 conferred salt stress tolerance, yield-
ing a phenotype similar to that of miR169 mimicry maize.
The ZmNF-YAS8 protein transcriptionally activates the ex-
pression level of the POD gene ZmPER1, and this antioxi-
dant enzyme represents the first line of defense against salt
stress-induced ROS accumulation, there are also other anti-
oxidant enzymes that work together with ZmPER1

PLANT PHYSIOLOGY 2022: 188; 608-623 617

Salinity stress

ROS

!
L

1 R%

ROS™
=l
O igr

Pre-miR169q

I ZmmiR169q

SOD/
Catalase

Scavenging excessive ROS

!

Salt tolerance

Figure 6 A proposed model of ZmmiR169g-mediated plant salt toler-
ance. Without salinity stress, ZmmiR169q regulated the expression of
ZmNF-YA8 to maintain the ROS levels for normal metabolism in
maize cells. When the plants were exposed to salinity stress, accumu-
lated ROS suppressed the transcription of pre-miR169q, and the
repressed ZmmiR169q accumulation elevated the expression of
ZmNF-YA8. The up-regulated ZmNF-YA8 promoted the expression
level of ZMPERs, resulting in higher POD enzyme activity. Besides acti-
vated ZmPERs transcriptional programs, NF-YA8 also could target
SOD/CAT systems to modulate cellular redox homeostasis, forming a
complex network between ROS and miRNA/target regulation. As a re-
sult, the enhanced total enzyme activity contributed to scavenge the
excessive salinity-induced ROS in plant cells, which protected against
cell membrane injury, thus response to salinity stress. The size of each
round indicates the expression level. Arrows mean positive regulation
and blunt-ended bars indicate inhibition.

(Supplemental Figure S5, c). Our work thus supports the fol-
lowing model for the situation in WT plants: under normal
conditions, the presence of ZmmiR169q functions in repres-
sing ZmNF-YA8-mediated responses to excessive ROS levels.
When the ROS levels in cells are elevated during salt stress,
the accumulation of ZmmiR169q decreases sharply, which
de-represses translation of ZmNF-YA8 transcripts, thereby
enabling promoting ZmNF-YAS8’s binding and transcriptional
activation of the highly efficient antioxidant enzyme
ZmPER1 or other ZmPERs (Figure 6). Thus, our study
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suggests that manipulating ZmNF-YA8 can be understood
as a promising strategy for developing salt-tolerant crop
varieties.

To date, NF-YA-encoding genes are the only demonstrated
targets for miR169 in plants (Rhoades et al, 2002). NF-YA rec-
ognizes the CCAAT motif frequently observed in eukaryotic
promoters, and this motif has been repeatedly implicated in
developmental and stress-responsive processes in plants
(Petroni et al, 2012; Laloum et al, 2013). An AtmiR169/NF-
YAS5 module was shown to regulate drought stress response
in Arabidopsis (Li et al, 2008). The bZIP28 is mobilized to nu-
cleus by proteolysis and recruits NF-Y subunits to form a
transcriptional complex that upregulates the transcripts of en-
doplasmic reticulum (ER) stress-induced genes in the re-
sponse to ER stress (Liu and Howell, 2010a, 2010b). Our work
demonstrates a miR169g-NF-YA8 regulatory module that
plants use to manage ROS under salt stress, which expands
our understanding of miR169-mediated regulation of NF-YA
impacts on plant stress responses.

A study of cotton reported that plants exposed to salinity
stress exhibited elevated ROS production whereas reduced
accumulation of ghr-miR414c (Wang et al, 2019). In
Arabidopsis, miR398 expression is transcriptionally downre-
gulated by oxidative stress, and this downregulation affects
the accumulation of CSD1 and CSD2 mRNA and then alters
oxidative stress tolerance (Sunkar et al,, 2006; Jagadeeswaran
et al, 2009). Studies in animals have functionally linked oxi-
dative stress signaling and the induction of miRNAs
(Kerrigan, 1990; Sorescu and Griendling, 2002; Lin et al,
2009). Emerging evidence has implied that ROS can directly
exert profound effects on miRNA transcription and miRNAs
may regulate the expression of redox sensors and other ROS
modulators such as ROS scavenger, then turnover to regu-
late cell fate, but these reports specifically concern tumori-
genesis (Lan et al, 2018; Ebrahimi et al., 2020). However, the
roles of miRNAs in sensing stress-induced ROS and the nature
of the interplay between ROS and miRNAs in plants remain
largely unknown, here we found increased ROS levels resulting
from salt stress cause the down-regulation of ZmmiR169q, our
work illuminates an excellent experimental model—maize
roots and the miR169q-NF-YA8 regulatory module—for eluci-
dating these biochemical (and/or chemical) mechanisms. So
our discovery of a ROS effector in roots that exerts down-
stream effects on salt tolerance at the whole-plant level repre-
sents a substantial deepening in our understanding ROS-
miRNA processes in plants. Moreover, the agronomically at-
tractive phenotypes we observed for NF-YA8 OE and MIM169
plants clearly support the idea that traditional, transgenic, or
genome-editing-based genetic manipulations of the ZmNF-
YA8 gene or ZmmiR169 should enable the development of ex-
cellent yielding yet salt-tolerance crop varieties.

Materials and methods

Plant materials
Maize (Z. mays L.) varieties used in this work included B73,
B104, and Hi ().
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Plant growth and salt treatments

Root samples were prepared using a paper roll culturing
technique. Kernels were surface-sterilized with 6% (v/v) so-
dium hypochlorite, placed on a double layer of brown ger-
mination papers (Anchor Paper Company, Cat SD3836S),
and wrapped into rolls. Rolls were placed in 2-L beakers
with 400 mL of half-strength Hoagland nutrient solution
and held vertically for 3 weeks in a plant growth chamber
under the following conditions: 28°C/20°C day/night tem-
perature; 16-/8-h light/dark photoperiod; 3,300 lux light in-
tensity; and a relative humidity of 70%. The culture solution
was replaced every 3 d until the V1 stage, then 200 mM
NaCl solutions were added to the cultures. To analyze abun-
dance of pre-miR169q and mature miR169q, the treated
roots of miR169q OE seedlings were harvested at 0, 1, 2, and
4 h. To analyze GUS activities, the roots of treated
pmiR169g:GUS transgenic plants were harvested at 0, 1, 2,
and 4 h. For determining ROS levels, the roots of B104 and
homozygous lines of miR169g OE, NF-YA8 OE were har-
vested at 0 and 1 h. For determining MDA contents and
ROS scavenging enzyme activities, the roots of B104 and ho-
mozygous lines of miR169q OE, NF-YA8 OE were harvested
at 0 and 96 h. Treated roots were harvested at 0 h for tran-
script analysis and all samples were frozen immediately in
liquid nitrogen and stored at —80°C until analysis. For sur-
vival analysis, maize plants were cultivated in pots (diameter
of 85 cm) filled with uniformly mixed substrate (www.
pindstrup.com). Ten plants were planted in each pot, and
grown in a greenhouse at 26°C, with a 16-h/8-h light/dark
photoperiod. Three-week-old seedlings were treated with
200 mM NaCl or water (control) for 35 d, and then the sur-
viving plants were counted. The dry weights of the aerial
parts of plants were also measured after treatment with 200
mM Nacl for 20 d.

H,0, treatment

Maize roots for the H,0O, sensitivity assay of plants were
grown based on the paper roll culture method described
above. Three-week-old inbred line B104 and pmiR169g:GUS
transgenic seedlings were treated with 1 mM H,0,. Roots of
B104 were harvested at the given time points (0, 1, 2, and
4 h) after treatment and frozen in liquid nitrogen for total
RNA extraction. Then to detect abundance of pre-miR169q
and mature miR169q by RT-qPCR and stem-loop qPCR.
Roots of pmiR169g:GUS transgenic lines were harvested at
the given time points (0, 1, 2, and 4 h) to detect GUS
activities.

Constructs for genetic transformation

To construct pmiR169g:GUS and pNF-YA8:GUS, a region of
approximately 2.0 kb of DNA upstream of ZmmiR169q and
ZmNF-YA8 was amplified from the genomic DNA of B73 us-
ing the primers P-miR169g-F and P-miR169g-R, P-YAS-F,
and P-YAS8-R, respectively (Supplemental Table S2). Two
fragments were separately cloned into the binary vector
pCAMBIA3301 to generate the pmiR169q:GUS construct
and pNF-YA8:GUS construct. To prepare the ZmmiR169
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target mimic construct (MIM169), a 21-nucleotide motif
complementary to the miR165/166 in STTM165/166-48
(Tang et al, 2012) was replaced with a sequence comple-
mentary to ZmmiR169. The STTM165/166-48 fragment with
the miR169g-complementary motif was inserted into the
BamHI and BstEll sites downstream of the Ubi promoter in
the pCAMBIA3301-Ubi vector (constructed by our labora-
tory). pmiR169g:GUS, pNF-YA8:GUS and MIM169 constructs
were then introduced into Agrobacterium tumefaciens strain
EHA105, and then transformed into the immature embryos
of Hill to regenerate seedlings, respectively. MIM169/Hill
transgenic lines were continuously backcrossed to B73, and
the homozygous BC4F; transgenic maize plants were used in
experiments.

To generate the ZmmiR169g-overexpression construct
(miR169q OE), the genomic DNA sequence surrounding the
pre-miR169q was amplified using PCR. The amplicon was se-
quenced and subcloned into the BamHI and BstEll sites
downstream of the Ubi promoter in the pCAMBIA3301-Ubi
vector (constructed by our laboratory). For the ZmNF-YA8-
flag-overexpressing construct (NF-YA8-flag OE), full-length
3 x flag DNA sequence was amplified with PCR and then
inserted between BstBl and BstEll restriction sites of the
pCAMBIA3301-Ubi vector (pCAMBIA3301-Ubi-flag). The
maize ZmNF-YA8 CDS sequence of B73 was then amplified
using PCR with deletion of the translation termination co-
don (TAG) and an oligonucleotide sequence containing a
BstBl site. The fragment was fused and cloned into the
pCAMBIA3301-Ubi-flag vector digested by BamHI and BstBI
using the ClonExpress Entry One Step Cloning Kit (C114-01,
Vazyme). In addition, we detected the ZmNF-YA8 3'-UTR se-
quence of B73 and B104 inbred lines using PCR-sequencing,
the results showed that the ZmmiR169q target site was con-
served between B73 and B104 (Supplemental Figure S8). The
two OE recombinant vectors were transformed into A.
tumefaciens strain EHA105 and were then transformed into
B104. The homozygous T4 transgenic maize plants were
used in subsequent experiments. Details of the primers used
for constructing vectors are listed in Supplemental Table S2.

GUS assay

Histochemical staining of transgenic GUS plants was con-
ducted as follows: the whole roots of 3-week-old transgenic
plants were vacuum infiltrated in staining solution contain-
ing 1T mM X-Gluc (5-bromo-4-chloro-3-indolyl-B-glucuro-
nide; Clontech), 1% N,N-dimethylformamide, 0.5 mM
potassium ferricyanide, 0.5 mM potassium ferrocyanide,
0.1% Triton X-100 and 50 mM potassium phosphate buffer
(pH 7.0) for 30 min, and incubated overnight at 37°C in the
dark. Afterward, the roots were decolorized and fixed in 70%
(v/v) ethanol and photographed using a scanner (Microtek,
Zhongling Limited Company, Shanghai). Sections of 500
microns were cut using a Leica microtome VT1000S and
photographed using an Invitrogen EVOS XL microscope.
The GUS activity assay was carried out as described previ-
ously (Jefferson et al,, 1987).
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RNA isolation and RT-qPCR analysis

Total RNA (including miRNA) was extracted using the
miRcute miRNA kit (Tiangen, Beijing, China). To analyze
pre-miR169q and ZmmiR169q expression, mMIiRNA first-
strand ¢cDNA was synthesized using the miRcute miRNA
First-Strand cDNA Synthesis kit (Tiangen). The expression of
pre-miR169q and ZmmiR169q was then quantified by RT-
gPCR using the SYBR PrimeScript miRNA RT-PCR kit
(Tiangen) with U6 as the internal control, respectively. To
analyze target gene expression of ZmmiR169q, ZmNF-YAS,
and other downstream genes, approximately 2 pg total RNA
for each sample was reverse transcribed using the FastQuant
Super Mix kit (Tiangen). The resulting cDNA was used as
the template for a qPCR assay, which was completed with
the SYBR Green SuperReal PreMix Plus kit (Tiangen). The
actin1 gene (GRMZM2G126010) was used for normalization.
The gPCR analysis involved three biological replicates for
each miRNA and gene. The PCR program consisted of an
initial denaturation step at 95°C for 5 min, followed by 40
cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s.
Relative expression levels were calculated according to the
delta—delta threshold cycle (2724") relative quantification
method. All gPCR reactions were performed in an ABI 7500
real-time instrument. Values shown are means + sp of three
biological replicates. In some cases, means were compared
with Student’s t tests. Details regarding the qPCR primers
are listed in Supplemental Table S2.

Transcriptome sequencing and informatics analyses

Roots of WT, WT treated with 200 mM NaCl, miR169q OE
and NF-YA8 OE from 3-week-old seedlings grown in paper
rolls in a plant growth chamber (three biological replicates)
were harvested and flash-frozen in liquid nitrogen. Total
RNA from the materials was isolated as described above.
RNA-seq libraries were constructed using the QiaQuick PCR
extraction kit, end repaired, poly (A) added, and ligated to
lllumina sequencing adapters. Libraries were sequenced on
an lllumina HiSeq2500 instrument by Gene Denovo Co.
(Guangzhou, China).

Raw RNA-seq libraries were processed using a pipeline to
trim adapter sequences and filter out low-quality reads as
described before (Zhu et al, 2017). TopHat version 2.0.3.12
(Kim et al, 2013) was used to map reads to the maize ge-
nome (AGPv3 sequences; http://ensembl.gramene.org/Zea_
mays/Info/Index). Genome-mapped reads were assembled,
and transcripts were reconstructed using Cufflinks (Trapnell
et al, 2012). Gene abundances were quantified in RESM (Li
and Dewey, 2011). Comparisons of WT and OE transgenic
lines were used to calculate differential expression in the
edgeR package (http://www.rproject.org/). Genes with a fold
change >2 and a false discovery rate (FDR) < 0.05 were
identified as significantly DEGs. DEGs were then subjected
to enrichment analysis of GO functions and KEGG
pathways.
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Histochemical staining of O, and H,0,

Histochemical staining of O, and H,0, was performed us-
ing NBT and DAB, respectively. Briefly, whole maize leaves
were infiltrated with 50 mM sodium phosphate (pH 7.5)
containing 0.2% NBT (Sigma) or 10 mM sodium phosphate
(pH 6.5) containing 1 mg mL™' DAB (Sigma), followed by 10
min vacuuming, then incubation at 37°C in the dark for 5
and 10 h, respectively. Whole maize roots were infiltrated
with same NBT staining solution or DAB staining solution,
followed by incubation at 37°C in the dark for 2 and 6 h, re-
spectively. Then the leaves and roots were washed with eth-
anol to bleach out the chlorophyll in boiled water for 10
min, then transferred into fresh ethanol. Finally, the leaves
were photographed using a camera and whole roots were
scanned by a micro computed scanner (WinRHIZO-
VT1000S), root tips were photographed using a stereo mi-
croscope (LEICA-M165-FC) under uniform lighting.

Determination of MDA concentration and
antioxidant enzyme activities

For the MDA concentration assay, fresh roots of WT,
miR169q OE, or NF-YA8 OE from 0 mM NaCl treatment
were homogenized in 5 mL of 10% trichloroacetic acid with
a pestle and mortar. Homogenates were centrifuged at
4,000 x g for 20 min. To each 2-mL aliquot of the superna-
tant, 2 mL of 0.6% thiobarbituric acid in 10% TCA was
added. The mixtures were heated at 100°C for 15 min and
then quickly cooled in an ice bath. After centrifugation at
10,000 x g for 20 min, the absorbance of the supernatant
was recorded at 532 and 450 nm. Lipid peroxidation was
expressed as the MDA content in nmol per g FW. Details of
the procedures for determining activities of POD, superoxide
dismutase (SOD), and catalase (CAT) were described previ-
ously (Xu et al, 2019). Briefly, roots excised from the seed-
lings after treatment with 0 or 200 mM NaCl for 96 h were
immediately frozen in liquid nitrogen and finely ground into
powder with a pestle. Then, the activities of CAT, SOD, and
POD were determined according to the protocols of the
plant POD assay kit (A084-3, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), total SOD (T-SOD)
assay kit (A001-1-1, Jiancheng), and the CAT assay kit
(A007-1-1, Jiancheng), respectively.

Y1H assay

To test the binding of ZmNF-YA8 to ZmPER1 promoter in
yeast, a Y1H assay was completed with the Matchmaker
Gold Yeast One-Hybrid Library Screening System (Clontech
Laboratories, Mountain View, CA, USA). Three DNA frag-
ments containing CCAAT-box elements in the sense strand
of the ZmPERT promoter, named C2, C4, and C5 were sepa-
rately synthesized (Supplemental Table S2) and three tan-
dem repeats were inserted into the reporter vector pAbAi
to obtain pPER3C2-AbAi, pPER3C4-AbAi, and pPER3C5-
AbAi plasmids, respectively. To test the specificity of the
binding sites, three fragments carrying the same flanking
regions but with mutated CCAAT-box elements (ie.
replaced with 5'-CTAGT-3') (Supplemental Table S2), were
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synthesized and inserted into the pAbAi reporter vector to
generate the pPER3C2m-AbAi, pPER3C4m-AbAi, and
pPER3C5m-AbAI plasmids. The full-length ZmNF-YA8 coding
sequence was amplified using PCR and inserted into the
pGADT7 vector. The recombinant pGADT7-NF-YAS8 plasmid
was used to transform Y1H Gold yeast strain cells carrying
the linearized pPER3C2-AbAi, pPER3C4-AbAi, pPER3C5-
AbAi, pPER3C4m-AbAi, and pPER3C5m-AbAi. Transformed
yeast cells were detected by spotting serial dilutions (1:10,
1:100, and 1:1,000) of yeast onto agar-solidified synthetic
dextrose (SD)/-Leu medium supplemented with 100 ng/mL
aureobasidin A (AbA). The pGADT7-Rec-p53 and p53-AbAi
plasmids were used as positive controls. Details regarding
the primers used for this assay are listed in Supplemental
Table S2.

Transient expression assays in maize protoplasts
and in N. benthamiana

For the dual-LUC transient expression assays, a 1,208-bp
ZmPER1 promoter segment containing three CCAAT boxes
(C2, C4, and C5), a 845-bp ZmPERT promoter segment con-
taining two CCAAT boxes (C2 and C4), a 698-bp ZmPER1
promoter segment containing one CCAAT box (C2), and a
387-bp ZmPERT promoter segment containing one CCAAT
box (C5) were separately amplified from inbred line B73 and
recombined into BamHI and Sall sites of pGreenll 0800-LUC
vector, generating the pZmPER1-P1:LUC, pZmPER1-P2:LUC,
and pZmPER1-P3:LUC plasmids as reporters. The Renilla LUC
(REN) gene driven by the 35S promoter in the pGreenll
0800-LUC vector was used as the internal control. The full-
length CDS of ZmNF-YA8 was amplified and recombined
into BamH1 and Xho1 sites of pGreenll 62-SK vector driven
by the 35S promoter, forming the ZmNF-YA8 effectors. The
empty pGreenll 62-SK vector was used as a control. The
transient dual-LUC assays were performed in maize proto-
plasts collected from the leaves of 2-week-old etiolated seed-
lings of inbred line B73 (Gao et al, 2019). The LUC signal
was detected using dual-LUC assay reagents (vazyme) fol-
lowing the manufacturer’s instructions. Relative LUC activity
was calculated by normalizing LUC activity to REN activity.
The constructs pUBI:miR169g, pUBI:NF-YA8-CDS, pUBI:NF-
YA8-CDS-3'UTR (normal 3'-UTR), and pUBI:NF-YA8-CDS-mu-
tant 3'UTR were kept in our laboratory. Transient expression
experiments in N. benthamiana were performed according
to the previous report (Luan et al, 2015). Nicotiana ben-
thamiana Actin1 expression was used as an internal stan-
dard for normalization. The sequences of primers used in
the transient expression assay are listed in Supplemental
Table S2.

ChIP and qPCR analysis

A ChIP-gPCR assay was performed as previously described
(Xu et al, 2014). Briefly, 3-week-old seedlings of NF-YA8 OE
were treated with 200 mM NaCl for 96 h, then the seedlings
were cross-linked with 1% formaldehyde and the chromatin
complexes were sonicated at 4°C to generate 200-500-bp
fragments. The sheared chromatin was immunoprecipitated,
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washed, and reverse cross-linked. A polyclonal anti-FLAG
M2 antibody (F1804, Sigma-Aldrich, St. Louis, MO, USA)
was used, with 1gG as a negative control. The purified pre-
cipitated DNA was dissolved in water for qPCR analysis. The
values were standardized to the input DNA to obtain the
fold enrichment. GH3 was used as an internal control.
Details regarding the primers used for this assay are listed in
Supplemental Table S2.

Statistical analyses

All experiments were performed at least three times. All RT-
gPCR reactions and other quantitative analysis were re-
peated at least three times. The Student’s t test was used to
evaluate the significant differences among the various geno-
types, treated or untreated with salt or H,O,.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
POD 1(NM_001154199), NF-YA8 (NM_001153839), and
miR169q (NR_121140).
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