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Abstract

Background and aims As drought threatens the yield
and quality of maize (Zea mays L.), it is important to
dissect the molecular basis of maize drought tolerance.
Flavonoids, participate in the scavenging of oxygen free
radicals and alleviate stress-induced oxidative damages.
This study aims to dissect the function of flavonoids in
the improvement of maize drought tolerance.

Methods Using far-infrared imaging screening, we pre-
viously isolated a drought overly insensitivity (doi) mu-
tant from an ethyl methanesulfonate (EMS)-mutagenized
maize library and designated it as doi57. In this study, we
performed a physiological characterization and tran-
scriptome profiling of doi57 in comparison to corre-
sponding wild-type B73 under drought stress.

Results Under drought stress, doi57 seedlings displayed
lower leaf-surface temperature (LST), faster water loss,
and better performance in growth than B73. Tran-
scriptome analysis reveals that key genes involved in
flavonoid biosynthesis are enriched among differential-
ly expressed genes in doi57. In line with these results,
more flavonols and less hydrogen peroxide (H,O,) were
accumulated in guard cells of doi57 than in those of B73
with the decrease of soil water content (SWC). More-
over, the capacity determined from doi57 seedling
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extracts to scavenge oxygen free radicals was more
effective than that of B73 under the drought treatment.
Additionally, doi57 seedlings had higher photosynthetic
rates, stomatal conductance, transpiration rates, and wa-
ter use efficiency than B73 exposed to drought stress,
resulting in high biomass and greater root/shoot ratios in
doi57 mutant plants.

Conclusion Flavonoids may facilitate maize seedling
drought tolerance by lowering drought-induced oxida-
tive damage as well regulating stomatal movement.

Keywords doi57 - Flavonoids / Flavonols - H,O, -
Stomatal movement - Drought stress - Maize

Introduction

Drought is one of the most serious limiting factors of
plant growth and yield. The influences of drought stress
on plant growth and development are directly linked to
yield (Gray and Brady 2016; Bhaskarla et al. 2020). For
example, the decrease of seed/ovule ratio and the in-
crease of maize anthesis-silking interval can occur under
drought stress (Semagn et al. 2013; Maiti and Satya
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2014; Harrison et al. 2014; Song et al. 2016). Excessive
water loss disturbs the electron transport chain, which in
turn increases the production of excess reactive oxygen
species (ROS), leading to membrane lipid oxidation and
damaged membrane structures (Wang et al. 2018; Li
et al. 2019a; Chen et al. 2019). In addition, normal
metabolic processes are also disrupted under water
shortage conditions (Hussain et al. 2018; Lawas et al.
2019). When plants are subjected to drought stress,
photosynthesis is severely inhibited, and the synthesis
and degradation of biological macromolecules (e.g. pro-
teins, DNA, RNA, etc.) are weakened and strengthened,
respectively, which leads to the decrease of their con-
tents in plants (Basu et al. 2016; Li et al. 2018).

Many biological strategies in plants, such as growth
and developmental regulation, antioxidant defense, and
stomatal movement, have evolved to cope with drought
environments (Baxter et al. 2014; Daymi et al. 2016;
Seeve etal. 2019; Li et al. 2020). In order to acclimate to
water shortage, plants adjust their growth and develop-
ment to promote water absorption and reduce water loss
(Zheng et al. 2016; Kim et al. 2020). The root is the key
organ of water uptake from soils. Water uptake capacity
of roots can be estimated by such parameters as root
biomass, root volume, primary root length, lateral root
number, root depth, and root length distribution (Meng
2018). For instance, Tomar et al. (2016) reported that a
drought-tolerant genotype of wheat (HW2004) had a
compact root system with deeper roots compared to a
drought-sensitive genotype of wheat (HD2877). As
roots absorb water, shoots lose the water being the
dominant organ of transpiration. Generally, under
drought conditions, plants trigger several processes to
generate more developed root systems and a higher
root/shoot ratio. This is evidenced by a more pro-
nounced inhibition of shoot than root production in
plants under water deficit (Zheng et al. 2016; Du et al.
2020). Thus, the establishment of reasonable root/shoot
ratios under different soil moisture conditions is impor-
tant to maximize water-use efficiency and crop yield
(Masuka et al. 2012).

Apart from the developmental aspects, antioxidant
systems, including antioxidant enzymes and non-
enzyme components, provide an effective ROS-
removal mechanism for protecting plants against oxida-
tive damage induced by water stress (Wang et al. 2016a,
2016b; Ahanger et al. 2017; Li et al. 2019a; Chen et al.
2019). Plants alleviate stress-induced oxidative damage
by changing antioxidant enzymes activity and
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accumulation of non-enzyme antioxidants, such as
ascorbic acid, flavonoids, etc. (Wang et al. 2018;
ElSayed et al. 2019). In milk thistle (Silybum marianum
[L.] Gaertn), the activities of antioxidative enzymes,
such as catalase (CAT), superoxide dismutase (SOD),
ascorbate peroxidase (APX), and peroxidase (POD),
increased under drought stress, and the biosynthesis
and accumulation of flavonolignans (non-enzyme
antioxidants) also increased during drought stress
(ElSayed et al. 2019). Flavonoids are secondary metab-
olites in the phenylpropane pathway and reportedly,
they play important roles in plant responses to biological
and non-biological stresses (Liu et al. 2011a; Akram
et al. 2018; Brunetti et al. 2018). As non-enzymatic
antioxidants, hydroxyl groups in the 3" and 4’ positions
of flavonoids participate in the scavenging of oxygen
free radicals, and the role of flavonoids in alleviating
stress-induced oxidative damage has been widely re-
ported (Wang et al. 2016a, 2016b; Li et al. 2019a;
Chen et al. 2019). Other pathways of flavonoid function
in stress responses, such as drought, need to be further
explored.

Stomatal movement regulation is another important
aspect of plant response to drought stress. Water short-
age conditions induce stomatal closure to reduce water
loss, which is benefit for plant survival under drought
stress (Takahashi et al. 2018). Many internal compo-
nents (protein kinase, protein phosphatase, ion channel,
etc.) and environmental factors (light, temperature, CO,
concentration, etc.) regulate stomatal movement (Zhang
et al. 2014a; Xu et al. 2016; Zhang et al. 2018). Phyto-
hormones (ABA (abscisic acid), ethylene, etc.) and key
signal messengers (H,O,, calcium ions, etc) are well-
known to be involved in guard-cell signal transduction
and stomatal movement (Sah et al. 2016; Mittler and
Blumwald 2015; Qi et al. 2018; Chen et al. 2020; Zhang
et al. 2020). Studies have shown that almost all factors
of stomatal closure can induce H,O, accumulation, and
the H,O, level in guard cells directly affects the stomatal
closure process (Mittler and Blumwald 2015; Singh
et al. 2017; Qi et al. 2018; Islam et al. 2019). Wang
et al. (2020) reported that TPPE, Arabidopsis trehalose-
6-phosphate phosphatase E, participates in ABA-
induced ROS accumulation and stomatal movement
regulation, and H,O, accumulation induced by ABA
failed to occur in #ppe mutant plants. Flavonols, a group
of flavonoids, have recently been shown to be involved
in guard cell H;O, accumulation and stomatal move-
ment (An et al. 2016a; Watkins et al. 2017; Brunetti
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etal. 2018, 2019). In addition, the phytohormone ethyl-
ene has also been reported to positively regulate flavo-
nol accumulation in Arabidopsis and tobacco guard
cells, which in turn attenuates ABA-induced H,O, ac-
cumulation and stomatal closure (Watkins et al. 2014,
2017). Stomatal closure inhibits CO, absorption and
photosynthesis, which is not conducive to the develop-
mental adaptability (Ikawa et al. 2018; Endo and Torii
2019). Those conflicting aspects indicate the complicat-
ed mechanism of stomatal movement regulation under
drought stress.

Here, we dissect the mechanism underlying im-
proved drought tolerance of maize mutant doi57
(drought overly insensitivity 57) (Li et al. 2017). Our
results indicate that flavonoids play important roles in
drought tolerance. Flavonoids prevent stomatal closure
by reducing the H,O; level in guard cells. Moreover,
flavonoids alleviate drought-induced ROS damage. The
doi5 7 mutant provides an important system in which the
function of flavonoids in the regulation of drought tol-
erance in maize can be further elucidated.

Materials and methods
Plant materials and growth conditions

The doi57 mutant (with an abnormal leaf-temperature
phenotype) screened from the EMS maize mutant li-
brary and the corresponding inbred line B73 were used
for various experiments to obtain different physiological
and molecular data to understand maize responses to
drought stress. The M3 generation of doi57 mutant was
used for subsequent experiments, including phenotypic
detection, physiological and biochemical detection.
These maize plants were grown in soil in a climate
chamber with a photoperiod of 14—/10-h and 27 °C/
32 °C night/day cycles at 400 mmol m s ' of illumi-
nation intensity and relative air humidity of 60% (Li
et al. 2017). In general, those experiments were as
follows. Maize at the three-leaf seedling stage was used
for drought treatment by withholding water. Maize
seedlings [planted into pots (15*20%10 cm)] in different
soil water conditions were used for detection of photo-
synthetic physiological indicators. To examine the re-
sponses of B73 and doi57 exposed to drought stress, we
collected samples at different time points after treat-
ments (the levels of drought stress were indicated by
the soil water content). Details are as follows: Leaf

samples for RNA-seq were collected when the soil
water content (SWC) was maintained at 45+2% and
25-30%, which reflected normal growth and moderate
drought conditions, respectively. Seedlings grown on
soil with >45%, 35% (£2.5%) and 25% (+2.5%) water
content were used for flavonol and H,O, imaging in
guard cells, photosynthetic parameter detection. Seed-
lings grown on soil with >45% and 15+ 1% water
content were used for damage degree and antioxidant
capacity tests. Survival rates were recorded when the
SWC decreased to 5-10%.

Measurements of SWC

The total fresh weight of soil used to grow maize seed-
lings in pots (15 cm % 20 cm x 10 cm) was weighed and
recorded. Then the soil was dried at high temperatures
(65 °C), and the weight of the dried soil was weighed
and recorded. The percentage of the weight lost from the
initial fresh weight of the soil was recorded as the SWC.

Infrared thermography imaging

Thermal imaging of drought-stressed seedlings was per-
formed according to the method described by Li et al.
(2017) and Dong et al. (2018) with some modifications.
The leaf temperatures of maize seedlings at the three-
leaf stage in different soil conditions were measured
with a ThermaCAMSC1000 infrared imaging instru-
ment (FLIR, Boston, MA, USA). Settings of the instru-
ment were 320 x 240 pixels, long-wave infrared (8—
9 mm), and temperature resolution <0.03 °C. Thermal
images were saved on a memory card and temperature
level was analyzed by an image-analysis program IRW
in Reporter version 5.31.

Stomatal complex observation and stomatal density
statistics

Epidermal strips from mature leaves of B73 and doi57
plants were peeled for stomatal phenotype determina-
tion according to the method of Wang et al. (2019).
Epidermal strips were stained with toluidine blue dye
(Solarbio, G3668) for 1.5 min and excess toluidine blue
was removed with distilled water. The stained epidermal
strips were observed with a Zeiss Axioskop II micro-
scope and photographed. Stomatal density was
expressed as number of stomata per unit area (mm?).
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Water loss, leaf water content, MDA content,
and electrolyte leakage

Leaf water loss detection in vitro was performed accord-
ing to the method of Li et al. (2017) and Wang et al.
(2019). B73 and doi57 were grown in pots for 14 d
under a well-watered condition. Leaves of B73 and
doi57 were cut and placed in weighing dishes for tran-
spirational water-loss measurement. Losses in fresh
weight were monitored every 20 min. Water loss was
calculated as the percentage of the initial fresh weight.
The mean water loss rate (five samples for each materi-
al) and the corresponding standard deviation were
calculated.

Leaf water content (LWC) was measured as de-
scribed by Gaxiola et al. (2001). Fresh and dry weights
of whole seedlings were measured, and LWC was cal-
culated using the formula [(fresh weight-dry weight)/
fresh weight *100%].

The extent of oxidative damage was estimated by the
measurement of MDA (malondialdehyde) and ion leak-
age as described by Quan et al. (2004) and Shou et al.
(2004), respectively. Samples (0.1 g) were ground and
extracted with 10% (v/v) trichloroacetic acid (10 mL).
The mixtures were centrifuged at 4000 rpm for 10 min,
and equivalent volumes of the supernatant and 0.67%
thiobarbituric acid were mixed and blended in a boiling
water bath reaction for 15 min. The solution was centri-
fuged after rapid cooling, and the absorbance values of
reaction liquids were measured at 532, 600, and 450 nm.
The content of MDA was calculated using the formula
[6.45%(A532-A600)-0.56*A450]. The electrical con-
ductivities of deionized water, deionized water with
plant tissue (1 g soaked for 2 h), and deionized water
with plant tissue (after boiled and cooled) were mea-
sured using an electrical conductivity meter (DDSJ-318,
CN) and recorded as E,, E; and E,, respectively. Elec-
trolyte leakage rate was calculated using the formula
[(E1-Eo)/ (Ex-Eg) *100%].

RNA-seq and data analysis

Total RNA from selected samples was isolated with
TRIZOL reagent (Invitrogen, USA). One microgram
of total RNA from each sample was used as input
material for building sequencing libraries. The first and
second strands of cDNA were synthesized with M-
MuLV Reverse Transcriptase (RNase H-) and DNA
Polymerase I with RNase. Remaining overhangs were
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converted into blunt ends by treatment with exonucle-
ase/polymerase. After adenylation of the 3’ ends of the
DNA fragments, NEBNext Adaptors with hairpin loop
structures were ligated to prepare for hybridization.
After choosing 250 ~300 bp cDNA fragments, the li-
brary fragments were purified using the AMPure XP
system (Beckman Coulter, Beverly, USA). Three mi-
croliters of USER Enzyme (NEB, USA) was then used
with size-selected, adaptor-ligated cDNA at 37 °C for
15 min and denatured for 5 min at 95 °C before PCR.
Reactions of PCR were performed using Phusion High-
Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. Products of PCR were purified
(AMPure XP system) and library quality was assessed
on the Agilent Bioanalyzer 2100 system. The clustering
of the index-coded samples was performed on a cBot
Cluster Generation System using the TruSeq PE Cluster
Kit v3-cBot-HS (Illumina) according to the manufac-
turer’s instructions. After cluster generation, the library
preparations were sequenced on an Illumina Hiseq plat-
form and 150 bp paired-end reads were generated.

All the high-quality clean reads were mapped to the
reference genome Zea mays AGPv4 (Jiao et al. 2017)
using Tophat 2.1.1 with default settings (Kim et al.
2013). To measure gene expression level, FPKM (Frag-
ments Per Kilobase of exon model per Million mapped
fragments) of each gene was calculated (Anders and
Huber 2010). Cufflinks were applied to detect differen-
tially expressed genes between each chosen sample
pairs. Significantly differentially expressed transcripts
were identified using an adjusted cutoff g-value < 0.05
and fold change >2. Genes were annotated according to
the maize genome. Gene Ontology (GO) analyses were
performed to identify the enrichment of DEGs in GO
terms and were enriched using the ClusterProfile pack-
age (Yu et al. 2012). A corrected p value (g-value) <
0.05 was chosen as the threshold for significantly
enriched GO terms.

Determination of gene expression levels in specific
functional pathways was carried out by real-time quan-
titative PCR amplification with specific primers
(Table S3). Relative expression of genes involved in
flavonol biosynthesis was calculated based on the meth-
od described by Li et al. (2019a) and Bai et al. (2014).

Determination of oxygen radical scavenging ability

The oxygen radical scavenging ability of plants mea-
sured from extracts was evaluated as described by Li
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et al. (2019a). Samples (0.1 g) of B73 and doi57 were
fully ground and extracted with 600 uL 1% (v/v) HCI-
methanol for 4 h. The extraction mixtures were thor-
oughly mixed with 600 pL chloroform and 300 pL
distilled water. Then the subsequent mixtures were cen-
trifuged at 12,000 rpm for 10 min (4 °C). The superna-
tants were used as sample extracts for subsequent detec-
tion. Equivalent volumes of sample extracts, ferrous
sulphate solution (9 mM), salicylic acid-ethanol solution
(9 mM), and H,0, solution (8.8 mM, 400 pL) were
mixed and incubated for half an hour at 37 °C. The
absorbance of the reaction solution at 512 nm was
measured to calculate the scavenging ability of the hy-
droxyl radical. The same volume of sample extract and
2, 2-diphenyl-1-picrylhydrazyl (DPPH) solution
(0.2 mM) were mixed and incubated for half an hour
at room temperature. The absorbance of the reaction
solution at 517 nm was measured to calculate the inhi-
bition ratio of the DPPH radical.

Measurement of total flavonoids and visualization
of flavonol accumulation in guard cells by DPBA
staining

Total flavonoid content was measured according to the
method described by Jia et al. (1999). Samples were
ground and extracted with HCl-methanol (1%, v/v). The
extracts were mixed with chloroform (equivalent vol-
ume as the supernatants), and the subsequent superna-
tant was collected by centrifugation (12,000 rpm). The
absorption values of the upper aqueous phase were
measured at 340 nm, 530 nm, and 657 nm for spectro-
photometric quantification.

The visualization of flavonol accumulation in guard
cells was performed by DPBA (diphenylboric acid 2-
aminoethyl ester, Sigma-Aldrich; D9754) staining ac-
cording to the method of Watkins et al. (2017). The
epidermis of individual leaves were submerged in
DPBA dyeing liquid (DPBA, 2.52 mg mL™'; KClI,
50 mM; MES, 10 mM; CaCl,, 0.1 mM; Triton X-100,
0.02%; pH, 6.2) for 3 h. The epidermis were then
washed in deionized water and mounted between two
coverslips. A Zeiss 710 LSCM (Germany) apparatus
was used to excite the epidermis with 20% maximum
laser power at 488 nm. The fluorescence emission of
DPBA was collected between 475 and 619 nm. All
micrographs within each panel were acquired using the
same detectors (including offset, gain, and pinhole set-
tings). The relative fluorescence intensity values were

determined by the ratio of DPBA fluorescence intensity
and chlorophyll fluorescence intensity.

H2DCF-DA imaging and quantification

The H,0, in guard cells was imaged using H2DCF-DA
(3,6-bis (acetyloxy)-2,7-dichloro-9H- xanthen- 9 -yl,
Sigma-Aldrich, USA) as described by An et al. (2016a).
Epidermal strips of maize seedling growth in different
water conditions were placed in the H2DCF-DA dye
solution (10 mM Tris and 50 mM KCI, pH 6.5, 50 uM
H2DCF-DA) in the dark at 25 °C for 30 min. After
staining, excess H2DCF-DA was removed with Tris-
KCl buffer under dark conditions. A laser scanning con-
focal microscope (settings: ex =488 nm, em =525 nm)
was used for scanning H2DCF-DA fluorescence, and
chlorophyll fluorescence was collected in the range of
650 to 700 nm. The relative fluorescence intensity of H2
DCF-DA in guard cells was determined by the ratio of
H2DCF-DA and chlorophyll fluorescence.

Physiological index measurements during drought
treatment

Photosynthetic rate, stomatal conductance, and transpi-
ration rates were measured on fully expanded leaves of
three-leaf stage seedlings using a portable photosynthet-
ic measurement system (GFS-3000, HeinzWalz). Water
use efficiency was calculated by the ratio of photosyn-
thetic rate to transpiration rate. The statistical analysis
was based on data collected from 10 seedlings under
each growth condition with three technical replicates.

Determination of stomatal aperture

Stomatal aperture was determined as described previ-
ously by Yao et al. (2013). Fully expanded leaves of
14-day-old seedlings (three-leaf seedling stage)
grown under different SWCs were harvested and cut
into pieces (4 mm X 4 mm), and immediately trans-
ferred into fixing solution (containing 2.5% glutaral-
dehyde and 2% paraformaldehyde) for 8 h. Then after
rinsing with a phosphate buffer (0.1 M K,HPO4/
KH,PO4, PH 7.0), samples were dehydrated with
ascending ethanol series, dried with an Critical Point
Dryer (HCP-2, Hitachi, Hitachi Koki Co, Japan), and
the whole stomatal structure was observed and
photographed with a scanning electronic microscope
(FEI Quanta 250, FEIL., Ltd., USA).
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Statistical analysis

The physiological phenotype was confirmed by more
than three repetitions. All statistical analysis was per-
formed using Statistix8.1 software, including water loss
rate, total flavonoids content, photosynthetic parame-
ters. Relative fluorescence intensity (DPBA and
H2DCF) of guard cells was determined by at least three
replicates with at least 25 guard cells observer in each
sample. Statistically significant differences were based
on P<0.05 and P<0.01.

Results
doi57 mutant exhibits lower LST and faster water loss

To study the mechanism of drought-stress response
associated with the regulation of stomatal movement
in maize, we used infrared thermography to screen a
pool of EMS-mutagenized maize for the mutants with
alterations in leaf temperature (Gao et al. 2014; Li et al.
2017). Due to the more obvious difference in LST and
drought response, doi57 (drought overly insensitive 57)
was selected for further study. Drought-stressed doi57
seedlings displayed a phenotype with lower LST than
the LST of the wild type (Fig. 1a, b). However, no
visible morphological differences were observed be-
tween mutant and wild type individuals. As LST is
tightly linked with water loss due to transpiration, we
compared the rate of water loss in detached leaves (of

15-day-old seedlings). As illustrated in Fig. 1c, the
water loss rate was significantly higher in doi57 than
that in B73. Plant water loss occurs mainly through
stomata; however, we did not find any difference in
stomatal morphology, distribution and density between
B73 and doi57 (Fig. S1).

doi57 seedlings show increased drought tolerance

Under drought conditions, the LST may be related to
either transpiration rate, water retention capacity and/or
plant adaptation capacity against drought stress (Li et al.
2017). To examine plant physiological responses to
drought, water was withheld for 8 d from 15-day-old
seedlings. B73 showed severe wilting while doi57 pro-
duced normal-looking turgid leaves at a SWC of 15+
2.5% (Fig. 2a). The LWC of doi57 seedlings was higher
than that of B73 under drought stress (SWC, 15 £2.5%),
although no significant difference was observed under the
well-watered condition (SWC >45%) (Fig. 2b). After 10
d of withholding water (SWC, 5-10%), the survival rate
of doi57 was 74% (£2%), which was significantly higher
than that of B73, which was about 30% (Fig. 2c). These
data demonstrated that doi57 seedlings were more
drought-tolerant than B73 seedlings.

doi57 mutant suffers less oxidative damage than B73
under drought stress

Drought stress results in ROS bursts causing membrane
oxidation and altering membrane permeability (Zhang
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Fig. 1 Comparison of LST and water loss in vitro between B73
and doi57. a Infrared images of B73 and doi57 seedlings after
drought treatment for 2 days when SWC reached 30-35%; b
Statistical analysis of LSTs of B73 and doi57 seedlings were
calculated based on infrared images, average leaf temperature
was calculated from five seedlings; ¢ Water loss from B73 and
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B73 doib7

Time (min)

doi57 seedlings. Rate of water loss is expressed as a percentage of
the initial fresh weights of leaves (FW), relative water loss was
represent the mean + SD of five independent samples. Error bars
are standard deviations (SDs), statistically significant differences
between B73 and doi57 are indicated by asterisks (Student’s ¢ test,
##P < (.01, degree of freedom (df) = 8). Scale bar=1 cm
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Fig.2 The doi57 mutants are more tolerant to drought than B73. a
Morphological comparison of B73 and doi57 seedlings under
normal and drought (SWC, 15+2.5%) conditions; scale bar=
1 cm. b Comparison of leaf LWC. LWCs were measured after
drought treatment for 8 d (SWC, 15+2.5%), WW: Well-watered,
DT: Drought treatment; ¢ Comparison of survival rate. Survival
rates were calculated after drought treatment for 10 d (SWC, 5—

et al. 2014b; Li et al. 2019a). To dissect the mechanism
underlying drought tolerance of doi57, we analyzed
oxygen free radical (‘OH and DPPH) scavenging capac-
ities of maize using their seedling extracts. The oxygen
free radical scavenging rate of doi57 seedling extracts
was slightly higher than that of B73 under the normal
condition. Although the scavenging rates decreased in
both B73 and doi57, and the degree was more signifi-
cant in B73 than in doi57 after drought treatment
(Fig. 3a, b). These results suggest that redox balance is
differentially maintained in B73 and doi57 under both
normal and drought conditions. Respective amounts of
membrane oxidation product, MDA and electrolyte
leakage were similar between B73 and doi57 seedlings
under the normal condition but were distinctly lower in
doi57 than in B73 under drought stress (Fig. 3c, d).

10%). Error bars represent SDs, the relative water content of 5
samples was determined, and then the mean value and SD
were obtained; survival rate were calculated from five inde-
pendent experiments (more than 150 seedlings for each sur-
vival rate statistics), and statistically significant differences
between B73 and doi57 are indicated by asterisks (Student’s
t test, **P< 0.01, df=8)

Gene expression profiling of B73 and doi57 seedlings
under drought stress

To further investigate the possible mechanism of altered
drought tolerance in the doi57 mutant, we performed
RNA-seq analysis to obtain gene expression profiles of
B73 and doi57 seedlings under two conditions 45 + 2%
and 25-30% SWCs, which represent normal growth
and mild drought conditions, respectively. Differentially
expressed genes between B73 and doi57 before and
after drought treatment are listed in Table S1 and were
used for further analysis.

We performed a GO enrichment analysis to investi-
gate functional categories of DEGs. We classified the
DEGs into different functional GO categories, including
oxidation reduction and response to stress. Among these
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Fig.3 Comparisons of scavenging capacities of seedling extracts for
oxygen free radicals and oxidation products between B73 and doi57
with or without drought treatment (SWC, 15+ 1%) for 8 days. a-b
Oxygen free radical (‘OH and DPPH) scavenging capacity of seedling
extracts. Rates of scavenging for ‘OH and DPPH were measured from
total extracts of 14-day-old seedlings; ¢ Comparison of membrane

categories, the ones associated with redox, water stress,
and plant phenylpropane secondary metabolic pathways
were further analyzed.

In the well-watered treatment group, up-regulated
genes in doi57 compared to those in B73 showed that
genes in doi57 covered several categories (Fig. S2), and
the category associated with redox was particularly
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oxidation products (MDA) and d comparison of electrolyte leakage in
leaf extracts of B73 and doi57 after drought treatment. WW: Well-
watered. DT: Drought treatment. Data of each experiment represent
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prominent, which supports that intracellular redox bal-
ance differs between the two kinds of seedlings. Gene
ontology enrichment of down-regulated genes in doi57
were mainly distributed in three biological processes,
response to stimulus, response to stress, and response to
chemical stimulus (Table S2), indicating that doi57 may
be insensitive to stimulation and stress. The functional
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GO categories between B73 and doi57 under drought
stress were similar to those of the normal condition. The
up-regulated genes in drought-treated doi57 were mainly
distributed in categories related to redox balance (Fig.
S3). The GO categories of down-regulated genes in
drought-treated doi57 were distributed among 15 GO
terms, including response to stress, oxidoreductase activ-
ity, and defense response (Fig. S4).

The analysis of DEGs obtained from transcriptome data
revealed that the genes involved in the flavonol synthesis
pathway (a branch of the phenylpropane biosynthesis
pathway) were up-regulated by water shortage. The bio-
synthetic pathway of flavonols is controlled by key en-
zymes, including chalcone synthase (CHS), chalcone
isomerase (CHI), and flavonol synthase (FLS), and is
shown in Fig. 4a (Lepiniec et al. 2006; Stracke et al.
2007). The expression of three ZmCHSs (ZmCHS01
[Zm00001d052673], ZmCHS05 [Zm00001d040479] and
ZmCHS10 [Zm00001d052916]), two ZmCHIs (ZmCHI
[Zm00001d044683] and ZmCHII [Zm00001d034635]),
and one ZmFLS (ZmFLSI [Zm00001d018184]) in doi57
were significantly higher than those in B73 under the
normal and drought conditions (Fig. 4b). These expression
levels were confirmed by qRT-PCR (Fig. 4c). Overall,
results suggest that the biosynthesis of flavonols were
promoted by drought stress, especially in doi57.

doi57 accumulated higher total flavonoids
under drought stress

Previous studies have shown that the biosynthesis of
flavonoids (including flavonols) is induced by biotic

a Phenylaning = = = = = >4-coumaroyl-CoA B73
ZmCHS01-14 (ZmCHS01/05/10) CHS CHS05
Naringenin chalcone
ZmCHS10
ZmCHI/1/2 (ZmCHI/1) CHI
Naringnin CHS01
ZmF3H F3H ZmCHI1
Dihydr:.:kaempferol
ZmCHI
ZmFLS1/2 (ZmFLS1) FLS
Flavonols ZmFLS1

(Keampferol, etc)

Fig. 4 Expression profiles of genes involved in flavonol biosyn-
thesis. a Simplified schematic diagram of flavonol biosynthesis. b
A heat map showing expression levels of the key genes involved
in flavonol biosynthesis in B73 and doi57 before and after drought
stress. Heat maps show relative transcript levels, colors reflect the
values of z-score normalization. Labels above the heatmap indi-
cate wild-type and mutants growing in normal (B73 and doi57,

DB73

and abiotic stress, such as drought (Winkel-Shirley
2002; Nakabayashi et al. 2014a). Transcriptome data
suggest that the expression of some key enzyme genes
involved in flavonol synthesis were induced by drought
treatment. In order to determine the effect of differential
expression of those key enzyme genes on total flavonoid
contents, we measured total flavonoid contents in B73
and doi57 seedlings under different drought stress con-
ditions. As shown in Fig. 5, the accumulation of total
flavonoids in leaf tissue was induced by drought stress;
the degree of induction was relatively higher in doi57
than in B73, which was consistent with the differential
expression of key enzyme genes involved in flavonoid
biosynthesis obtained from transcriptome data.

Guard cells of doi57 maintained higher flavonol
and lower H,O, levels under different SWCs

Flavonols, a class of flavonoids, are widely distributed
in various tissues of plants and play important roles in
plant responses to biotic and abiotic stress (Winkel-
Shirley 2002; Gill and Tuteja 2010; Nakabayashi et al.
2014a, 2014b; Nguyen et al. 2016). Flavonols can be
detected in single cells, such as guard cells in
Arabidopsis thaliana and Solanum lycopersicum (An
etal. 2016a, 2016b; Watkins et al. 2017), using different
approaches. To examine whether flavonol accumulation
is altered in guard cells of doi57, we used the specific
fluorescent dye DPBA to determine flavonol level. As
shown in Fig. 6, flavonol accumulation was detected in
guard cells, and increased in both doi57 and B73 with
the decrease of SWC. However, a slightly higher level

doi57 DdoiS7

16k 873

12

Ddoi57
osk —

04k

0.03
0.02 |-
0.01F

0.00

Relative expression (to B8 -actin N

ZmCHS01 ZmCHS0S ZmCHS10 ZmCHI ZmCHI1 ZmFLS1

SWC >W45%) and moderate moisture conditions (DB73 and
Ddoi57, 25-30%). ¢ Expression analysis by qPCR of the key
genes involved in flavonol synthesis in B73 and doi57 before
and after drought stress. The relative transcript levels were deter-
mined by the 22" method, Relative expression value represents
the mean + SD of four biological replicates. (Student’s ¢ test, **P
<0.01, df=6)
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Fig. 5 Comparison of flavonoid contents between B73 and doi57
under different soil water conditions. The average flavonoid con-
tent and standard deviations were calculated from five independent
experiments. Statistically significant differences between B73 and
doi57 are indicated by asterisks. (Student’s # test, *P < 0.05, **P <
0.01, df=38)

of flavonols was observed in doi57 guard cells than in
B73 under the normal (SWC >45%) (Fig. 6a), and the
difference widened with the decrease of SWC (Fig.
6a, b). The average DPBA fluorescence intensity was
1.6-fold higher in doi57 than that in B73 under the 25%
(+2.5%) SWC condition (Fig. 6b).

As a non-enzymatic antioxidant, flavonols may mod-
ulate ROS homeostasis in guard cells (Nguyen et al.
2016; Li et al. 2018). To compare the differences in
ROS levels caused by flavonol accumulation in B73 and
doi57 guard cells, epidermal peels of the seedlings
grown under various soil water conditions were stained
with H2DCF-DA to detect H,O, accumulation in guard
cells. As shown in Fig. 6c, the accumulation level of
H,0, in guard cells was relatively lower, and no signif-
icant differences were found between B73 and doi57 in
the well-watered condition (SWC >45%). Confocal mi-
crographs showed that relative H2DCF fluorescence
intensity increased with the decrease of SWC, but the
degree of fluorescence in doi57 guard cells was weaker
than that in B73 (Fig. 6c, d).

Effects of different SWCs on stomatal aperture

As a key signal molecule during stomatal closure, H,O,
levels in guard cells affect stomatal movement. Stomatal
aperture of B73 and doi57 was detected during the
drought treatment. Those results showed stomatal aper-
ture reduced with the decrease of SWC, and the degree
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of reduction in doi57 was relatively weaker than that in
B73 (Fig. 7). Stomatal aperture data are likely related to
the data on flavonol accumulation and H,O, level in
guard cells during drought stress, where flavonol accu-
mulation may have partially inhibited H,O, levels in
guard cells and prevented stomatal closure and/or pro-
moted stomatal opening.

doi57 performed better in photosynthetic parameters
under drought stress

To further investigate whether flavonols and H,O, in
guard cells affected stomatal movement, we also com-
pared stomatal conductance, transpiration rates, and
photosynthesis rates between B73 and doi57 seedlings
during drought stress. No significant differences were
observed in leaf photosynthetic rates, stomatal conduc-
tance, and transpiration rates between B73 and doi57
under the well-watered condition. With the increase of
drought stress, the physiological parameters mentioned
above declined gradually, but the photosynthesis rate,
stomatal conductance, and transpiration rate of doi57
were significantly higher than those of B73 under 35
(#2.5)% and 25 (£2.5)% (Fig. 8a-c). A similar pattern in
water use efficiency was also observed (Fig. 8d). These
results indicate that doi57 can use the limited amount of
water more effectively under drought stress.

Water shortage seriously affects the growth and de-
velopment of plants. Ten-day-old B73 and doi57 seed-
lings were subjected to drought treatment for 8 days
(SWC < 15%). No significant differences were found
in shoot dry weights, root dry weights and root/shoot
ratios between B73 and doi57 under the normal soil
moisture level. Shoot and root dry weights were all
significantly lower in both B73 and doi57 after drought
stress, but the decrease in doi57 was relatively small.
The root/shoot ratio was greater after drought treatment,
especially in doi57 (Table 1). These results show that
doi57 better tolerated the drought stress, which was also
reflected by less-affected LST, stomatal conductance,
and photosynthetic rate observed in doi57 during
drought stress.

Discussion
Drought stress seriously threatens the growth, develop-

ment and production of crops. Therefore, understanding
the mechanisms by which plants respond to drought
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Fig. 6 Flavonol and H,O, imaging in guard cells under different
SWCs. a Flavonol accumulation in guard cells of B73 and doi57
seedlings under three SWC conditions; b Comparison of relative
DPBA fluorescence intensities under three SWC conditions; ¢
Localization of H,O, in guard cells in B73 and doi57 seedlings
under three SWC conditions. d Comparison of H2DCF-DA

stress would definitely be beneficial for improving the
yield and quality of crops. In this study, we endeavored
to dissect the mechanism underlying drought tolerance
in doi57, a mutant that exhibited a low leaf temperature
and rapid water loss (Fig. 1) and was isolated by far-
infrared image screening. Far infrared imaging systems
has been widely used in the model plant A. thaliana to
isolate mutants with altered LST (Merlot et al. 2002;
Mustilli et al. 2002; Belin et al. 2006; Song et al. 2016).
Prior to this study, the same imaging system has also
been successfully implemented in maize (Liu et al.
2011b; Gao et al. 2014; Li et al. 2017). As expected,
the doi57 mutant with abnormal leaf temperature
showed different levels of drought resistance compared
with the corresponding control, and the differences were

fluorescence intensities between B73 and doi57 under three
SWC conditions. Relative fluorescence intensity value and SDs
were calculated from more than 25 guard cells. Statistically sig-
nificant differences between B73 and doi57 are indicated by
asterisks. (Student’s ¢ test, *P<0.05, **P<0.01, df=24). Scale
bar=35 um

consistent with previous studies on mutants with abnor-
mal leaf temperatures (Gao et al. 2014; Li et al. 2017).
Stomatal transpiration regulates LST, and LST can
reflect plant water retention ability, especially under
drought conditions (Gao et al. 2014; Li et al. 2017). In
general, lower leaf temperature is indicative of the plant
being sensitive to drought. Miao et al. (2006) reported
that deficiency of ATGPX3 (an Arabidopsis glutathione
peroxidase) caused lower LST under drought conditions
and enhanced sensitivity to drought stress. Transgenic
Arabidopsis with overexpression of GhCAS (a calcium-
sensing receptor-encoding gene) showed slower leaf
water loss in vitro and higher LST (Li et al. 2019b).
The lower LST of doi57 seedlings corresponded to the
faster leaf water loss rate in vitro (Fig. lc), which
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Fig. 7 Effects of reduced SWCs on maize stomatal aperture. Three-leaf seedlings were exposed to different soil water conditions for
stomatal aperture detection. At least three replicates were performed with at least 20 stoma observed in each sample

indicated weaker water retention and drought tolerance.
Surprisingly, doi57 mutants showed more tolerance to
drought stress (Fig. 2a); LWC and survival rate were
significantly higher than those of the corresponding
control (Fig. 2b, c¢). Plant responses to drought are very
complex processes because they involve water absorp-
tion, transportation and dispersal. We assume that the
stronger drought tolerance in doi57 than in B73 may be
attributed to doi57’s greater root/shoot ratio (Table 1)
and higher water use efficiency (Fig. 8d) under drought
stress.

Stomata distributed on plant leaf surfaces are
main channels for gas (H,O, CO,, etc.) exchange
between plants and the environment. Water in plants
is lost mainly through stomata, and LST is closely
related to water loss and stomatal movement (Kanno
et al. 2012). Lower leaf temperature and faster water
loss are often associated with higher stomatal con-
ductance under given conditions, which are also
reflected by relatively larger stomatal apertures and
better photosynthetic performance during drought
stress. With the decrease of SWC, stomatal aperture,
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stomatal conductance and transpiration rate de-
creased, but the degrees of decrease in doi57 was
less than that in B73 (Figs. 7 and 8). On the other
hand, larger stomatal aperture and conductance are
beneficial to CO, acquisition and photosynthesis
during drought stress. As expected, photosynthetic
rate and water use efficiency of doi57 seedlings
were significantly higher than those of B73 with
the increase in soil water shortage (Fig. 8a, d);
higher photosynthetic rate and water use efficiency
are beneficial to plant growth and development.
Moreover, the high biomass accumulation and
root/shoot ratio indicate that doi57 could utilize the
limited water supply efficiently and effectively
tolerate the water shortage conditions, which may
be an important factor contributing to its stronger
drought tolerance.

Flavonoids, as important secondary metabolites, play
important roles in plant growth and stress response. Agati
and Tattini (2010) reported that flavonoids perform mul-
tiple functions, for example, they function as antioxidants
and developmental regulators in photoprotection. Talbi
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et al. (2020) reported that drought stress enhanced flavo-
noid accumulation and antioxidant capacity significantly
in the saharan plant Oudeneya africana and thus
improved plant adaptability to abiotic stress. Gao
et al. (2020) also showed that drought stress pro-
moted the accumulation of secondary metabolites
such as flavonoids in two Adonis species, which in
turn reduced H,O, content and promoted drought
resistance. Recently, a P450 gene, CsCYT75BI1
from Citrus CYTOCHROME, was positively linked
to flavonoids and drought resistance (Rao et al.

Table 1 Biomass of B73 and doi57 seedlings after drought treatment
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10). Statistically significant differences between B73 and doi57
are indicated by asterisks. (Student’s ¢ test, *P < 0.05, **P<0.01,
df=18)

2020). In this study, our transcriptome analysis re-
vealed that the expression of some key genes in-
volved in flavonoid biosynthesis showed significant
differences between B73 and doi57 before and after
drought treatment (Fig. 4), suggesting that flavo-
noids may contribute to the stronger drought-
tolerance of doi57. Consistent with the gene expres-
sion analysis, total flavonoid content in B73 and
doi57 increased with the decrease of SWC (Fig. 5).
Greater accumulation of flavonoids, as they are non-
enzyme antioxidants, is beneficial to alleviate stress-

Lines Shoot dry weight (g.plant ") Root dry weight (g.plant ") Root/Shoot

Well-watered Drought Well-watered Drought Well-watered Drought
B73 0.3990 + 0.02 0.2840 + 0.01 0.1590 + 0.02 0.1243 + 0.01 0.3985 +0.02 0.4378 +0.012
doi57 0.3906 + 0.021 0.3188 + 0.02* 0.1561 + 0.03 0.1472 + 0.015* 0.3996 + 0.02 0.4617 + 0.01*

Note: three independent experiments were conducted and five individual plants were used for each sample. Date represent the mean + SD
(n="7), statistically significant differences between B73 and doi57 are indicated by asterisks. * P < 0.05, df =12
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induced oxidative damage (Li et al. 2019a; Talbi
et al. 2020). The doi57 had higher scavenging ca-
pacity for oxygen free radicals (‘OH and DPPH)
than did B73, especially under drought conditions
(Fig. 3a, b). Furthermore, lower accumulation of
MDA and less membrane structure damage were
detected in doi57 (Fig. 3c, d).

Flavonols have been reported to partially inhibit
ABA-induced ROS (H,0,) accumulation in guard
cells and ABA-mediated stomatal closure (An et al.
2016a, 2016b; Watkins et al. 2014, 2017). Our re-
sults show that flavonol production was highly in-
duced by drought stress in guard cells, and the
degree of induction was higher in doi57 than in
B73 (Fig. 6a, b), which is also consistent with the
total flavonoid contents during drought stress (Fig.
5). Due to high levels of flavonols in guard cells,
H,0,; levels were relatively lower in the guard cells
of doi57 (Fig. 6¢c, d), which is not conducive to
stomatal closure and resulted in greater stomatal
aperture/conductance (Fig. 7 and Fig. 8b), better
photosynthetic performance, and more biomass ac-
cumulation due to drought stress (Fig. 8 and
Table 1). Previous reports have shown that expres-
sion of key enzyme genes involved in flavonol bio-
synthesis are regulated by R2R3-MYB transcription
factors (Stracke et al. 2007). Overexpression of
MYBI2 or MYBI11 in Arabidopsis promotes flavo-
nol biosynthesis and plant resistance to abiotic
stresses, such as drought, salt, etc. (Wang et al.
2016a; Li et al. 2019a). However, no differences in
gene expression levels of R2ZR3-MYB transcription
factors were found between B73 and doi57, imply-
ing that different regulatory pathways may exist
across species.

In addition, the samplings were based on the soil
water content, which might be confused for the correla-
tion among the morphology, physiological parameter
and molecular events. However, because environment
condition is one of the most important factor influencing
drought state, soil water contents were regards as a
indictor for drought levels suffered by plants, which
were used in several studies (Yao et al. 2013;
Scharwies and Dinneny 2019).

Taken together, our results demonstrate that the
greater drought tolerance of doi57 is attributed to higher
flavonoid levels. The increased flavonol levels in guard
cells weakened H,O, accumulation and stomatal clo-
sure, and increased antioxidant capacity and adaptive
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growth under drought stress. This might provide a new
avenue for improving drought tolerance by manipulat-
ing flavonoid/flavonol levels in maize.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
020-04814-8.
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