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deficit or are exposed to other environmental stimuli (e.g. low 
light intensity, low air humidity, high CO2 levels, and patho-
gens), stomata are rapidly closed, especially in angiosperms 
(Sierla et al. 2018). This dynamic movement is driven by turgor 
pressure changes in the guard cells, as a result of the activation 
of anion channels and the inhibition of inward-rectifying K+ 

channels, which encoded by K+ CHANNEL IN ARABIDOPSIS 
THALIANA (KAT) and ARABIDOPSIS K+ TRANSPORTER 
(AKT) genes (Kim et al. 2010). The efflux of anions and small 
metabolites, including Cl−, NO3

−, and malate, causes membrane 
depolarization to activate the outward-rectifying K+ channel 
and facilitates K+ efflux, further reducing turgor pressure inside 
the guard cells and leading to the stomatal closure (Pandey 
et al. 2007). Under water-deficit conditions, the phytohormone 
abscisic acid (ABA) plays as the primary regulator of stomatal 
movement to prevent water loss, in which endogenous ABA le-
vels are controlled by a precise balance between biosynthesis 
and catabolism, which also influenced by transport and conju-
gation process (Kushiro et al. 2004; Hsu et al. 2021). ABA is ini-
tially synthesized from C40 carotenoids to form xanthophylls 
(e.g. 9-cis-violaxanthin and 9-cis-neoxanthin); a C15 intermedi-
ate, xanthoxin, is formed in the plastids via oxidative cleavage 
catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED). 
Xanthoxin is then exported to the cytosol and converted to 
ABA through a 2-step reaction via short-chain dehydrogen-
ase/reductase 1 (SDR1/ABA2) and Arabidopsis aldehyde oxi-
dase 3 (AAO3) (Seo and Koshiba 2002; Xiong and Zhu 2003).

Transcription factors (TFs) are crucial regulators of many 
biological processes, including responses to environmental 
signals and hormone regulation. These regulatory functions 
are accomplished through binding to specific cis-elements 
in the promoter regions of target genes (Todaka et al. 
2012). Numerous abiotic stress-responsive TFs have been 
identified in plants; for instance, WRKY, MYB, and DREB/ 
CBF TFs have all been reported as key regulators of plant 
stress responses (Manna et al. 2021). GOLDEN2-LIKE (GLK) 
TFs generally act as transcriptional activators of chloroplast 
development and biogenesis (Rossini et al. 2001; Wang 
et al. 2013) and play important roles in regulating nuclear 
photosynthesis-related genes (Chen et al. 2016). In maize 
(Zea mays L.), 2 GLK genes, ZmGLK1 and GOLDEN2 
(ZmG2), have shown differential expression patterns be-
tween mesophyll cells and the bundle sheath (
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closure. This has been demonstrated by model simulations and 
experimental data that major C4 crops are capable of more ra-
pid stomatal closure compared to C3 crops in response to 
water deficit, resulting in the high water use efficiency 
(WUE) (McAusland et al. 2016; Wang et al. 2021; Ozeki et al. 
2022). Notably, previous studies have demonstrated that 
slower stomatal closure in ferns is associated with reduced re-
sponsiveness to ABA and sugars compared to angiosperms 
(Lima et al. 2019; Candido-Sobrinho et al. 2022), while the rapid 
transport of ions and osmolytes between guard cells and sub-
sidiary cells in grass species contributes to the fast stomatal 
movement (Chen et al. 2017). Rice plants overexpressing 
ZmGLKs have improved carbohydrate contents (Li et al. 
2020), consistent with SlGLK gene expression in tomato plants 
(Powell et al. 2012; Nguyen et al. 2014); this may contribute to 
rapid stomatal closure at the metabolic level.

To further reveal the mechanism underlying ZmGLK- 
regulated stomatal movement, we conducted a comparative 
analysis of RNA-seq and DAP-seq data. This analysis revealed 
several potential target genes showing strong binding peaks, in-
cluding OsFtsH6, OsCYP714B1, OsRCCR1, and OsSub57 (Fig. 7). 
OsFtsH6, which belongs to the OsFtsH gene family, is involved 
in D1 turnover as part of the PSII repair cycle. D1 turnover com-
prises removal of damaged D1 proteins by FtsH proteases lo-
cated in the chloroplast, followed by coordinated assembly of 
newly synthesized D1 proteins into the thylakoid membrane 
(Wang et al. 2016). The high levels of D1 protein observed in 
ZmGLK1- and ZmG2-overexpressing plants in our previous 
study (Li et al. 2020) prompted us to hypothesize the potential 
regulatory function of ZmGLKs on OsFtsH6 expression. 
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Stomatal trait measurements with scanning electron 
microscopy
Rice leaves were detached from control or drought-treated 
plants and immediately cut into 3 × 3 mm pieces, excluding 
the veins. Samples were directly fixed in 2.5% (v/v) glutaral-
dehyde in 0.1 M phosphate buffer (pH 7.0) and then fixed 
with 1% osmium tetroxide. After washing twice with 0.1 M 

phosphate buffer, samples were dehydrated gradually in an 
ethanol series (30%, 50%, 60%, 70%, 80%, 90%, and 100%) 
for 15 min each, followed by incubating in tertiary butanol 
for 35 min. Then, samples were dried using a critical point 
dryer, pasted on the sample stage, and then coated with 
gold. Stomata were observed and photographed using a 
SU-8010 scanning electron microscope (Hitachi, Japan). 
The size, number, and aperture sizes of stomata were calcu-
lated using ImageJ software.

Quantification of endogenous ABA content
The uppermost expanded leaves of control and drought- 
stressed rice seedlings were detached and flash frozen in li-
quid nitrogen. Ground samples (100 mg each) were ex-
tracted with an acetonitrile solution containing an internal 
standard at 4 °C overnight. Samples were centrifuged, and 
the resulting supernatant was extracted again. The combined 
extracts were purified on a C18 silica column and dried with 
nitrogen gas. After resolving in methanol and passing 
through a 0.22-µm filter, ABA was quantified on a HPLC– 
tandem mass spectroscopy (MS/MS) system as described 
by Liu et al. (2012).

Exogenous ABA treatment
Forty-day-old rice seedlings grown in pots were sprayed with 
100 µM ABA solution (containing 0.5% [v/v] Tween-20 as a 
surfactant) until the leaves were moist. The volume of ABA 
solution applied was consistent between seedlings. At 2.5 h 
after treatment, gas exchange parameters and stomatal traits 
were evaluated as described above.

RNA extraction and RT-qPCR
The uppermost fully expanded leaves were harvested from 
3-wk-old rice seedlings grown in pots under normal condi-
tions or drought stress for 7 d. Samples were flash frozen in 
liquid nitrogen and ground to powder, and then total RNA 
was extracted with TRIzol reagent (Invitrogen). RNA purity 
and quantity were evaluated using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, USA). After 
DNase treatment, cDNA was synthesized from 1 µg of total 
RNA per sample using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, USA). RT-qPCR was 
performed using KOD SYBR Green mix with ROX 
(TOYOBO) on an ABI QuantStudio 6 Flex instrument 
(Applied Biosystems, USA). Relative transcript levels were 
calculated with the 2−ΔΔCT method (Livak and Schmittgen 
2001) with 3 biological replicates for each treatment, using 
OsActin as the internal control. Primers are listed in 
Supplemental Table S2.

RNA-seq analysis
At 3 h after exogenous ABA treatment, leaves were collected 
from 4-wk-old rice seedlings grown in pots. Total RNA was 
extracted with TRIzol reagent, and then RNA integrity was 
assessed with the Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). RNA-seq libraries were constructed 
from WT, ZmUBIpro:ZmGLK1-3, and ZmUBIpro:ZmG2-3 rice 
plants using the TruSeq Stranded mRNA LT Sample Prep 
Kit (Illumina, USA) with 3 biological replicates per line. The 
resulting 9 libraries were sequenced on the Illumina HiSeq 
X Ten sequencing platform. After removing the adaptor se-
quences and low-quality reads, clean reads were mapped 
to the O. sativa cv. ‘Nipponbare’ reference genome using 
HISAT (Kim et al. 2015) and Bowtie2 (Langmead et al. 
2009). Gene expression levels were calculated in reads per 
kilobase of transcript per million mapped reads (RPKM) 
using Cufflinks. DEGs were identified with the “DESeq” R 
package. The thresholds for classification as a DEG in 
the transgenic lines compared to the WT were P < 0.05 
and |log2(fold change)| >1.

DAP-seq and data analysis
The full-length coding sequences of ZmGLK1 and ZmG2 were 
amplified from cDNA of the maize accession B73. Each se-
quence was recombined into the pIX-HALO vector using 
LR Clonase II (Invitrogen). The HALO-ZmGLK1 and 
HALO-ZmG2 proteins were generated using 500 ng each of 
the pIX-HALO-ZmGLK1 and pIX-HALO-ZmG2 plasmids 
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