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Abstract

Drought stress is the most important environmental stress limiting maize production. ZmPTF1, a phosphate starvation-
induced basic helix-loop-helix (bHLH) transcription factor, contributes to root development and low-phosphate toler-
ance in maize. Here, ZmPTF1 expression, drought tolerance, and the underlying mechanisms were studied by using
maize ZmPTF1 overexpression lines and mutants. ZmPTF1 was found to be a positive regulator of root development,
ABA synthesis, signalling pathways, and drought tolerance. ZmPTF1 was also found to bind to the G-box element
within the promoter of 9-cis-epoxycarotenoid dioxygenase (NCED), C-repeat-binding factor (CBF4), ATAF2/NAC081,
NAC30, and other transcription factors, and to act as a positive regulator of the expression of those genes. The dra-
matically upregulated NCEDs led to increased abscisic acid (ABA) synthesis and activation of the ABA signalling
pathway. The up-regulated transcription factors hierarchically regulate the expression of genes involved in root de-
velopment, stress responses, and modifications of transcriptional regulation. The improved root system, increased
ABA content, and activated ABA-, CBF4-, ATAF2-, and NAC30-mediated stress responses increased the drought tol-
erance of the ZmPTF1 overexpression lines, while the mutants showed opposite trends. This study describes a useful
gene for transgenic breeding and helps us understand the role of a bHLH protein in plant root development and stress
responses.
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Introduction

Drought stress is one of the most important environmental the maize varieties they grow must have a good level of tol-

stresses worldwide, and it impacts agricultural productivity
(Bray, 1987; Dai, 2013). Substantial reductions in maize
productivity are observed under drought stress. For ex-
ample, the USA suffered an agricultural drought in 2012,
which caused a 12% decrease in maize production com-
pared with production in 2011 (USDA, 2014). In the
developing world, maize is grown by small-scale farmers in
areas with minimal water input and management; therefore,

erance to drought stress.

The overall goal of genetic research to improve drought
tolerance in crops is to develop plants that are capable of
producing sufficient yields under drought conditions. In gen-
eral, plants use three strategies to help mitigate the effects of
drought stress: drought escape, drought avoidance, and drought
tolerance. Drought-response genes can be grouped into those
involved in signal transduction and those that are functional
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components (Jewell ef al., 2010). Plant tolerance to drought is
triggered by complex multicomponent signalling pathways. In
the signal transduction network that connects the perceived
stress signals with the expression of stress-responsive genes,
transcription factors (TFs) play an essential role (Nakashima
et al.,2014; Joshi ef al., 2016).

Basic  helix-loop-helix (bHLH) proteins found
throughout the three eukaryotic kingdoms and are defined
by the bHLH signature domain, which consists of a basic re-
gion for DNA binding and the HLH region for dimerization
(Ferre-D’Amare et al., 1993). According to their structural and
biochemical properties, the known bHLH proteins from ani-
mals have been categorized into groups A to F (Atchley and
Fitch, 1997). There are 225 members of the bHLH family of
proteins in Arabidopsis, 211 members in rice, and 308 members
in maize (Jin ef al., 2014). The bHLH proteins in Arabidopsis
are divided into 21 subfamilies (Toledo-Ortiz ef al., 2003) and
15 separate clades (Buck and Atchley, 2003). Most of the plant
bHLH proteins belong to what is Group B in animals (Atchley
and Fitch, 1997; Li et al., 2006); these bHLH proteins bind to
the G-box sequence CACGTG and are involved in plant mor-
phogenesis and various abiotic and biotic stimulus responses.

Until now, studies of the possible roles of the bHLH TFs
in plant adaptation to drought have focused on stomatal de-
velopment, trichome development, root hair development,
abscisic acid (ABA) sensitivity, and phytochrome inter-
actions in terms of high-temperature-mediated plant struc-
tural adaptations (Castilhos et al., 2014). Three bHLH TFs,
SPCH (SPEECHLESS), MUTE, and FAMA, control the
basal pathway of stomatal development, and are influenced
by SCRM (SCREAM)1 and SCRM2 (Kanaoka ef al., 2008).
GL3/AtbHLH001,EGL3/AtbHLH002, RHD6/AtbHLHO083,
bHLH54, bHLH66, bHLHG69, and bHLHS2 are required for
trichrome morphogenesis and root hair development (Zhao
et al.,2008; Karas et al.,2009; Bruex et al.,2012; Lin et al., 2015;
Hwang et al., 2017). RD29, RD22, and MYC2 (OsbHLH148
in rice) have been implicated in the ABA signal transduction
pathway (Abe et al.,2003; Msanne et al., 2011; Seo et al.,2011).
In addition, AtAIB/AtbHLH17, AtbHLH92, and AtbHLH 122
have been reported to be involved in the drought stress re-
sponse (Li et al.,2007; Jiang et al.,2009; Babitha et al.,2013; Liu
et al.,2014). However, in crop species, few bHLH TFs involved
in stress responses have been reported, except for OsPTF1
and ZmPTF1, which provide tolerance to low-phosphate
conditions in rice and maize (Yi et al., 2005; Li et al., 2011);
OsbHLH148, which is involved in drought tolerance in rice
(Seo et al.,2011); and TabHLH1, which is involved in osmotic
and nutrient stress in wheat (Yang et al., 20164, b).

In our previous work, we found that ZmPTF1 improved root
development and increased the low-phosphate stress tolerance
of maize (Li et al.,2011). Phosphorus (P) fertilizer applications
can mitigate the negative impacts of drought on plant growth
and metabolism, while P deficiency can exacerbate drought
stress (dos Santos et al., 2006; Sardans and Penuelas, 2012; Jin
et al.,2015; Liu et al., 2015). Although the mechanism of plant
adaptations to drought/osmotic stress or P deficiency has at-
tracted much attention in recent decades, much less attention
has been paid to evaluating the relationships and interactions

are

between them. Because of the increased P-deficiency tolerance
caused by the overexpression of ZmPTF1 in maize, we were
interested in whether low-phosphate stress and drought stress
share a common regulatory system, and were specifically inter-
ested in the role of ZmPTF1 in the drought stress response. In
this study, the morphology, growth, and yield of maize under
drought stress conditions were evaluated using ZmPTF1 trans-
genic lines and mutants. Similar to the P-deficiency tolerance
observed previously, ZmPTF1 was found to be a positive regu-
lator of root system development, ABA synthesis and signalling
pathways, and drought stress tolerance. A downstream gene
expression analysis of ZmPTF1 showed that ABA synthesis
and ABA signalling were positively regulated by ZmPTF1
binding to the promoters of several key genes involved in
ABA synthesis, such as the NCED genes in maize. The hier-
archical regulation of gene expression by ZmPTF1 impacted
root development and stress responses via the up-regulation
of other TFs. In the ZmPTF1 overexpression lines, a dramatic
up-regulation of the expression of these genes increased the
ABA content and activated the core ABA signalling pathway.
The present study reveals the function of ZmPTF1 in maize
drought tolerance and provides information on a useful gene
for maize transgenic breeding.

Materials and methods

Plant materials
The maize inbred line DH4866 [wild type (WT)] and its independent

transgenic homozygous lines reported by Li ef al. (2011) were used in this
study (see Supplementary Fig. S1 at JXB online). For the drought stress
assay and yield analysis in the field, T3 generation seedlings were used,
and for the comparison of germination, the seeds of T4 generation plants
were used. Mu mutants (ptf1-1, mu1046031; ptf1-2, mu1030095; pif1-3,
mu1040158) were kindly provided by the Maize Stock Centre and were
backcrossed and self-pollinated for two generations. Uniform Mu is a
special maize population developed specifically for genetics research by
the introgression of active Mu transposons in the W22 inbred line back-
ground (McCarty et al., 2005).

Comparison of seed germination under different polyethylene
glycol treatments

The maize seeds were surface sterilized and placed on damp filter paper
in sterile culture flasks maintained at 28 °C in darkness. The filter papers
were soaked in polyethylene glycol 8000 (PEG8000) solutions of dif-
ferent concentrations (0, 12%, 15%, and 18%). After 8 days of culture, the
seedlings were subjected to a morphological analysis.

Plant culture, drought treatment, and morphological analysis

Hydroponic cultures and a root morphology analysis were performed
as described by Li ef al. (2018). Briefly, seeds were germinated on
damp filter paper at 28 °C in darkness for 4 days, after which the seed-
lings were transferred to a nutrient solution and grown for 12 days.
The roots were scanned with a scanner (Powerlook 1000, China) and
analysed by using LA-S-type plant image analysis software (developed
at Zhejiang University, China). The number of roots were counted,
and the root lengths were measured. The roots and shoots were sub-
sequently dried in an oven at 80 °C to a constant weight and then
weighed. The plants were grown under a 32 °C/25 °C (day/night)
temperature regimen at a photon flux density of 700 umol m™2 s~
with a 14 h/10 h light/dark cycle in a greenhouse with approximately
65% relative humidity.
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A drought stress treatment was administered during the vegetative
growth stage (V4 stage) and the reproductive growth stage (V10 stage)
as described by Li e al. (2008). Maize seeds from different lines were
sown in pots (25 cm dimeterX35 cm height) that contained homoge-
neous loam in May. An overexpression line and the WT line were separ-
ately sown on the left and the right sides of each pot. After germination,
the seedlings were watered normally. For the plants that were treated at
the reproductive stage, the seedlings were thinned to one plant per pot.
When the plants reached the correct stage, half of them were subjected to
drought stress by withholding watering, and the others were well watered
and served as controls. In the drought stress treatment, the plants were
analysed on the second [soil water content (SWC) ~14.5%] and fifth days
of treatment, and on the second day (SWC ~22.4%) of recovery after
watering for the vegetative stage experiment; the plants were analysed
on day 0, on the third (SWC ~14.2%) and seventh days of treatment,
and on the second day (SWC ~22.2%) of recovery after watering for the
flowering stage experiment.

The field experiment was carried out in accordance with the same
protocol, and in the same field, as those of Li ef al. (2008). The experi-
ment was carried out in an experimental field under a rain shelter that
was rolled up on sunny days in Jinan (117°29” E, 36°54” N). The trial
plots were arranged in a randomized complete block design with four
replications. Forty seeds of each homozygous transgenic or WT line were
sown in a double row in each plot in May. Each plot was 2.5 m in length,
with a width of 0.6 m between rows, and 25 cm between the plants in
each row.The plants were thinned at the three-leaf stage to ensure the de-
sired experimental density (66 700 plants/ha). At the V9 stage, the plants
were subjected to drought stress for 6 weeks by maintaining the SWC
at a depth of 40 cm at between 15% and 17% during the treatment. The
plants grown under normal conditions were designated as the controls.
After 6 weeks of drought stress treatment, the plants were well watered
until harvest for yield calculations.

Real-time RT-PCR of the candidate genes, identification of
differentially expressed genes, and data analysis

Real-time reverse transcription-PCR (RT-PCR) of the candidate
genes, identification of differentially expressed genes (DEGs), and data
analysis were performed as described by Li ef al. (2018). Three biological
replicates were used. The primer sequences used in this study are shown
in Supplementary Table S1. For the DEGs, the roots from the ZmPTF1
transgenic (L+4) and WT lines cultured in nutrient solutions for 12 days
were used for transcriptome analysis. A total of 0.5 g of roots (collected
from 25 plants) was used for one RNA library. The total RNA was ex-
tracted as described for molecular cloning (Chomczynski and Sacchi,
1987).Tag preparation, DNA purification, and Illumina sequencing were
performed by BGI Tech Solutions Co., Ltd (Shenzhen, China), according
to standard procedures. The bioinformatics analysis for digital gene ex-
pression profiling was performed according to the bioinformatics analysis
procedure of BGI Tech. The criteria of false discovery rate <0.001 and the
absolute value of log, ratio >1 were used as thresholds to judge the signifi-
cance of differences in gene expression (data deposited in Dryad Digital
Repository: https://doi.org/10.5061/dryad.7nr377v).

Sequence analysis

Clustal W2 (https://www.ebi.ac.uk/Tools/msa/clustalw2/) and MEGA
5 (Tamura ef al., 2011) were used for sequence analysis of the bHLH TFs.
PlantCARE (Lescot et al., 2002) was used for cis-element identification
in the promoter.

ABA determination by using UPLC-MS/MS

Plants cultured in a normal nutrient solution for 11 days and then transplanted
into nutrient solutions with or without 15% PEG8000 for another 24 h were
used for ABA quantification. Roots and leaves were collected and flash frozen
in liquid nitrogen. The extraction and determination of ABA were performed
as described by Fu ef al. (2012). Five independent biological replicates were
used, and each biological replicate was collected from five plants.

Yeast-one-hybrid analysis and electrophoretic mobility

shift assays

Promoter fragments were amplified and inserted into a pLacZi vector,
and the coding region of ZmPTF1 was inserted into pGADT7
(Supplementary Table S1). These vectors were used as the bait and prey
in a yeast one-hybrid analysis. The yeast strain AH109 was used as the
host strain, and the experiment was performed according to the Yeast
Protocols Handbook (Clontech). An ONPG [3-galactosidase assay and
X-gal staining were carried out as described in the Yeast Protocols
Handbook (Clontech). At least three biological replicates were used for
the assay. For the electrophoretic mobility shift assays (EMSAs), ZmPTF1
was inserted into pET30a for expression. Probes were generated using a
DIG Gel Shift Kit (Roche, China). The sequences of the probes and the
mutated probes used in this assay are shown in Supplementary Table S2.
The mutated probes were artificially synthesized. All experiments were
repeated three times.

Results
Expression pattern and sequence analysis of ZmPTF1

The sequence alignment showed that ZmPTF1
(GRMZM2G024530)and ZmPTF1-like(GRMZM2G116785)
were the corresponding genes of OsPTF1, and the members
of this PTF subgroup were highly similar to LRL (LJRHL1-
LIKE)1, LRL2,and LRL3 in Arabidopsis (Fig. 1A) (Karas ef al.,
2009). As shown in Fig. 1B, the ZmPTF1 gene has four MBSs
(MYB binding sites involved in drought inducibility) and two
ABREs (cis-acting elements involved in ABA responsiveness),
whereas OsPTF1 has only one MBS in its promoter region.
The expression level of ZmPTF1 was relatively high in the
roots and seeds, and that of ZmPTF1-like was higher in the
leaves than in the other plant organs (Fig. 1C). The expression
of ZmPTF1 was induced not only by low-phosphate stress (Li
et al., 2011) but also by the PEG and ABA treatments, espe-
cially in the roots (Fig. 1D). In response to treatment with 15%
PEG or 100 uM ABA, ZmPTF1 expression increased 2- to
3-fold at 12 h and 24 h in the roots, while in the leaves it was
induced by PEG treatment but not ABA treatment. The ex-
pression pattern and promoter element analysis indicated that
ZmPTF1 may participate in the drought stress response.

Overexpression of ZmPTF1 improved maize root
growth by promoting lateral root development

The growth and development of maize plants were ob-
served throughout their entire life cycle. As shown in Fig. 2
and Supplementary Fig. S2A, B, the overexpression lines had
a more developed root system than the WT and antisense lines
at the V4 stage when cultured in either nutrient solution, sand,
or soil. At the reproductive stage, the brace root volume and
total root volume of the overexpression lines were greater than
those of the WT line (Supplementary Fig. S2C-H).

The number of roots, root length, and number of lateral
root primordia of the maize plants cultured in nutrient solu-
tions were evaluated. In the overexpression lines, a significant
increase in both the number of lateral roots and the length of
the seminal and lateral roots was observed (Fig. 2C—E). The
data showed that the improved root system of the ZmPTF1
overexpression lines was mainly caused by the number and
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Fig. 1. Sequence analysis and expression analysis of ZmPTF1. (A) Phylogenetic tree of the deduced amino acid sequences of the bHLH transcription
factors in Arabidopsis, rice, and maize. (B) Promoter analysis of ZmPTF1 and its homologues showed a distribution of drought-related cis-elements in the
promoters. (C) Expression analysis of ZmPTF1 and ZmPTF1-like in different organs and stages of the maize inbred line DH4866. The roots, leaves, and
stems were collected from three-leaf-stage maize plants, the tassels and ears were collected from plants at the V9 stage, and the seeds were collected
from plants after pollination. All of the DH4866 plants used were grown under normal conditions. (D) Expression analysis of ZmPTF1 in plants at the
three-leaf stage subjected to 15% PEG8000 or 100 nM ABA treatments via a hydroponic culture system. The transcript levels were calculated using the
270" method (Livak and Schmittgen, 2001), with maize Actin1 (NM_001155179.1) as an internal control. Three biological replicates were used for the

experiment. (This figure is available in colour at JXB online.)

length of the roots, especially the lateral roots. The analysis of
the lateral root primordia, determined by Feulgen staining,
showed that the emergence of lateral root primordia oc-
curred earlier in the overexpression lines than in the WT line,
meaning that the distance from the first lateral root prim-
ordium to the root tip was shorter in the overexpression
lines than in the WT (Fig. 2F-H).The number of lateral root
primordia in the overexpression lines was 141-161% greater
than that in the WT, and the number of lateral roots was 122—
138% greater than that in the WT. In addition, more than
one internode from which adventitious roots (brace roots in
maize) emerged was observed in the mature plants in the
field (Supplementary Fig. S2C-H). With the overexpression
of ZmPTF1, the numbers of lateral roots, brace roots, and
seminal roots increased, which promoted plant growth.

Knockdown of ZmPTF1 slowed root system
development by reducing the number and growth of
lateral roots

Since overexpression of ZmPTF1 promoted root development
and increased the number and growth of lateral roots, we won-
dered whether the mutant of ZmPTF1 would be affected in
root development. The root morphology of three ZmPTF1
Mu mutants was used to test the correlation between ZmPTF1
expression levels and root development. As shown in Fig. 3, all
three mutations occurred upstream of ZmPTF1 (Fig. 3A, B)

and significantly reduced the expression of ZmPTF1, especially
ptf1-3 (Fig. 3C). When seeds were germinated on filter paper
for 8 days (Fig. 3D, E), the root growth and development of
the mutants were significantly reduced. When the seeds were
grown in a nutrient solution (Fig. 3F—]), a dramatically reduced
number and length of lateral roots were observed in the mu-
tants, and a slight reduction in both seminal root and crown
root development was observed, in contrast to that of the WT
line W22.A 50.3-76.7% reduction in lateral root number and a
36.6-51.2% reduction in lateral root length compared with the
WT were observed; the marked reduction in lateral root devel-
opment led to an undeveloped root system with reduced bio-
mass, number of total roots, and root surface area and volume.
As shown in Fig. 3K—M, the numbers of lateral root primordia
of the mutants were significantly reduced, and the length from
the first lateral root to the root tip was longer in the mutants
than in W22.

Overexpression of ZmPTF1 enhanced osmotic/drought
stress tolerance and yields under drought stress

The osmotic/drought stress tolerance of the ZmPTF1 trans-
genic plants was examined at the seed germination stage, at
the V4 stage, and at the V10 stage. When seeds were germin-
ated on filter paper, compared with the WT and L-1 lines,
the overexpression lines had longer shoots and a more robust
root system. The root length of the overexpression lines was
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lines and the wild-type (WT) line grown in sand (A) or nutrient solutions (B). (C—E) Root number and root length of the different lines of the plants grown

in nutrient solutions. (F) Distribution of the lateral root primordia in seedlings at the two-leaf stage from the ZmPTF1 overexpression and antisense lines
and the WT. (G) Distance from the first lateral primordium to the root tip. (H) Number of lateral root primordia per seminal root. L+2, L+3, and L+4 are the
ZmPTF1 overexpression lines, L-1 is the antisense line, and WT is the control, DH4866. Values are means +SD; six biological replicates were used for the
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in colour at JXB online.)

190-293% greater than that of the WT line (Fig. 4A, E). When
the seeds were germinated in PEG solutions, the germination
rates of all lines decreased with increasing PEG concentra-
tions. However, the overexpression lines maintained a relatively
higher germination rate and level of growth on filter paper
soaked in the PEG solutions than the other lines (Fig. 4B-E),
and the WT and antisense lines showed limited germination in
the 18% PEG solution.The seeds from the overexpression lines
were able to germinate in the 18% PEG solution, which was
shown when the coleoptiles and radicles penetrated the seed
coat and continued growing.

At the seedling stage (Fig. 5A), all plants showed leaf wilting
caused by a 2-day water shortage (Fig. 5B) and exhibited severe
wilting after another 3 days (Fig. 5C) of withholding watering.
The WT and L-1 lines showed severe dehydration and died,
whereas the overexpression lines maintained relatively better
growth. After they were rewatered (Fig. 5D), the overexpression
lines recovered to normal conditions, whereas few WT and
antisense plants survived. At the flowering stage (Fig. 5E-G,
Supplementary Fig. S3), the field-grown plants overexpressing
ZmPTF1 demonstrated improved drought tolerance, produ-
cing a greater yield per plant and yield per plot than the WT
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Fig. 3. ZmPTF1 Mu mutants showed poor root system development. (A) Genetic map of the ZmPTF1 Mu mutants from the maize stock centre. The
triangles represent the insertions. (B) Molecular identification of the ZmPTF1 Mu mutants (ptf7-7, mu1046031; ptf1-2, mu1030095; ptf1-3, mu1040158)
with specific combinations of primers. (C) Relative ZmPTF1 transcript levels in the roots of Mu mutants ptf7-1, ptf1-2, and ptf1-3 and the wild-type (WT)
control W22 determined by real-time RT-PCR (upper panel) and RT-PCR (lower panel). (D, E) Seedlings of the ZmPTF1 Mu mutants and WT during the
germination period. (F) Seedlings of the ZmPTF1 Mu mutants and WT cultured in nutrient solutions. (G-J) Root number (G), root length (H), biomass (1)
and the root/shoot ratio (J) of the ZmPTF1 Mu mutants and WT cultured in nutrient solutions. (K) Distribution of the lateral root primordia and distance
from the root tip to the first lateral root primordium of seedlings of the ZmPTF1 Mu mutants and WT. (L, M) Number of lateral root primordia per seminal
root (L) and distance from the first lateral primordium to the root tip (M). Values are means +SD; three biological replicates were used for the gene
expression analysis and six biological replicates were used for the morphological analysis. Asterisks indicate significant differences between the mutant
and WT lines according to t-tests: **P<0.01. (This figure is available in colour at JXB online.)
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line; this was especially the case for the L+4 line, which pro-
duced a kernel yield 147% greater than the WT (Fig. 5H-I).

Overexpression of ZmPTF1 enhanced root
development and stress responses, and modified
transcriptional regulation

To elucidate the regulatory network of ZmPTF1, the DEGs
in the roots of the ZmPTF1 overexpression line L+4 and
the WT cultured in nutrient solutions for 12 days were ana-
lysed (data deposited in Dryad Digital Repository: https://
doi.org/10.5061/dryad.7nr377v). The data showed that
761 genes were differentially expressed between L+4 and
the WT, with 532 DEGs up-regulated and 229 down-
regulated in the roots of L+4 compared with the WT
(Supplementary Table S3—S8); 35 of them were validated via
real-time RT-PCR. The DEGs were enriched in the fol-
lowing three Gene Ontology (GO) categories: response to
stimuli, growth and development, and transcriptional regu-
lation (Fig. S4, Supplementary Table S3). Interestingly, 88
up-regulated genes functioned in at least two biological

processes and were significantly different from the down-
regulated genes. For example, 15 genes were involved in all
three of the aforementioned GO categories, 59 genes were
involved in the response to stimuli and transcriptional regu-
lation, 26 genes were involved in growth and development
and transcriptional regulation, and 33 genes were involved
in the response to stimuli and growth and development. GO
analysis indicated that ZmPTF1 works as a positive regu-
lator of stress responses as well as growth and development.
ZmPTF1 might play an important role in the activation of
certain key regulatory networks in these biological processes
(Supplementary Table S3).

As shown in Supplementary Table S4, the phytohormone-
mediated morphology, especially in relation to auxin, was sig-
nificantly affected by ZmPTF1 overexpression. The expression
of orthologues of IAA3 and ARF6 and four SAUR genes was
significantly altered, with SHY2/IAA3 (GRMZM2G115357,
5.84-fold, L+4/WT), SAUR32 (GRMZM2G414727,
3.91-fold), SAURS55 (GRMZM2G430052, 2.26-fold),
and SAUR71 (GRMZM2G146108, 364-fold) signifi-
cantly up-regulated, and ARF6 (GRMZM2G081158,
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Fig. 5. Overexpression of ZmPTF1 increases tolerance to drought stress during the seedling and flowering stages. (A-D) Seedlings of the ZmPTF1
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Ears (H) and yields (I, J) of the ZmPTF1 overexpression and antisense lines and the WT under normal (control) and drought stress conditions in the field.
The lines used are those described in Fig. 2. Values are means +SD; six biological replicates were used for the experiment. Asterisks indicate significant
differences between the transgenic and WT lines according to t-tests: “P<0.05, **P<0.01. (This figure is available in colour at JXB online.0029

0.44-fold) and SAUR53 (GRMZM2G442000, 0.37-fold)
down-regulated. In addition to the auxin signalling genes, three

BRH1 genes (GRMZM2G044537, GRMZM2G071277,
and GRMZM2G318408) and two GID-like genes
(GRMZM2G173630 and GRMZM2G440543)  were

up-regulated by ZmPTF1.The NAC TFs, which were named
after the abnormal morphology of the mutants NAM, ATAE
and CUC, were significantly induced by ZmPTF1. As sum-
marized in Supplementary Table S4, seven NAC genes were
induced by ZmPTF1, including the orthologues of NACI
(GRMZM2G063522, 2.40-fold), NAC30 (AC212859.3_
FGO008, 257-fold), NAC047 (GRMZM2G011598, 2.52-
fold), and ATAF2/NAC081 (GRMZM2G127379, 3.97-fold;
GRMZM2G068973, 4.85-fold; GRMZM2G162739, 3.89-
fold; and GRMZM2G3470434, 20-fold).

Genes involved in the response to stimuli were active in the
ZmPTF1 overexpression line, including ABA synthesis and
signalling genes as well as AP2/DREBP, WRKY, NAC, and
bHLH TFs (Supplementary Table S5 and 6). For ABA syn-
thesis, two NCED9 homologues were dramatically induced,
and the orthologues of PYL/RCAR,ABO3,ABFs, CBF4, and
ERF1 involved in the ABA core signalling pathway and ABA
response were also active. In addition to the ABA-dependent
pathway, TFs involved in the ABA-independent stress response
pathways were also active.As shown in Supplementary Table S6,
18 AP2/DREBP, 12 WRKY, 11 NAC, 6 MYB, and 6 bHLH
TFs, as well as some other key genes involved in drought and
phosphate responses, such as those that encode phosphate and
potassium transporters, the oxidative stress 3 protein, perox-
idase, and molecular chaperones, were induced in the ZmPTF1
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Fig. 6. ZmPTF1 binds to the G-box in the promoter region of the candidate target genes and activates their expression. (A, B) Yeast one-hybrid analysis

of ZmPTF1 and the seven candidate target genes using X-gal staining (A)

and (-galactosidase activity and G-box number (B). (C) Overexpression of

ZmPTF1 activated the expression of seven candidate genes from the DEG analysis. (D) ZmPTF1 protein expressed in E. coli. (E) Electrophoretic mobility
shift assay for the specific binding of ZmPTF1 and the promoter motifs of the candidate target genes. The probes and mutant probes were generated
using a DIG Gel Shift Kit (Roche). Values are means +SD; at least three replicates were performed for the experiment. (This figure is available in colour at

JXB online.)

overexpression lines. Thus, a hierarchical regulation of TFs by
ZmPTF1 was found in response to environmental stress.

ZmPTF1 binds to the G-box element of maize NCED,
CBF4, ATAF2, and NAC30, and acts as a positive
regulator of the expression of these genes

In rice,Yi et al. (2005) showed that OsPTF1 is able to bind to
the G-box. ZmPTF1 has conserved residues in its BHLH do-
main for the recognition of the G-box, similar to OsPTF1.The
DEGs were analysed for the presence of a G-box element in
their promoter regions. As described above, the genes involved
in the three GO categories had a high G-box frequency in

their promoter region (Supplementary Fig. S4). Among the
175 up-regulated genes that respond to stimuli, 115 (65.71%)
had a G-box element, and 61 (34.86%) had more than two
G-box elements. Among the 70 up-regulated genes involved
in growth and development, 53 (75.71%) had a G-box, and 28
(40%) had more than two G-boxes. Regarding transcriptional
regulation, among the 96 up-regulated genes, 68 (70.83%)
had a G-box and 30 (31.25%) had more than two G-boxes.
These values are significantly higher than the average level
and the levels in the down-regulated genes in these three GO
categories. Interestingly, all 15 up-regulated genes involved in
the response to stimuli, growth and development, and tran-
scriptional regulation harboured a G-box element in their
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Fig. 7. ABA content and synthesis were greatly affected by ZmPTF1. (A, B) ABA contents in the roots (A) and leaves (B) of the ZmPTF1 overexpression
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24 h. The leaves and roots were used for ABA content analysis. (C) The ABA biosynthesis pathway and the enzymes that catalyse each step. (D)
Expression levels of the key genes involved in ABA biosynthesis in the roots of the ZmPTF1 overexpression lines, WT DH4866 plants, ZmPTF1 Mu insertion
lines, and WT W22 plants under normal conditions, determined using real-time RT-PCR. The roots from plants cultured in a normal nutrient solution

were used for gene expression analysis. The levels of the gene transcripts were calculated using the 274°" method (Livak and Schmittgen, 2001), with
maize Actin1 (NM_001155179.1) as an internal control, and the levels of WT (DH4866 and W22) expression were set as 1-fold. L+3 and L+4 are ZmPTF1
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significant differences between the transgenic and WT lines according to t-tests: **P<0.01. (This figure is available in colour at JXB online.)

promoter, and eight of them (53.33%) had more than two
G-box elements.

To investigate whether ZmPTF1 directly regulates the
candidate genes, the binding affinity between ZmPTF1
and the promoters of seven candidate genes was assessed by
employing a yeast one-hybrid assay, and was confirmed by
EMSA (Fig. 6). These seven genes are named according to their
orthologues in Arabidopsis: AZF2 (GRMZM2G113860),

NAC30 (AC212859.3_FG008), ATAF2/NAC081
(GRMZM2G347043), NCED9 (GRMZM2G014392 and
GRMZM2G417954), and CBF4 (GRMZM2G069082 and
GRMZM2G124037). As shown in Fig. 6A, ZmPTF1 bound
to the promoter and drove the expression of the reporter
genes, albeit to different extents, when the G-box was in the
promoter region. The colour intensity that developed in an
ONPG p-galactosidase transactivation assay showed that the
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ability of ZmPTF1 to bind to these promoters ranged from
7.40 (NAC30) to 36.00 (AZF2).The binding affinity between
ZmPTF1 and the promoters of the two CBF4 genes and the
two NCEDY genes was high, with values of 33.31 and 29.88,
and 7.99 and 13.25, respectively (Fig. 6B). These expression
levels corresponded to the expression levels of the candidate
genes in the overexpression line L+4, in which they were dra-
matically up-regulated by 4.20- to 2119-fold relative to the
WT (Fig. 6C). The results showed that ZmPTF1 bound to
the promoter of the maize genes NCED, CBF4, ATAF2, and
NAC30 and acted as a positive regulator of the expression of
these genes. The EMSA assay confirmed that the binding of
ZmPTF1 to these promoters was specific and stable (Fig. 6E).

ZmPTF1 affects ABA biosynthesis by regulating NCED
family genes

The ABA contents in the roots and leaves of the ZmPTF1
overexpression and WT (DH4866) lines, and in the Mu inser-
tion mutant and WT (W22) lines, were determined. As shown
in Fig. 7A and B, the ABA contents of the overexpression line
were 20% and 25% higher in the roots and leaves, respectively,
than those of the WT, while the ABA contents were lower
in the mutants than in the WT under normal culture condi-
tions. When the plants were subjected to treatment with 15%
PEG, the ABA content in the plants increased dramatically, by
11-fold in the leaves and 3-fold in the roots compared with the
control, and the ABA contents in the overexpression lines were
higher than those in the WT. When ZmPTF1 was knocked
down, the drought-induced increase in ABA was dramatically
weakened, especially in the roots. This finding indicated that
increasing the expression level of ZmPTF1 enhanced ABA ac-
cumulation in both the roots and leaves, while the knockdown
of ZmPTF1 reduced ABA accumulation, especially when the
plants were subjected to drought stress treatment.

In plants, ABA can be synthesized directly through the
mevalonic acid pathway. The expression levels of the genes
coding for the enzymes that catalyse the conversion of
zeaxanthin to ABA in the ZmPTF1 overexpression lines, mu-
tants, and WT lines were compared. These genes were homo-
logues of ABA1, NPQ1, NCED, ABA2, and AAO3 (Fig. 7C).
The results showed that the main step regulated by ZmPTF1 was
the step controlled by the expression of members of the NCED
gene family. In this subgroup, maize has four members that are
similar to Arabidopsis NCED?2, 3, 5, and 9. Among these four
genes, two (GRMZM2G150363 and GRMZM2G014392)
were dramatically up-regulated in the ZmPTF1 overexpression
lines. The cleavage of 9-cis-epoxycarotenoids, which is cata-
lysed by NCED, has been reported to be the rate-limiting step
of ABA synthesis (Schwartz ef al., 1997; Burbidge et al., 1999).
The promoters of the four NCED genes in maize were ana-
lysed, and two G-box elements were found in the promoter
region of GRMZM2G014392 and GRMZM5G150363. As
shown in Figs 6, 7D, and Supplementary Fig. S5, ZmPTF1
can bind to the promoter of NCED9 genes. The expression
of the two NCEDs with G-box elements was highly regu-
lated by ZmPTF1, while that of the other two NCEDs was
not. This finding indicated that ZmPTF1 acted as a positive

regulator of ABA synthesis by directly binding to the promoter
region of NCEDs, and the increased expression of NCEDs en-
hanced the ABA content by increasing ABA synthesis, which
contributes to the drought stress tolerance of maize. Beside the
NCEDs, most of the genes involved in ABA synthesis were ex-
pressed at a higher level in the ZmPTF1 overexpression lines
except for ABA2, which had an expression level approximately
0.8-0.91-fold that in the WT. In Arabidopsis, aba2 mutants are
insensitive to sucrose and glucose (Lin ef al., 2007). ZmPTF1
overexpression led to lower levels of glucose and sucrose in
the leaves, and higher levels in the roots, compared with WT
(Li et al., 2011). Plants might have a fine-tuning regulation in
maintaining ABA levels in response to stresses through regu-
lation of primary metabolic changes, maybe through ABA2.

The ABA-dependent stress response is active in
ZmPTF1 overexpression lines

With respect to plant responses to abiotic stress, the ABA-
dependent stress response has been well elucidated. Based
on the GO analysis, the response to the ABA stimulus was
largely enhanced in the ZmPTF1 overexpression lines
(Supplementary Tables S3 and S5). With respect to the previ-
ously described 15 genes involved in the response to stimuli,
growth and development, and transcriptional regulation,
four were involved in the ABA signalling pathway, and ABF
homologues were identified (Supplementary Table S5). Three
PYR/PYL ABA receptor genes were differentially expressed
(GRMZM2G377904, 4.67-fold; GRMZM2G050512, 3.58-
fold; and GRMZM?2G446858, 0.32-fold). In addition, an
ABF gene (GRMZM2G033413) was up-regulated 2.19-fold,
and the ABO3/WRKY63 gene (GRMZM2G158328) was
up-regulated 663-fold. Furthermore, both the WRKY TF and
the MEKK-MPK system were active, which lead to the acti-
vation of genes with an ABRE cis-element. Two CBF4 genes
(GRMZM2G124037 and GRMZM2G069082) that are in
the ABA signalling pathway were dramatically up-regulated,
by 1091-fold and 2119-fold, respectively, in the overexpression
lines compared with the WT.

Discussion

ZmPTF1 overexpression enhances drought tolerance
by increasing ABA accumulation and activating ABA
signalling

ZmPTF1 overexpression led to an accumulation of ABA in
both the roots and leaves under normal conditions (Fig. 7),
which suggests that the biosynthesis of ABA may be greater
in the overexpression lines than in the WT. Treatment with
PEG solution induced an increase in the ABA contents in the
roots and more pronouncedly in the leaves. A critical function
of ABA is its mediation of cellular responses to environmental
stresses, especially drought stress (Yamaguchi-Shinozaki and
Shinozaki, 2006; Qin et al., 2011; Finkelstein, 2013; Sah et al.,
2016). A number of genes involved in ABA biosynthesis have
been identified in higher plants (Finkelstein, 2013; Endo et al.,
2014), and the cleavage of 9-cis-epoxycarotenoids catalysed by
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NCED has been shown to be the rate-limiting step in the bio-
synthetic pathway (Qin and Zeevaart, 1999). The first NCED
gene (VP14) was cloned from maize and shown to cleave viola-
xanthin or neoxanthin to form xanthoxin (Tan et al., 1997).
NCED genes belong to a multigene family, and nine NCEDs
have been identified in Arabidopsis. Functional analyses have
indicated that five of them (AtNCED2, 3,5, 6, and 9) are most
likely involved in ABA biosynthesis (Lefebvre et al., 2006; Frey
et al., 2012). In the ZmPTF1 overexpression lines, the expres-
sion of NCED genes was dramatically up-regulated compared
with that of ABA1, NPQ1, and AAO3 (and the expression of
ABA2 was slightly down-regulated); this finding is consistent
with the accumulation of ABA. bHLH TFs have been impli-
cated in the ABA signal transduction pathway (Abe et al., 2003;
Msanne et al., 2011; Kazan and Manners, 2013), and bHLH122
may bind to G-box/E-box cs-elements in the CYP707A3
promoter and repress the expression of the promoter, thereby
leading to increased cellular ABA levels (Liu et al., 2014). In
contrast, overexpression of ZmPTF1 increases the expression of
NCED gene family members by binding to the G-box elem-
ents in their promoters, which suggests that ZmPTF1 is an up-
stream regulator of ABA synthesis. The up-regulated expression
of the NCED genes led to a relatively higher concentration of
ABA in the transgenic lines than in the WT lines.

ABA regulates the stress response via the ‘core signalling
pathway’ (Cutler ef al., 2010), which includes the PYR/PYL/
RCAR receptor, PP2C proteins, SnRK2 family members,
AREB/ABF TFs, and the ABA-activated signalling pathway.
In this study, the DEG analysis revealed that the ABA core
signalling pathway and the ABA-activated signalling pathway
were active, which included genes of the up-regulated PYR/
PYL/RCAR family of proteins; an ABO3-like WRKY TF; an
ABF4-like bZIP TF; ERD1; and a number of bHLH, WRKY,
NAC, and ERF/AP2TFs (Supplementary Table S5). ZmPTF1
contributes to drought stress tolerance by increasing ABA ac-
cumulation and by activating ABA signalling.

ZmPTF1 is involved in the development of the root
system of maize and contributes to maize yields

bHLH TFs constitute one of the largest families of TFs and
play important roles in development and the stress response
(Castilhos et al., 2014). ZmPTF1 and ZmPTF1-Like are
orthologues of OsPTF1, which is a monocotyledon-specific
protein with a high similarity to Arabidopsis LRL1, 2, and 3,
which are required for root hair development (Zhao et al.,2008;
Karas ef al., 2009; Bruex et al., 2012). In this study, ZmPTF1
played roles in root development primarily via the regula-
tion of root number. When ZmPTF1 was knocked down, the
lateral root primordia were significantly reduced in number,
and the length from the first lateral root to the root tip was
longer than that in the WT. The dramatic reduction in lateral
root number led to a smaller root system in the mutant plants.
Overexpression of ZmPTF1 improved maize root growth by
promoting lateral root development, and ZmPTF1 was found
to act as a positive regulatory factor of root development.

Regarding the genes downstream of ZmPTF1, eight
genes involved in the auxin signalling pathway were differ-
entially expressed, including four SAUR genes, SHY2/IAA3,
an ARF6 homologue, and two auxin-responsive family genes
(Supplementary Table S4). SHY2/IAA3 was reported to affect
auxin-dependent root growth, lateral root formation, and the
timing of gravitropism (Tian ef al., 2002; Chaabouni et al.,2009;
Goh et al.,2012; Lavenus et al., 2013), and ARF6 was shown to
act redundantly with ARF8 to control stamen elongation and
flower maturation (Nagpal ef al., 2005). SAUR proteins have
been proposed to modulate auxin transport and cell expan-
sion by an unknown mechanism (Ren and Gray, 2015). NAC
TFs are important in the morphological development process,
such as the involvement of NAC1 in shoot apical meristem
and lateral root formation (Xie et al., 2000; Wang et al., 2000;
Li et al., 2012; Chen et al., 2016); the involvement of ATAF2
in the regulation of auxin and brassinosteroid synthesis via the
regulation of NIT2 (Huh et al.,2012), BAS1 (CYP734A1),and
SOB7 (CYP72C1) (Peng et al.,2015); and the involvement of
NAC30/VND7 in the stress response, xylem formation, and
lateral organ development (Yamaguchi ef al., 2011; Reusche
et al., 2012). Six NAC genes were induced by ZmPTF1,
including the orthologues of NAC1, NAC30, NAC047, and
ATAF2/NACO081. Hormone- and NAC-mediated processes
may contribute to root development, and they altered stress
responses in the ZmPTF1 overexpression lines. In addition to
auxin, gibberellins and brassinosteroids mediate these processes.
SLEEPY1 (SLYT1), an F-box gene (Hauvermale et al., 2014),
and three BRI genes were affected by the overexpression of
ZmPTF1.

Certain root parameters, including small fine-root diam-
eters, long specific root lengths, and considerable lateral root
density, are associated with maintaining plant productivity
under drought conditions (Lynch, 2013; Zhan et al., 2015).
In maize, the seminal roots are of the greatest importance
during the early growth of the seedling and determine the
depth of the root system. The lateral roots are the most ac-
tive in water and nutrient uptake, while adventitious roots are
the most important organs for adapting to the environment.
For example, brace roots can keep maize plants from falling
over (Hochholdinger, 2009). There are several reasons why the
overexpression of ZmPTF1 enhanced maize root development
and yields. First, the lateral root number and length increased,
which resulted in a larger volume and surface area of the root
system, thereby increasing the absorption of water and nutri-
ents. Second, the growth and elongation of the seminal roots
and primary roots were promoted under both optimal and os-
motic stress conditions, which reduced the inhibition of plant
root growth during drought/osmotic stress and was benefi-
cial to plant tolerance to drought stress environments. Third,
the brace roots of the overexpression lines were more robust
than those of the WT, which led to an increase in lodging
tolerance (anchor strength is mainly contributed by adventi-
tious roots). Thus, the improved root systems of the ZmPTF1
overexpression lines contributed to these lines’ higher yields
and drought stress tolerance.
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Hierarchical regulation by ZmPTF1 plays multiple roles
in the stress response and root development

ZmPTF1 overexpression leads to the activation of the ABA-
dependent stress response pathway as well as the ABA-
independent stress response pathway. Based on the analysis of
the transcriptome and promoter motifs of the DEGs, a sche-
matic of the primary role of ZmPTF1 in the crosstalk net-
work during abiotic stress and root development is shown in
Fig. 8, in which ZmPTF1 binds to the G-box element as a
heterodimer and/or a homodimer and regulates the expression
of downstream genes such as NCEDs.

As summarized in Fig. 8 and Supplementary Table S6, the
AP/DREB, WRKY, NAC, and bHLH TFs were significantly
affected by ZmPTF1. These TFs have been reported to be
regulators of the response to environmental stress and devel-
opment. Orthologues of RAP2.3/ERF72, RAP2.4, RAP2.5/
ATERF4, and ATERF7 were regulated by ZmPTF1. These
ERF TFs could act as regulators or downstream members
of the ethylene, ABA, or jasmonic acid signalling pathways
(Yang et al.,2005; Lingam et al., 2011; Papdi et al., 2015; Gasch
et al., 2016). CBF4 is the only known CBF gene that is de-
finitively involved in the ABA-dependent signalling pathways,
cold acclimation, and drought adaptation (Haake et al., 2002).
In the ZmPTF1 overexpression lines, the DREB/CBF genes
that function in the abiotic stress response were active, and
the dramatic up-regulation of ERFs and CBF4 activated the
ethylene-, ABA-, and CBF4-mediated stress response path-
ways. Another kind of TF that was significantly induced by
ZmPTF1 was the WRKY TFs; these TFs included orthologues
of AtWRKY11, 33, 40, 41, 46, 51, 56, 57, 63, and 72.WRKY

low phosphate s
drought stress
other stresses
ZmPTF1

G-box

TFs were identified to have important roles in plant tolerance
to both biotic and abiotic stresses (Zheng et al., 2006; Jiang
and Deyholos, 2009; Lai et al., 2011). The overexpression of
ZmPTF1 could lead to increased expression levels of MYB15
and AZF2 in maize. Both of these genes were reported to be
involved in the regulation of genes involved in osmotic stress
and ABA-mediated responses (Sakamoto et al., 2004; Kodaira
et al.,2011).

The improved root system, increased ABA content, activated
ABA and CBF4 signalling, and ATAF2- and NAC30-mediated
stress responses increased the drought stress tolerance of the
ZmPTF1 overexpression lines. It is concluded that ZmPTF1
functions as a TF that is involved in the gene response to
stimuli, growth and development, and transcriptional regula-
tion, and promotes ABA synthesis. All of these effects led to
improved maize root system development and an increased
ability to respond to stress.

Overexpression of ZmPTF1 is a valuable strategy to
enhance the drought tolerance and yield potential
of maize

Crop improvement represents a traditional method for
increasing yields and enhancing stress tolerance. Ideally,
drought tolerance should be achieved without yield penalties.
The performance of maize hybrids during the past 70 years has
demonstrated that yield potential and stress tolerance are asso-
ciated traits (Lopes ef al., 2011; Claeys and Inze, 2013). When
molecular breeding techniques that involve the transfer of one
or more coding DNA regions/ CRISPR gRINAs/RINAi con-
structs into an elite cultivar are adopted, they can be useful
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Fig. 8. Schematic of the possible role of ZmPTF1 in the crosstalk network of the abiotic stress response and root system development. This is a
suggested working model of ZmPTF1 based on the morphological, physiological, promoter binding, and downstream gene expression analyses in

this study and the literature. The expression of ZmPTF1 is induced by abiotic stresses such as drought and low-phosphate stress. ZmPTF1 could

then bind to the G-box cis-element in the promoter of NCEDs to increase the synthesis of ABA and activate the ABA signalling pathway. Based on the
promoter binding assay, ZmPTF1 could bind to the G-box cis-element in the promoter of CBF4, ATAF2/NAC81, NAC30, IAA3, WRKY, and MYB15 and
dramatically increase the expression of these transcription factors. The stress response processes mediated by these genes were more active in the
ZmPTF1 overexpression line compared with the WT. These transcription factors were shown to be positive regulators of the stress response and/or root

growth and development. ZmPTF1 contributes to drought tolerance mainly by
pathways. (This figure is available in colour at JXB online.)

promoting root system development and activating the stress response
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for improving crop tolerance to environmental stresses and
increasing yields. Many successful applications of introducing
useful genes into crop species have resulted in improved en-
vironmental stress tolerance (Anami et al., 2009; Jewell et al.,
2010); however, few transgenic plants have produced higher
yields and exhibited increased environmental stress tolerance
under normal and stress conditions. The initial attempts to de-
velop transgenic plants with abiotic stress tolerance mainly fo-
cused on the genes responsible for the modification of a single
component, such as water channel proteins, transporters, key
enzymes involved in osmolyte biosynthesis, and detoxification
enzymes, which would provide increased tolerance to salt or
drought stress. However, this approach does not consider the
many genes that are simultaneously involved in abiotic stress
tolerance, or the lack of sustainability of single-gene tolerance.
Regulatory proteins have been analysed because they trigger
cascades of genes that act together to enhance tolerance to-
wards multiple stresses. However, the altered expression of
downstream genes in all organs and at all development stages
can cause abnormalities in those plants grown under normal
conditions. In this study, ZmPTF1 overexpression in the in-
bred line DH4866 improved drought stress tolerance without
affecting the yield potential. The yield increased under both
normal and drought stress conditions, meaning that high
yield and high drought tolerance were achieved concurrently.
ZmPTF1 could be used to improve the viability of agricul-
tural crop species grown in soils with sufficient or insufficient
amounts of water and nutrients.

Supplementary data

Supplementary data are available at JXB online.

Fig.S1.Real-time RT-PCR analysis of ZmPTF1 expression
in the roots of the maize transgenic lines used in this paper.
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Fig. S4. Overexpression of ZmPTF1 activated stress re-
sponses and modified transcriptional regulation.

Fig. S5. Expression levels of the key genes involved in ABA
biosynthesis in the roots of different lines under normal and
15% PEGS8000 treatment conditions.
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the electrophoretic mobility shift assay.

Table S3. GO enrichment analysis between the ZmPTF1
overexpression line (L+4) and WT.
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