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A Subsidiary Cell-Localized Glucose Transporter Promotes
Stomatal Conductance and Photosynthesis
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It has long been recognized that stomatal movement modulates CO, availability and as a consequence the photosynthetic
rate of plants, and that this process is feedback-regulated by photoassimilates. However, the genetic components and
mechanisms underlying this regulatory loop remain poorly understood, especially in monocot crop species. Here, we report
the cloning and functional characterization of a maize (Zea mays) mutant named closed stomata1 (cst1). Map-based cloning
of cst1 followed by confirmation with the clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR
associated protein 9 system identified the causal mutation in a Clade | Sugars Will Eventually be Exported Transporters
(SWEET) family gene, which leads to the E81K mutation in the CST1 protein. CST1 encodes a functional glucose transporter
expressed in subsidiary cells, and the E81K mutation strongly impairs the oligomerization and glucose transporter activity of
CST1. Mutation of CSTT1 results in reduced stomatal opening, carbon starvation, and early senescence in leaves, suggesting
that CST1 functions as a positive regulator of stomatal opening. Moreover, CST1 expression is induced by carbon starvation
and suppressed by photoassimilate accumulation. Our study thus defines CST1 as a missing link in the feedback-regulation
of stomatal movement and photosynthesis by photoassimilates in maize.

INTRODUCTION (Misra et al., 2015; Daloso et al., 2016). Suc modulates stomatal
movement in a spatial distribution- and concentration-dependent
manner. Suc was proposed to serve as an osmoticum in guard
cells to facilitate stomatal opening (Talbott and Zeiger, 1996).
More recently, Suc breakdown in guard cells was suggested to be
an important mechanism during light-induced stomatal opening
(Daloso et al., 2015). On the other hand, high concentrations of
Suc in the guard cell apoplast cause reduced stomatal opening,
presumably by acting as an apoplastic osmolyte (Outlaw and De
Vlieghere-He, 2001; Kang et al., 2007). This hypothesis was later
challenged by the finding that apoplastic Suc-stimulated stomatal
closure depends on the Glc sensor hexokinase (HXK; Kelly et al.,
2013). In periods of highly active photosynthesis, Suc-derived Glc
overaccumulates in guard cells, leading to HXK activation and
subsequently stomatal closure (Kelly et al., 2013; Lugassi et al.,
2015; Liet al., 2018). The molecular events downstream of HXK in
this process are currently unknown. In addition to Suc and Gic,
1These authors contributed equally to this work. starch (Horrer et al., 2016), triacylglycerols (McLachlan et al.,
2 Address correspondence to: wanghai01@caas.cn, langzhihong@caas.cn, 2016), trehalose (Van Houtte et al., 2013), pyruvate (Li et al., 2014;
or lgchen77@illinois.edu. Yu and Assmann, 2014), and malate (Araujo et al., 2011; Gago
The author.resplonsib.Ie fqr distribution of materials inTegraI to the fin.dings et al., 2017) have been reported to regulate stomatal movement.
:aresentgd in this article in accordance with lth_e pqllcy described in the Prolonged perturbation of carbon homeostasis imposes ad-
nstructions for Authors (www.plantcell.org) is: Hai Wang (wanghai01@ . -
caas.cn). verse effects on the maintenance of the photosynthetic appa-
www.plantcell.org/cgi/doi/10.1105/tpc.18.00736 ratus. In maize (Zea mays), for example, overaccumulation of

Fixation of atmospheric CO, through photosynthesis is crucial for
the survival of plants, and is also pivotal for meeting the ever-
increasing food, feed, and fuel demands of humans. To achieve
optimal photosynthesis, leaf photosynthetic rates need to be
tightly controlled according to the plant carbon status, which
involves feedback regulation of photosynthesis by photo-
assimilates (Araya et al., 2006; Ainsworth and Bush, 2011).
Given that stomata modulate CO, availability and consequently
the rate of photosynthesis (Lawson and Blatt, 2014), it is perhaps
unsurprising that various exogenous and endogenous cues, in-
cluding the plant carbon status, converge at stomata to modulate
photosynthesis (Farquhar and Sharkey, 1982). Several photo-
assimilates have been reported to regulate stomatal movement,
among which Suc and Glc have been most extensively studied


http://orcid.org/0000-0002-1722-1518
http://orcid.org/0000-0002-6907-1179
http://orcid.org/0000-0003-2259-7736
http://orcid.org/0000-0001-8105-2272
http://orcid.org/0000-0002-3049-3091
http://orcid.org/0000-0002-0995-7461
http://orcid.org/0000-0002-6937-0179
http://orcid.org/0000-0001-9000-335X
http://orcid.org/0000-0002-5494-9348
http://orcid.org/0000-0003-4175-7539
http://orcid.org/0000-0002-7720-1631
http://orcid.org/0000-0001-5685-6412
http://orcid.org/0000-0002-8394-4474
http://orcid.org/0000-0002-0964-5388
http://orcid.org/0000-0002-7950-7765
http://orcid.org/0000-0002-1722-1518
http://orcid.org/0000-0002-6907-1179
http://orcid.org/0000-0003-2259-7736
http://orcid.org/0000-0001-8105-2272
http://orcid.org/0000-0002-3049-3091
http://orcid.org/0000-0002-0995-7461
http://orcid.org/0000-0002-6937-0179
http://orcid.org/0000-0001-9000-335X
http://orcid.org/0000-0002-5494-9348
http://orcid.org/0000-0002-5494-9348
http://orcid.org/0000-0003-4175-7539
http://orcid.org/0000-0002-7720-1631
http://orcid.org/0000-0001-5685-6412
http://orcid.org/0000-0002-8394-4474
http://orcid.org/0000-0002-8394-4474
http://orcid.org/0000-0002-0964-5388
http://orcid.org/0000-0002-7950-7765
http://crossmark.crossref.org/dialog/?doi=10.1105/tpc.18.00736&domain=pdf&date_stamp=2019-06-18
http://www.plantcell.org
mailto:wanghai01@caas.cn
mailto:wanghai01@caas.cn
http://www.plantcell.org/cgi/doi/10.1105/tpc.18.00736

e

IN A NUTSHELL

CST1 Promotes Stomatal Conductance 1329

Background: Fixation of atmospheric CO, through photosynthesis is crucial for the survival of plants, and is also
pivotal for meeting the ever-increasing food, feed and fuel demands of humans. To achieve optimal photosynthesis,
leaf photosynthetic rates need to be tightly controlled according to the level of photoassimilates in plants. It has long
been observed that stomatal movement modulates CO- availability and consequently the rate of photosynthesis, and
several photoassimilates (such as sucrose and glucose) were found to regulate photosynthesis through modulating

stomatal movement.

Question: Although feedback regulation of photosynthesis by photoassimilates through stomatal movement has long
been observed, our knowledge of the genes and molecular mechanisms involved in this process is far from complete,

especially for monocot crop species.

Findings: We cloned and characterized a maize mutant named closed stomata1 (cst1), which exhibits diminished
stomatal opening and photosynthesis at the grain-filling stage. Map-based cloning of cst1 identified the causal
mutation in a Clade | Sugars Will Eventually be Exported Transporters (SWEET) family gene. CST1 encodes a
glucose transporter expressed in subsidiary cells, and functions as a positive regulator of stomatal opening. At the
grain-filling stage, a deficiency in CST1 leads to reduced photosynthesis, carbon starvation in leaves, and in turn to
an early-senescence phenotype. Moreover, CST1 expression is induced by carbon starvation and suppressed by
photoassimilate accumulation. Taken together, CST1 plays a key role in the feedback regulation of stomatal

movement and photosynthesis by photoassimilates in maize.

Next steps: In our future research, we seek to answer how glucose, the substrate of CST1, modulates the function of

subsidiary cells.

carbohydrates in leaves due to ear removal (Christensen et al.,
1981), prevention of pollination (Sekhon et al., 2012), or girdling
(Jeannette et al., 2000) leads to reduced chlorophyll content and
consequently decreased rates of photosynthesis. Similar phe-
nomena have also been observed in maize mutants defective in
phloem loading, including tie-dyed1 (Braun et al., 2006), tie-dyed?2
(Slewinski et al., 2012), sucrose export defective (Ma et al., 2008),
and sucrose transporter1 (Baker et al., 2016). However, carbo-
hydrate deprivation/starvation induced by long-term dark or
shade treatment also leads to early senescence phenotypes in
plants, including chlorosis and disassembly of the photosynthetic
apparatus (Hanaoka et al., 2002; Buchanan-Wollaston et al., 2005;
Kim et al., 2016).

Although the role of photoassimilates as regulators of stoma-
tal movement and photosynthesis has long been observed, the
genetic components and molecular mechanisms involved remain
obscure. In this study, we report the cloning and characteriza-
tion of a subsidiary cell-localized Sugars Will Eventually be Ex-
ported Transporters (SWEET) family Glc transporter gene named
CLOSED STOMATAT1 (CST1). With physiological functions dif-
ferent from other reported SWEET family members, CST1 is
specifically expressed in subsidiary cells and positively regulates
stomatal opening and source capacity at the grain-filling stage.
Our data thus define a crucial role for CST1 as a missing link in the
feedback regulation of stomatal movement by photoassimilates.

RESULTS
cst1 Exhibits Reduced Stomatal Conductance, Source
Capacity, and Yield

Stomatamodulate the availability of CO, to the plant and therefore
exert considerable control on the photosynthetic rate. They are,

however, subject to feedback regulation by plant carbon status.
This regulation may be more prominent under strong source—sink
interaction such as during seed/grain filling. To dissect the in-
terplay between stomatal movement and photoassimilate dy-
namics, we identified a mutant in maize named closed stomata1
(cst1) from an ethyl methanesulfonate-mutagenized population
created in the Zheng58 background. Stomatal conductance was
significantly lower in cst7 than in wild type Zheng58 plants for
leaf L and L-3 at 10, 20, and 30 d after silking (DAS; Figure 1A;
Supplemental Data Set 1; leaves were named as shown in
Figure 1D). In addition, the stomatal aperture width (SAW) was
significantly reduced in the cst1 as compared with that in the wild
type for both leaf L and L-3 from 0 DAS to 30 DAS (Figure 1B).
Stomatal conductance and SAW were also measured in cst1 and
wild-type plants before silking. However, no significant differ-
ences in either of the two phenotypes were observed between cst1
and wild type at 10 or 20 d before silking (DBS; Supplemental
Figures 1A and 1B).

The cst1 plants were visually indistinguishable from the wild-
type plants until 5 DBS (Supplemental Figure 2), when cst1 leaves
began to exhibit senescence-like phenotypes, characterized by
chlorosis in the older leaves. At 15 DAS, chlorosis became
prominent in most cst1 leaves except for the youngest two leaves
(Figure 1C). To study the spatio-temporal dynamics of chlorosis in
cst1, total chlorophyll content represented as Soil Plant Analysis
Development (SPAD) values was measured every 2 d from 6 DBS
to 30 DAS in cst1 and wild-type plants. As shown in Figure 1E, the
chlorophyll content in cst7 leaves peaked earlier and declined
faster than in the corresponding wild-type leaves.

Consistent with the reduced stomatal opening and chlorophyll
content in cst1, the photosynthetic rates of cst? leaves were
significantly lower compared with corresponding wild-type leaves
(Figure 1F). As source capacity at grain filling stage is an impor-
tant determinant of yield, we next investigated whether yield was
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Figure 1. The cst1 Plants Exhibit Diminished Stomatal Conductance, Reduced Source Capacity, and Lower Yield Compared With the Wild-Type (WT) Plants.

(A) and (B) The stomatal conductance (g; A) and SAW (B) of wild-type and cst7 leaves (Land L-3) at 0, 10,20, and 30 DAS. Leaves are labeled as shownin (D).
Data are means *sp of 10 plants for each genotype. (C) Wild-type and cst7 leaves 5 DBS and 15 DAS. Leaves are labeled as shown in (D).
(E) Total chlorophyll contents (represented as SPAD values) in wild-type and cst 7 leaves from 6 DBS to 30 DAS. Five plants of each genotype were measured

every 2 d. Measurements were fitted by LOESS (Local Regression) curves.

(F) Photosynthetic rates of wild-type and cst7 leaves (L and L-3) at 0, 10, 20, and 30 DAS. Shown are means *+sp (n = 10).

(G) to (I) HKW (G), dry HKW (H), and kernel moisture (I) were measured in wild-type and cst 7 kernels from 5 DAP to 60 DAP. For each genotype, 9 ears (from 9
different plants) were sampled every 5 d, with 10 kernels randomly sampled from each ear. Measurements were fitted with LOESS (Local Regression) curves.
Shown are means *sp (n = 9). In (A), (B), (F), (G), and (H), asterisks indicate significant difference from wild type (p.adj < 0.05) by the Tukey's honestly

significant difference test (Supplemental Data Set 1).

reduced in cst1 plants. Fresh and dry weights of seeds were
measured every five days from 5 d after pollination (DAP) to 60 DAP
in cst1 and wild-type plants. The fresh and dry weights of cst1
seeds were significantly lower than wild type from 25 DAP to 60
DAP, with ~7% reduction in both fresh hundred kernel weights

(HKW) and dry HKW at 60 DAP (Figures 1G and IH). The early-
senescence phenotype of cst1 was not associated with accel-
erated desiccation of kernels (Figure 1l). Taken together, the cst1
mutation results in reduced stomatal opening and source ca-
pacity, as well as inadequate grain filling.
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Cloning of the CST1 Gene

Toisolate the causal gene for the observed phenotypes of cst7, we
constructed an F, mapping population by crossing cst7 with the
inbred line B73. Early senescence of leaves at the grain-filling
stage was used as the marker phenotype to discriminate cst7 from
the wild type in field conditions. All the F, individuals showed the
wild-type phenotype, and among the 727 F, individuals, 169 and
558 F, progenies were found with early senescence and wild-type
phenotypes, respectively, suggesting that cst7 is controlled by
a single recessive locus (Chi-square=1.193, p-value=0.275). The
cst1 locus was first located between the Simple Sequence
Repeat markers bnlg1702 and umc1462 (3.57cM to bnig1702
and 0.97cM to umc1462, respectively; Figure 2A). High-
resolution melting (HRM) analysis of recombinants further nar-
rowed down the location of cst7 to a 188-kb genomic region
between single-nucleotide polymorphism (SNP) markers HRM26
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and HRMZ27, which contains five genes (Figure 2A). Sanger
sequencing of these five genes in cst1 and Zheng58 revealed
a single nucleotide substitution of G to A on the fourth exon of
GRMZM2G153358, which causes an E81K mutation in the
predicted protein sequence (Figure 2B).

To test whether the identified G-to-A substitution is the causal
mutation for the cst1 phenotype, a clustered regularly interspaced
short palindromic repeats (CRISPR)/ CRISPR associated protein 9
(Cas9) vector containing two guide RNA open reading frames each
targeting the third and fourth exon of GRMZM2G153358, re-
spectively, was constructed (Supplemental Information 1). This
vector was used to generate transgenic maize lines in the CO1
background (Figure 2C), as Zheng58 is recalcitrant to trans-
formation. In T1 plants, individuals with homozygous frameshift
mutations but without the Cas9 transgene were identified, and
they were categorized into four types based on the mutated se-
quences at target sites (cst1-c1, cst1-c2, cst1-c3, and cst1-c4;
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Figure 2. Map-Based Cloning of cst7.

(A) Map-based cloning of cst1. Molecular markers and number of recombinants are indicated above and below the filled bars, respectively. The candidate
gene (GRMZM2G153358) is indicated by ared arrow, whereas the other genes within this genomic interval are indicated by blue arrows. Chr, chromosome;

Recs, recombinations.

(B) A schematic representation of the genomic structure of GRMZM2G153358. The light and dark gray filled boxes indicate untranslated region (UTR)s and
coding exons, respectively. The dashed lines indicate introns. The codons that overlap with the base substitution are underlined in wild type (WT) and cst1,

with corresponding amino acids labeled below the codons.

(C) The two target sites (designated Target 1 and Target 2) used for gene targeting are shown at top. At middle (for Target 1) and bottom (for Target 2) are
shown the wild type and mutated sequences. gRNA, guide RNA; PAM, protospacer adjacent motif.

(D) Ear leaves of wild type, cst1-c1, cst1-c2, cst1-c3, and cst1-c4 at 5 DAS.

(E) Total chlorophyll content (SPAD) and stomatal conductance (g,) of wild type and cst7-c7, cst1-c2, cst1-c3, and cst1-c4 ear leaves at —10 and 10 DAS.

Shown are mean *sp of 10 leaves for each genotype.

(F) HKW of wild type, cst1-c1, cst1-c2, cst1-c3, and cst1-c4 at 60 DAP, when grain-filling is complete. Shown are means *sp of 10 ears for each genotype. In
(E) and (F), asterisks indicate significant difference from wild type (P < 0.05) by the Student’s t test (Supplemental Data Set 1).
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Figure 2C). Similar to cst1, all the knockout plants exhibited re-
duced stomatal conductance, early senescence, and reduced
yield, although they are in a genetic background different fromcst1
(Figures 2D to 2F). In sum, these results strongly suggest that the
G-to-A mutation in GRMZM2G153358 is the causal mutation for
the cst1 phenotypes.

cst1 Exhibits Transcriptome and Metabolome Changes
Characteristic of Senescence

Atime-course transcriptome analysis of cst7 and wild type at 0, 10,
20, and 30 DAS on leaf L and L-3 was conducted to obtain a global
view of senescence and photosynthesis in cst7 (Supplemental
Figure 3A; Supplemental Information 2;Supplemental Data Set 2).
Data quality was validated by distance matrices of samples
(Supplemental Figures 3B and 3C) and principal component
analysis (Supplemental Figure 3D). Genes differentially expressed
between cst1 and wildtype in at least one of the eight comparisons
(2 leaf types X 4 time points) were identified and functionally
annotated (Supplemental Data Set 3).

We found that the expression levels of senescence-associated
genes (SAGs) were significantly higher in cst7 than in wild-type
leaves (Figure 3A). These SAGs are of diverse functional groups.
Several of them are putative orthologs of well-characterized
senescence regulators, such as AtS40-3 (Fischer-Kilbienski
et al., 2010), ANAC029 (Guo and Gan, 2006), and ANAC042
(Wu et al., 2012). They also include genes involved in degra-
dation of chlorophyll or the light harvesting complex, includ-
ing chlorophyllase encoding genes (Benedetti and Arruda,
2002), NON-YELLOWINGH1 (Li et al., 2017), PHEOPHORBIDE
A OXYGENASE (Stssenbacher et al., 2015), SENESCENCE-
RELATED GENET1 (Callard et al., 1996), and FtsH6 (Zelisko et al.,
2005). Strikingly, several genes involved in nitrogen remobili-
zation during senescence were also found, including GLUTAMATE
DEHYDROGENASE?Z (Diaz et al., 2008), AUTOPHAGY-RELATED?
(Doelling et al., 2002), AUTOPHAGY 18A (Zhuang et al., 2017),
and SENESCENCE-ASSOCIATED GENE12 (SAG12; Otegui
et al., 2005). AUTOPHAGY-RELATED7 and AUTOPHAGY 18A
are autophagy-related genes, whereas SAG12 is a major Cys
protease localized in senescence-associated vacuoles. SAG12
was reported to be exclusively upregulated by the natural de-
velopment of senescence in Arabidopsis (Arabidopsis thaliana;
Otegui et al., 2005). In contrast with SAGs, genes involved in
photosynthesis were strongly downregulated in cst7, includ-
ing chlorophyll biosynthetic genes (Figure 3B), photosystem
| and Il core subunits (Figures 3C and 3D), and C4 genes
(Figure 3E).

Upregulated expression of nitrogen remobilization-related
genes in cst1 prompted us to investigate whether cst1 over-
accumulates free amino acids. Wild-type and cst7 leaves
were also subject to metabolome profiling using both lig-
uid chromatography-tandem mass spectrometry and gas
chromatography-tandem mass spectrometry (Supplemental
Information 2; Supplemental Figures 4 and 5; Supplemental
Data Sets 4 and 5). Nineteen amino acids were identified and
quantified by at least one platform (Figure 3F), and results from
the two MS platforms are highly consistent for the thirteen amino
acids that were identified by both platforms (Pearson correlation

coefficient = 0.8). Most amino acids (except Ala, Lys, and Pro)
were significantly higherincst7 thanin wildtype at 10, 20, and 30
DAS (Figure 3F). These results indicate that nitrogen remobili-
zation, a hallmark of senescence, is more active in cst7 than in
wild-type plants.

The CST1 Protein Is a Cell Membrane-Localized Gic
Transporter and the E81K Mutation Substantially Impairs Its
Transport Activity

Phylogenetic analysis of the CST1 protein revealed that it belongs
to the Clade | subfamily of the SWEET protein family (Supplemental
Figure 6; Supplemental Data Set 6). The CST1 protein was predicted
by PROTTER (Omasits et al., 2014) to contain seven trans-
membrane domains (Figure 4A). To determine the in vivo subcellular
localization of the CST1 protein, a CST1-enhanced yellow fluo-
rescent protein (eYFP) fusion protein was transiently expressed
in either maize protoplasts or Nicotiana benthamiana epidermal
cells, driven by the Cauliflower mosaic virus (CaMV) 35S promoter.
Ectopically expressed CST1-eYFP in both cell types colocalized
with FM4-64, a lipophilic fluorescent probe that specifically stains
cell membrane (Supplemental Figures 7A and 7B). Interestingly,
the CST1E8'K protein was also localized to the plasma membrane
(Supplemental Figures 7A and 7B). Collectively, these results in-
dicate that CST1 is a plasma membrane-localized protein and that
the E81K mutation does not alter its subcellular localization.
SWEET family proteins were reported to catalyze facilitated
diffusion of various sugars across membranes (Chen, 2014). To
determine the biochemical activity and substrate specificity of
the CST1 protein, CST1 and CST1E81K were tested for their
complementation of the growth defect of the yeast (Saccharo-
myces cerevisiae) YSL2-1 mutant strain, which lacks all endog-
enous hexosetransporters and extracellularinvertase but retained
the cytosolic invertase, allowing it to grow only on medium
containing maltose (Chenetal.,2015). YSL2-1 cells carrying CST1
and CST1881K exhibited limited growth on galactose, fructose,
glucose, and sucrose (Figure 4B). When tested on the toxic Glc
analog 2-deoxyglucose, cells with CST1 failed to grow well relative
to the negative control (transformed with the empty vector), in-
dicating that CST1 can mediate 2-deoxyglucose transport. By
contrast, YSL2-1 cells with CST1E87K were able to grow at a rate
similar to the negative control in the presence of 2-deoxyglucose,
indicating that the E81K mutation likely impairs the Gilc
transport activity of CST1. To directly measure the Glc trans-
port activity of CST1, the Glc-transport—deficient yeast strain
EBY.VW4000 (Wieczorke et al., 1999) expressing CST1, CST1E81K
or AtSWEET1 was tested for ['*C]-D-Glc uptake activity. When
compared with EBY.VW4000 harboring the empty vector pDRf1-
GW, significantly higher levels of ['*C]-D-Glc uptake were detected
in EBY.VW4000 expressing CST1 or AtSSWEET1, but not CST1881K
(Figure 4C). To further confirm the Glc transport activity of CST1,
we used a highly sensitive Glc detection system based on the
mammalian HEK293T cells expressing a fluorescence resonance
energy transfer (FRET) Glc sensor, FLIPglu600pA13V. This system
was employed to identify the first member of the SWEET gene
family and also used to detect the transport activity of other
SWEET family members from various species (Chen et al.,
2010). After Glc treatment, HEK293T cells expressing CST1 or


http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1

CST1 Promotes Stomatal Conductance 1333
A senescence-associated genes C  PSIcore subunits
Leaf I3 Leaf B2
Genotype
iyl 2 BN BN BN BN oss
Il B Em DAS 1 -
GRMZM2G014526/SAG12 GRMZM2G080107/PSAN 0
GRMZM2G130053/SAG12 0 GRMZM2G329047/PSAG
GRMZM2G048836/AtFtsH6 -1 n GRMZM2G451224/PSAH
GRMZM2G029845/NSH2 GRMZM2G026015/PSAL =1
|| GRMZM2G146280/ATG18A | "2 m GRMZM2G024150/PSAD
GRMZM2G005304/APG7 i-3 GRMZM2G117412/LHCA6 [ -2
|| GRMZM2G094712/ASP3 GRMZM2G038519/LHCA2
GRMZM2G064962/SRG3 GRMZM2G036880/LHCA1
GRMZM2G382569/SRG1 GRMZM2G001653/PSAOQ Leaf
GRMZM2G427097/GDH2 GRMZM2G017290/PSAF L
E GRMZM2G064521/SAG21
GRMZM2G018820/SRG3 ; -
GRMZM2G444819/ATS40-3 D PSIicore subunits . L-3
GRMZM2G170734/CLH1 Leaf
GRMZM2G091837/NYE1 Genotype 2 Genotype
GRMZM2G339563/PAO
GRMZM2G479980/JUB1/ANAC042 N ‘Em == “Em g’;ﬁnsz 139996/LHCEG P
GRMZN2G430849/ANAC029 GRMZM2G429955/LHB1B2 0 cs
GRMZM2G103881/NYE1
GRMZM2G379563/NYE1 AC207722.2 FGO09/LHB1B2 _q DAS
GRMZM2G040175/DMP1 GRMZM2G033885/LHCB4 30
GRMZM2G042494/ANAC029 GRMZM2G351977/LHB1B2 | -2
GRMZM2G045706/SAG12 GRMZM2G155216/LHB1B2 M 20
GRMZM2G087728/SAG12 GRMZM2G414192/LHCB2.1
GRMZM2G087233/SAG24 GRMZM2G149428/LHCB5 10
GRMZM2G163251/JUB1/ANAC042 GRMZM2G018627/LHCB2.1 0
GRMZM2G092427/LHCB6
B chlorophyll synthesis E  c4genes
Leaf 15 éeaf B2
Genotype ) enotype
BN BN BN B BN BN (BN B oA 1
I GRMZM2G073351/PORA () Bl GRMZM2G086258/DCT2
[ | GRMZM2G084958/PORA r GRMZM2G001696/PEPCK
| | GRMZM2G043109/CRD1 GRMZM2G104310/GLDP1  _4
I GRMZM2G105319/GUN5 GRMZM2G083841/PEPC
GRMZM2G323024/GUN5 | =1.5 GRMZM2G306345/PPDK || -2
F e S 2 £ 3 > v o 3 © @® £ 2L 2 T E 2 5 T
< & 2 8 o 6 T = % 2 = 6 & & o FE £ P >
1.0 i * .\ f\. i A
0_5—'\Q A g et ] i i f, j el " ! K e
0- *y (s B * ,/* i i * i =
-
g 1.0’§ * ii " -
L / By w® [, A (o)
€05 % jl'\» + # ol AL Vo p i Genot
8 0- e Hen e \* oF i R enotype
1.0- WT
o EBASL e AAA T
> 0s: & i i § ik S N e N e SR L
ek EAR i it RR o o RN R FLelE
< O »* 4 ¥ * ¥ ¢ ¢ 7]
¥ 1.0 *5% '.‘. 3 B *a * .IQ #* ?5 -
0.5 4 L i a5t el i g i i
] * / o / / 9\1{ /‘ . * ) S
é ¥ % '\‘“ ¥ & sis®
DAS

Figure 3. cst1 Exhibits Transcriptome and Metabolome Changes Characteristic of Senescence.

(A) to (E) Heat map representation of gene expression levels in cst7 and wild type (WT) for leaf Land L-3 at 0, 10, 20, and 30 DAS, as quantified by RNA-Seq
analysis. Shown are senescence-associated genes (A), chlorophyll synthesis genes (B), PS | core subunits (C), PS Il core subunits (D), and C4 genes (E).
Refer to Supplemental Data Set 3 for absolute expression levels and statistical analysis.

(F) Free amino acids were measured for cst1 and wild type inleaf Land L-3at 0, 10, 20, and 30 DAS by both gas chromatography-tandem mass spectrometry
(GC-MS) and liquid chromatography-tandem mass spectrometry (LC-MS). Data are means *sb of four biological replicates with each replicate pooled from
leaf L or leaf L-3 of 10 individual plants. *Significant difference from wild type (p.adj < 0.05) by the Tukey's honestly significant difference test (Supplemental

Data Set 1).

AtSWEET1 swiftly accumulate Glc, as demonstrated by the de-
creased normalized FRET emission/cyan fluorescent protein
(CFP) emission ratio (Figure 4D). By contrast, CST188'K conferred
a much slower and weaker response than CST1 (Figure 4D). This
weak Glc transport activity of CST1E81K js undetectable in yeast,
probably due to varying efficiencies in transgene expression
or protein folding/sorting in yeast and mammalian cells. Taken

together, these results indicate that CST1 is an active Gic
transporter, and the E81K mutation significantly impairs the Gic
transport activity of CST1. The nature of the E81K mutation may at
least partly explain the stronger reduction of stomatal conduc-
tance and HKW in CRISPR lines than in cst1, although the varying
severities of the two phenotypes in CRISPR lines and cst1 may
also be caused by their different genetic backgrounds.
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Figure 4. CST1 Protein Is an Active Glc Transporter, and the E81K Mutation Impairs its Transporter Activity.

(A) The CST1 protein has 7 transmembrane domains typical of SWEET family proteins, as predicted by PROTTER. The E81K mutation (indicated by the red
arrow) is located in the middle portion of the third transmembrane domain.

(B) Functional analysis of CST1 activity by the yeast complementation assay. CST1 and CST1E8'K were tested for complementation of the growth defect of
the YSL2-1 mutant strain (only grows on maltose [Mal]) on various carbon sources. Note that CST1 and CST158'K confer limited growth on Gal, Fru, Glc, and
Suc. When tested on the toxic Glc analog 2-deoxyglucose (2-DOG), cells with CST1 and other active glucose transporters failed to grow well relative to
pDRf1-GW (the empty vector) and CST1E81K,

(C) Relative Glc uptake rates of CST1, CST1881K and AtSWEET1 in the yeast Glc transport-deficient mutant EBY.VW4000 at 5 min and 10 min (10 mM
D-glucose; 0.1u.Ci ['“C]-D-glucose). EBY.VW4000 with the empty vector pDRf1-GW served as the negative control. Values are normalized to AtSWEET1
(100%). Data are means *sp (n = 3). *Significantly different from the empty vector group (P < 0.05) by the Student’s t test (Supplemental Data Set 1).
(D) Normalized Glc uptake analysis using HEK293T cells expressing the Glc sensor FLIPglu600puwA13. CST1, CST1E81K or AtSWEET (positive control) were
individually coexpressed with the Glc sensor. HEK293T cells transfected with the sensor vector only served as a negative control. Data are means *+seM
(n=10).

(E) CST1 and CST1E81K were tested for their oligomerization activity by a BiFC assay. CST1 and CST1E8K were fused with either YFPN or YFPC and
transiently expressed in Nicotiana benthamiana epidermal cells driven by the 35S promoter. The YFPN+YFPC combination served as a negative control. The
scale bar applies to all images in this panel.

SWEET proteins form oligomers in order to perform their
function (Xuan et al., 2013; Tao et al., 2015). Thus we tested
whether CST1 oligomerizes in vivo by the bimolecular fluores-
cence complementation (BiFC) assay. When CST1-YFPN (CST1
fused to the N-terminal 155 amino acids of YFP) and CST1-YFPC
(CST1 fused to the C-terminal 86 amino acids of YFP) were
transiently coexpressed in N. benthamiana epidermal cells, the
fluorescence signal of YFP was observed. The signal colocalized
with that of FM4-64 (Figure 4E), indicating that CST1 oligomerized
at the cell membrane. However, no fluorescence signal was
detected in combinations involving CST188K (i.e., CST1-YFPN
and CST1E81K-YFPC, CST1E81K-YFPN and CST1-YFPC, or
CST1E8TK-YFPN and CST1E81K-YFPC) or in the negative control
(YFPN and YFPC; Figure 4C). Taken together, the E81K mutation
impairs the Glc transport activity of CST1, at least in part by
preventing its oligomerization.

The CST1 Gene Is Specifically Expressed in Subsidiary
Cells, and the cst1 Mutation Leads to Mis-Regulation of
Stomatal Movement-Controlling Genes

To determine the tissue-specificity of CSTT activity, the genomic
sequence of CST1 (from 2 kb upstream of the start codon to 0.5 kb
downstream of the stop codon) was cloned and fused with the
coding sequences (CDS) of eYFP or B-glucuronidase (GUS; with
the coding sequence of each reporter gene inserted in front of the
stop codon of CST1), to generate the construct Pro®S77:CST1-
eYFP:Ter®ST? and Pro®ST":CST1-GUS:TercST?, respectively. The
two constructs were used to generate stable transgenic maize
plants. In the leaves of ProST":CST1-eYFP:TerST! transgenic
plants, eYFP fluorescence signal was observed on the membrane
of subsidiary cells at the V6 stage (with the collar of the 6% leaf
visible; Figure 5A). Consistent with this, ProcS7":CST1-GUS:Tercs™?
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Figure 5. CST1 Is Localized on the Subsidiary Cell Membrane.

(A) Transgenic maize leaf with the Pro®S™":CST71-eYFP:TercS7" transgene
was stained by the membrane probe FM4-64 and observed under
a confocal microscope. The scale bar applies to all images in this panel.
(B) Transgenic maize leaf with the Pro®S77:CST1-GUS:TercS7’ transgene
was stained for GUS activity and observed under a dissection microscope.

plants showed strong subsidiary cell-specific GUS staining (Figure
5B) at V6 stage. Since the GUS protein is fused to the C terminus of
CST1 and CST1 has seven transmembrane domains, we conclude
that the N terminus of CST1 is outside the subsidiary cells, whereas
the C terminus of CST1 is inside the subsidiary cells. Localization
of CST1 in subsidiary cells was also observed after flowering
(Supplemental Figure 8A). Moreover, GUS staining of transgenic
lines (Supplemental Figures 8B to 8D) and RT-gPCR analysis in
wild-type Zheng58 maize (Supplemental Figure 8E) failed to detect
CST1 expressionin all tested tissues except for green leaves. CST1
was found to be slightly upregulated after flowering in both wild-
type and cst1 plants, with its expression level at 30 DAS around 1.7-
fold that at 0 DAS (Supplemental Figure 8F). Subsidiary cells have
not been as extensively studied as guard cells have, but it is widely
accepted that they assist the function of guard cells (Franks and
Farquhar, 2007; Raissig et al., 2017; Apostolakos et al., 2018). The
function of CST1 as a positive regulator of stomatal opening and
its localization in subsidiary cells supports a role of subsidiary cells
in the regulation of stomatal movement.

Stomatal movement is coordinately controlled by a number of
guard cell-localized ion channels and also by regulators of these
ion channels (Assmann and Jegla, 2016). Fisher's exact test re-
vealed that stomata movement-controlling genes are significantly
enriched (p-value=0.00035) in differentially expressed genes
between cst1 and wild type (Supplemental Data Set 7), including
pivotal stomatal movement regulators such as OPEN STOMATA1
(Imes et al., 2013), SLOW ANION CHANNEL1 (Laanemets et al.,
2013),and ALUMINUM-ACTIVATED MALATE TRANSPORTER12
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(Meyer et al., 2010). These results suggest that the reduced
stomatal opening in cst7 may be caused by mis-regulation of
stomatal movement-controlling genes.

Loss-of-Function of CST1 Leads to Carbon Starvation
in Leaves

The early senescence phenotype of cst7 could potentially re-
sult from either carbohydrate starvation or carbohydrate over-
accumulation. Given that CST1 is a positive regulator of stomatal
opening and photosynthesis, we hypothesized that cst7 leaves
may accumulate less carbohydrates than wild type. To test this
hypothesis, six major forms of sugar (Glc, Fru, Suc, raffinose, Gal,
and gentiobiose) and starch were measured in leaves of cst7 and
wild-type plants at different time points during the grain-filling
period. At 10, 20, and 30 DAS, most sugars (except for gentio-
biose) and starch were significantly lower in cst7 than in wild type
(Figure 6A). These results were also observed in the afore-
mentioned metabolome data (Supplemental Data Sets 4 and 5).
Consistently, genes involved in Suc and starch synthesis were
found to be downregulated in cst7, whereas those responsible
for Suc and starch degradation were upregulated in cst?
(Supplemental Figure 9).

In addition, we examined the expression of carbon starvation
marker genes. ASPARAGINE SYNTHETASE (AS) has been re-
ported to be a hallmark of carbon starvation in multiple plant
species including maize, and is strongly induced by prolonged
darkness oralow exogenous carbon supply (Chevalieretal., 1996;
Davies et al., 1996; Downs and Somerfield, 1997; Nozawa et al.,
1999; Fujiki et al., 2001). We found that AS genes are among the
most highly induced genesincst1, along with several other carbon
starvation marker genes including putative orthologs of DARK
INDUCIBLE genes such as DIN2, DIN3, DIN4, and DIN10 (Fuijiki
etal., 2001; Figure 6B). Taken together, these results suggest that
the CST1 gene is a positive regulator of carbohydrate accumu-
lation, and the cst7 mutation leads to carbon starvation in leaves.

CST1 Expression Is Feedback Regulated
by Photoassimilates

We next examined whether CST71 is regulated at the transcrip-
tional level by leaf carbon status, through perturbing the avail-
ability of carbohydrates in leaves. We tested whether there is an
association between the diurnal oscillation of leaf carbon status
and CST1 expression. Maize plants entrained in 12-h light/12-h
dark cycles were transferred to continuous darkness (designated
as DD, for prolonged dark-induced carbon starvation), continuous
light (designated as LL, for continuous active photosynthesis),
or kept in their original condition (control). CST7 expression is
rhythmic under the control condition and peaked at the end of
each night. Under the LL condition, CST7 was expressed at
a constantly low level comparable with its lowest expression level
in the control condition. Under the DD condition, however, CST1
was expressed at a constantly high level comparable with its
highest expression level in the control condition (Figure 6C). We
therefore conclude that CST1 transcription is not regulated by the
circadian clock per se, butisrather negatively associated with light
illumination/photosynthesis.
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Figure 6. cst1 Leaves Accumulate Less Photo-Assimilates than the Wild-Type (WT) Leaves.

(A) Sugar (left) and starch (right) contents in cst7 and wild type in L and L-3 leaves at 0, 10, 20, and 30 DAS. Data are means =sp of four biological replicates
with 10 plants in each replicate. *Significant difference from the wild type (p.adj < 0.05) by the Tukey's honestly significant difference test (Supplemental Data
Set 1).

(B) Expression levels of carbon starvation marker genes in cst7 and wild type for leaf L and L-3 at 0, 10, 20, and 30 DAS, as quantified by RNA-Seq analysis
(Refer to Supplemental Data Set 3 for statistical analysis). FPKM, Fragments Per Kilobase of transcript per Million mapped reads.

(C) B73 maize plants at the V4 stage (with the collar of the 4" |eaf visible) were entrained in 12-h light/12-h dark cycles before they were transferred to
continuous light (LL), continuous dark (DD), or kept in their original growth condition (Control). Expression levels of CST1 were quantified by RT-qgPCR. White
and black bars represent subjective day and night, respectively. Data are means *sp of 3 biological replicates, with each replicate pooled from the forth
leaves of 7 individual plants.

(D) Wild-type and cst1 plants were treated with either Suc or distilled water (mock) by steminfusion. The treatment started at noon of 15 DAS. At 48 h after the
onset of the treatments, CST1 expression (left) and stomatal conductance (right) was quantified in wild-type and cst7 ear leaves. Data are means *sp of 10
plants for each genotype. *Significant difference from the mock treatment (P < 0.05) by the Student’s t test (Supplemental Data Set 1).

To tease apart the effects of light signaling and photo-
assimilates on CST1 expression, wild-type and cst1 plants were
exogenously supplied with Suc at 15 DAS by steminfusion (Hiyane
etal., 2010) starting at noon, and CST1 expression was quantified
in ear leaves 48 h after the onset of the treatment. Suc was used
since it is the major transport form of assimilated carbon in maize.
In both wild type and cst1, the abundance of the CST7 transcript
was significantly reduced by exogenous Suc supply, compared to
mock-treated plants (Figure 6D, left), supporting the idea that

CST1 expression is suppressed by photoassimilates. Consistent
with this view and the lower levels of carbohydrates in cst1, CST1
transcript abundance is higher in cst7 than in wild type for mock-
treated plants (Figure 6D, left). We subsequently investigated the
role of CST1 in carbon status-regulated stomatal movement. In
wild-type plants, the exogenous Suc supply significantly reduced
stomatal conductance (Figure 6D, right). However, this effect was
abolished in cst1, as stomatal conductance was found at a low
level in both mock- and Suc-treated cst7 plants (Figure 6D, right).
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Therefore, CST1 is indispensable for normal stomata opening and
their responsiveness to leaf carbon status.

The Working Model of CST1

Based on the above results, we propose a working model of CST71
(Figure 7). In wild-type plants, the subsidiary cell-localized CST7 is
an essential positive regulator of stomatal opening and photo-
synthesis. As CST1 is negatively regulated at the transcriptional
level by photoassimilates, it possibly mediates the feedback
inhibition of stomatal opening and photosynthesis by photo-
assimilates. In cst7 plants, loss-of-function of CST7 leads to di-
minished stomatal opening and photosynthesis, which in turn
results in carbon starvation, early senescence in leaves, and re-
duced grain vyield. The function of CST7 is likely specific to
monocots, since 1) loss-of-function of its Arabidopsis ortholog,
AtSWEET1, does not lead to any discernible aberrant pheno-
types and 2) both maize and rice (Oryza sativa) harbor two
orthologs of AtSWEET1 (Supplemental Figure 4), suggesting
neofunctionalization of CST1 after a monocot-specific gene
duplication event.

DISCUSSION

CST1: an Example of Diverse Neofunctionalization in Clade |
SWEET Family Genes

CST1 is a Clade | SWEET family gene, and is phylogenetically
closest to AtSWEET1 (Supplemental Figure 6), the founding
member of the SWEET gene family. Although AtSWEET1 was
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stomatal opening photoassimilates

CST1

cst1 photo-
synthesis

carbon starvation
senescence
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Figure 7. Working Model for CST7.

At top, in wild-type (WT) plants, CST1 is a positive regulator of stomatal
opening and photosynthesis. CST7 is also negatively regulated at the
transcriptional level by photoassimilates. Thus it mediates the feedback
inhibition of stomatal opening and photosynthesis by photoassimilates. At
bottom, in cst1 plants, loss-of-function of CST7 leads to diminished
stomatal opening and photosynthesis, which in turn results in carbon
starvation, early senescence, and reduced yield.
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reported to encode a Glc transporter (Xuan et al., 2013), its
physiological function is still unknown. In our studies, loss-of-
function mutants of AtSWEET1 created by the CRISPR/Cas9
system do not exhibit any visible aberrant phenotypes. The other
two Clade | SWEET family genes in Arabidopsis, AtSWEET2 and
AtSWEETS3, have tissue specificities and physiological functions
distinct from CST1, although they also encode Glc transporters
(Xuan et al., 2013; Chen et al., 2015). Therefore, while the SWEET
family members within the same clade are highly conserved in
protein sequences and substrate specificity, their subcellular
localization, spatio-temporal expression pattern and physiologi-
cal functions can be dramatically divergent (Eom et al., 2015). A
lack of conservation in the physiological functions of Clade |
SWEET family members both within and between species sug-
gests extensive neo-functionalization following gene duplication
(Schnable et al., 2011).

CST1 Controls the Grain Yield of Maize by
a Distinctive Mechanism

Clade Il and Clade Ill SWEET family genes have been reported as
important genetic components contributing to grain yield in maize
by different mechanisms. ZmSWEET4c is a Clade Il subfamily
member localized in the basal endosperm transfer layer and
mediates Suc transport from maternal phloem into the seed
(Sosso et al., 2015). Three paralogous Clade Il subfamily genes
(ZmSWEET13a, ZmSWEET13b, and ZmSWEET13c) are highly
expressed in leaf vasculature and contribute to phloem load-
ing (Bezrutczyk et al., 2018). In contrast with ZmSWEET4c,
ZmSWEET13a, ZmSWEET13b, and ZmSWEET13c, CST1 enc-
odes a subsidiary cell-specific Glc transporter, and functions
to promote stomatal opening and photosynthesis.

Earlier studies demonstrated that photosynthetic capacity was
closely associated with stomatal conductance, and subsequently
has animpacton cropyield (Wongetal., 1979; Fischeretal., 1998).
In cst1, stomatal aperture width and stomatal conductance were
progressively reduced at the late developmental stage after
silking, accompanied by a dramatic reduction in the photosyn-
thetic rate and inadequate grain filling (Figures 1A, 1B, and 1F to
1H). Notably, the reduction of HKW in cst? was around 7%
(Figures 1G and 1H), which was less severe than the reduction of
stomatal conductance measured in leaf L and L-3 (Figures 1A and
1B). Similar results were observed in the CRISPR lines, in which
loss-of-function of CST7 reduced the stomatal conductanceinthe
earleaf by around 45% at 10 DAS, whereas the HKW was reduced
by only around 14%. This is probably due to the fact that the leaves
above the ear leaf in cst7 and the CRISPR lines lose their source
capacity only at a later stage, and may produce sufficient pho-
toassimilates to partially compensate for the reduced photo-
synthetic efficiency in senescent leaves, considering that leaves
above the ear leaf contribute more to the grain yield than do lower
leaves in maize (Subedi and Ma, 2005). It is also worth noting that
maize uses C4 photosynthesis and is able to maintain normal
photosynthesis at a lower intercellular CO, level than C3 plants
(Wong et al., 1979). Thus the photosynthetic capacity of maize
might not be as sensitive to reduced stomatal conductance as in
C3 plants.
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CST1 Bridges the Gap between Stomatal Conductance and
Leaf Senescence

The involvement of the stomata in the control of leaf senescence
was suggested by floating leaf disc experiments using various
chemical compounds that affect senescence (Thimann and Satler,
1979a, 1979b). Senescence-inhibiting compounds usually pro-
mote stomatal opening, whereas compounds that promote
senescence generally induce stomatal closure. Subsequent ex-
periments with detached leaves demonstrated that while stomatal
closure accelerates senescence, stomatal opening is not directly
linked to the prevention of leaf senescence (Thimann, 1985).
Consistent with these observations, reduced stomata opening is
associated with accelerated leaf senescence in cst1. Prolonged
carbohydrate deprivation or starvation leads to early senescence
in plants (Hanaoka et al., 2002; Buchanan-Wollaston et al., 2005;
Kim et al., 2016), and our research demonstrated a dramatic re-
duction of sugar accumulation as well as upregulated sugar
starvation marker genes in the cst1 mutant. Therefore, the early
senescence phenotype of cst7 can be explained by its lower sugar
accumulation, which may be a direct result of reduced stomatal
conductance and photosynthesis. Notably, cst7 phenotypes
become visible at around flowering, when the source/sink re-
lationship changes dramatically, suggesting that the change in
source/sink relationship may elevate the requirement for CST1
activity to maintain proper stomatal function. The emergence of
cst1 phenotypes at flowering may also be due to weakened
functional complementation from the paralogs of CST71. For ex-
ample, the closest paralog of CST7, GRMZM2G039365, was
found to be downregulated after flowering (Supplemental Data
Set 3).

CST1 Defines the Role of Subsidiary Cells in Controlling
Stomatal Movement and Source Capacity

Glc has been identified as an important signaling molecule up-
stream of numerous physiological processes (Sheen, 2014). Glc
transporters such as CST7 are most likely components of this
complex Glc signaling network. In Arabidopsis, Glc is sensed
within guard cells by HXK to induce stomatal closure (Kelly et al.,
2013; Lugassi et al., 2015; Li et al., 2018); thus, it is tempting to
hypothesize that the function of CST7 may be mediated by HXK in
maize. In contrast with HXK, CST1 functions as a positive regulator
of stomatal opening. Therefore, a reasonable hypothesis is that
CST1 protein may sequester Glc in subsidiary cells, thereby
preventing it from entering guard cells to activate HXK signaling. It
is also possible that when the Glc concentration inside subsidiary
cells is higher than that of the apoplasmic space, CST1 could
release Glc from subsidiary cells, leading to reduced osmotic and
turgor pressure in the subsidiary cells, which in turn enables guard
cells to overcome the large mechanical advantage of subsidiary
cells for stomatal opening (Franks and Farquhar, 2007). In maize,
potassium and chloride ions migrate from the subsidiary cells into
the guard cells when the stomata open, and return to the sub-
sidiary cells when the stomata close, suggesting a role of sub-
sidiary cells as reservoirs for potassium and chloride ions
(Raschke and Fellows, 1971). It is possible that CST7 is highly
expressed at dawn to enhance Glcimport into the subsidiary cells,

andthe Glcinturn provides energy to drive potassiumand chloride
ions into the guard cells from subsidiary cells, a step essential for
stomatal opening. In addition, current evidence does not support
a role of CST1 in stomatal closing. As the stomata of cst7 are
partially closed under normal growth conditions, their insensitivity
to Suc treatment cannot serve as evidence supporting the role of
CST1 in stomatal closing. However, testing these hypotheses is
technically challenging as it requires real-time high-resolution
measurements of the levels of Glc and other ions in subsidiary
cells, guard cells, and the apoplasmic space. Nevertheless, our
study suggests that subsidiary cells may potentially represent
a new signaling hub where exogenous and endogenous signals
(besides carbon status) converge to regulate photosynthesis.
It is conceivable that CST7 and possibly also other stomatal
movement-controlling genes in subsidiary cells may be exploited
to fine-tune the CO, availability and photosynthetic rates of crop
plants to maximize grain yield.

METHODS

Plant Materials and Growth Conditions

The cst1 mutant was isolated from an ethyl methanesulfonate mutagenized
population of maize in the Zheng58 background and backcrossed to
Zheng58 three times. The F, mapping population was derived from a cross
between cst1 and the maize inbred line B73. Wild-type and cst1 plants in
the F, population were phenotyped under field conditions at 20 DAS. F,
plants with cst7 phenotypes were used for gene mapping.

Time-Course Transcriptome and Metabolome Analysis of cst1 and
Wild-Type Leaf Samples

Experimental procedures for time-course transcriptome and metabolome
analysis are described in Supplemental Information 2.

Photosynthesis, Stomatal Conductance, and Stomatal Aperture
Width Measurements

Measurements of photosynthesis were performed between 1 PM and 3 PM
at 0, 10, 20, and 30 DAS using a portable photosynthesis system LI-6400
(LI-COR). Ten plants were randomly selected for each genotype. L and L-3
leaves were used to measure the photosynthetic rate and stomatal con-
ductance (Gs). Measurements were taken at ambient CO, (400 pL L), with
leaf temperature at 30°C and photosynthetic photon flux density at
1800 pmol m2s~'. Measurements of the SAW were taken between 10 AM
and 11 AM on sunny days with a temperature between 30° and 32°C. The
adaxial epidermis of the leaves was carefully smeared with nail varnish from
the mid-area between the central vein and the leaf edge. The thin film was
peeled off the leaf surface and immediately mounted on a glass slide. The
imprints were measured under an OLYMPUS AX80 (Olympus Corporation)
microscope equipped with a digital camera (Diagnostic Instruments).

Development of Molecular Markers for Map-Based Cloning of cst1

Simple Sequence Repeat markers from the MaizeGDB (https://maizegdb.
org/data_center/ssr) were screened to identify markers that are poly-
morphic between Zheng58 and B73. To develop markers for HRM analysis
of recombinants in the fine-mapping of cst7, next generation sequencing
reads of Zheng58 (accession numbers SRR449340, SRR449342, and
SRR449343) were downloaded from the Sequence Read Archive. Reads
were converted to fastq format by fastg-dump in sra-tools (Version 2.8.2),


http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00736/DC1
https://maizegdb.org/data_center/ssr
https://maizegdb.org/data_center/ssr

mapped to the B73 reference genome by BWA (Version 0.7.12), followed by
SNP calling with the GATK pipeline (Version 3.1). Thirty high-confidence
SNPs located between the simple sequence repeat markers bnlg1702 and
umc1462 were selected to design primers for HRM analysis. For PCR
amplification of target sequences, 1 wL 10 x LC Green (Idaho Technology
Inc.) was included in 10 pL PCR volumes. The resulting PCR products
were analyzed using the LightScanner system (Idaho Technology Inc.),
by ramping the temperature from 55° to 95°C at 0.1°C per s. Amplicons
were genotyped using the LightScanner software (Idaho Technology Inc.).

Creating Loss-of-Function Mutants of CST1 with the CRISPR-Cas9
System in Maize

Experimental procedures for the generation of loss-of-function mutants of
CST1 are described in Supplemental Information 1.

Yeast Complementation Assay and [14C]-D-Glc Uptake Assay

The CDS of CST1 and CST1E8'K (774 bp) were cloned using the Zero
Blunt™ PCR Cloning Kit (Invitrogen) to generate pZERO-CST1 and
pZERO-CST1E8TK respectively. The CST7 and CST1E8K CDS were then
amplified from pZERO-CST1 and pZERO-CST158'K using pfx polymerase
(Invitrogen) with gene-specific primers CST1-attB1: ggggacaagtttgtacaa
aaaagcaggcttaATGGAGGATGTGGTGAAGTTCGTCT and CST1-attB2:
ggggaccactttgtacaagaaagctgggtaGACCAGGCGGTCCTCCTTGCCGCCG.
The cDNA fragments were cloned into the pDONR221-f1 vector by BP
clonase Il (Invitrogen) and then transferred to the pDRf1-GW vector (Loqué
et al., 2007) using LR clonase Il (Invitrogen), resulting in the pDRf1-GW-
CST1 and pDRf1-GW-CST1881K constructs. The positive controls (pDRf1-
GW-hexose transporter5 [HXT5] and pDRf1-GW-AtSWEET1) and the
vector control were constructed as previously described (Chen et al.,
2010). Modified yeast stain EBY.VW.4000 carrying the cytosol invertase
named YSL2-1 (MATa, ura3-52, leu2-3, 112, his3-A1, trp1-289, MAL 2-8c,
hxt1-18A::loxP, gal2A::loxP, agtl m2-3A::loxP, pSUC2::.pHXT7; Chen
et al., 2015) was used for transformation using the LiAc method. Trans-
formants were selected on synthetic deficient media lacking uracil (0.17%
[w/v] yeast nitrogen base w/o amino acid and ammonium sulfate [Difco],
0.5% [w/v]ammonium sulfate, 2% [w/v] maltose, 1% [w/v] agar,and 0.01%
[w/v] of His, Leu, and Trp). The yeast spotting assay was performed as
previously described (Chen et al., 2010).

The relative Glc uptake rates of CST1, CST1E81K, and AtSWEET1 were
determined by the ['“C]-D-Glc uptake assay following the procedure
described before (Chen et al., 2010) with minor modifications. Briefly,
the yeast Gic transport deficient mutant EBY.VW4000 was transformed
with the vector pDRf1-GW, pDRf1-GW-CST1, pDRf1-GW-CST1E81K, or
pDRf1-GW-AtSWEET1 (see descriptions above), respectively. For each
vector, three colonies were picked and cultured in Synthetic Defined
medium supplemented with 2% (w/v) maltose for OD600 to reach 0.5-0.7.
Cells were weighed after being harvested and washed twice with ice-cold
distilled water, and then resuspended in 40-mM ice-cold potassium
phosphate buffer (pH 6.0) to reach a concentration of 5% (w/v). For each
colony, 330 pL cells were taken and incubated in the potassium phosphate
buffer at 30°C for 5 min. To start the reaction, prewarmed equal volumes of
buffer containing 10 mM Gic and 0.1p.Ci [14C]-D-Glc (PerkinElmer) was
added into each cell suspension, and incubated at 30°C for 5 min or 10 min.
At each time point, a 120 pL aliquot was withdrawn, washed twice with
10 mL of cold deionized water, and analyzed using the 1450 MicroBeta
TriLuxMicroplate Scintillation and Luminescence Counter (PerkinElmer).
For each vector, count per minute values were normalized to AtSWEET1
(set to 100%) after removal of background signal and correction for the
efficiencies of detectors.
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Glc Transport Activity Assay using FRET Glc Sensor in
HEK293T Cells

The CDS of CST1 and CST188'K were cloned into the mammalian ex-
pression vector, pcDNA3.2/V5-DEST (Invitrogen), and verified by Sanger
sequencing. The Glc transport activity was analyzed as described before
(Chen et al., 2010; Hou et al., 2011). Briefly, HEK293T cells were co-
transfected with the plasmid carrying the Glc sensor FLIPglu600uA13V
and a plasmid carrying CST1, CST1E81K or AtSWEET1(a positive control)
using Lipofectamine2000 (Invitrogen) in 96-well plates as described before
(Chen et al., 2010). A Zeiss Axio Oberve Z1/7 with Hamamatsu camera
ORCA-Flash4.0 V3 Digital CMOS was used for imaging. A 60 L Hanks
Balanced Saline Salt buffer was used to replace the culture medium 30 min
before imaging, and the cells were washed once every 10 min. Also, 60 uL
of 80 mM Gic was added to the well to reach a final Glc concentration of
40 mM after 2 min ofimaging. Thefilter set used for FRET emission was CFP
excitation-YFP emission: 436/20-535/30. The camera exposure time was
200 ms and the interval time was 10 s. The ratio of FRET emission to CFP
emission at the excitation of CFP was analyzed and normalized as de-
scribed before (Hou et al., 2011). Eleven regions of interest including 10
individual cells and a region of background were chosen from one well of
a 96-well plate.

BiFC Assay

The CDS of CST1 and CST1581X were amplified using the primers BIFC-5:
aactagtATGGAGGATGTGGTGAAGTTCGTC and BIFC-3: aatcgatGACCA
GGCGGTCCTCCTTGCC from Zheng58 and cst1 leaf cDNA, respectively,
using Phusion High-Fidelity DNA Polymerase (New England Biolabs).
The amplicons were then cloned into the pCR-Bluntll-TOPO (Invitrogen)
vector, and then subcloned into the binary vector pSPYNE-35S and
pSPYCE-35S (Walter et al., 2004) at Spel and Clal restriction sites to
generate the four vectors: pSPYNE-35S-CST1, pSPYCE-35S-CST1,
pSPYNE-35S-CST1E8'K, and pSPYCE-35S-CST1E81K, Various combi-
nations of N-end and C-end constructs were then used in Agrobacterium-
mediated transient transformation of Nicotiana benthamiana epidermal
cells. Two days after transformation, the YFP signal was photographed
using a LSM 700 camera (Zeiss). Each BiFC assay was repeated three
times, and consistent results were obtained.

Quantification of Starch

Procedures for starch quantification are detailed in Supplemental
Information 2.

Real-Time RT-gPCR

Total RNA was isolated from maize leaves using the Trizol reagent (Invi-
trogen) according to the manufacturer’s instructions. The isolated RNA
was treated with RNase-free DNase (Promega). First-strand cDNA was
synthesized using SuperScript Ill reverse transcriptase (Invitrogen) and
an oligo (dT) 18 primer. The EF1-alpha transcript was used as an internal
control to normalize RNA quantity. RT-qPCR was performed with Maxima
SYBR Green/ROX gqPCR Master Mix (Invitrogen) using the StepOnePlus
system (Applied Biosystems).

Phylogenetic Analysis of the SWEET Protein Family

Protein sequences of Arabidopsis (Arabidopsis thaliana), Oryza sativa
Japonica, Zea mays, and Chlamydomonas reinhardtii were downloaded
from EnsemblPlants V3.31 (http://plants.ensembl.org). SWEET family
proteins in these species were identified by blastp in stand-alone BLAST
(version 2.3.0) using Arabidopsis SWEET family proteins as queries.
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Multiple sequence alignment of SWEET proteins from the four species was
performed using MEGA 7.0 (Kumar et al., 2016).

Generation of GUS and GFP Fusion Constructs and Observation of
Reporter Gene Expression

For transient expression of CST1-eYFP and CST1E8K-eYFP fusion pro-
teins in maize protoplasts and N. benthamiana epidermal cells, the CDS of
CST1and CST188'Xwere amplified by the primer pair CST1EYFP-5 aggtac
cATGGAGGATGTGGTGAAGTTCGTC and CST1EYFP-3 aggatccCGGAC
CAGGCGGTCCTCCTTGCC from Zheng58 and cst1 leaf cDNA, re-
spectively. The amplicons were cloned into pCR-Bluntll-TOPO (Invitrogen)
and then subcloned into the pCAM35S::eYFP binary vector (Wang et al.,
2013) at Kpnl and BamHl restriction sites. To generate the Pro®ST":CST1-
eYFP:TercST7 construct, the promoter and genic region of CST7 (from 2 kb
upstream of the start codon to 1 bp before the stop codon) and also the
terminator region of CST1 (from the stop codon to 500 bp downstream of
the stop codon) were amplified from B73 genomic DNA using the Phusion
High-Fidelity DNA Polymerase (New England Biolabs). These two frag-
ments, along with a third fragment encoding eYFP, were ligated with the
binary vector pCAMBIA3300 by seamless cloning with the In-Fusion
Cloning Kit (Takara). The Pro®ST":CST71-GUS:TercS™? construct was
generated using the same method as above. Stable transformants of
ProCST:CST1-eYFP:TercS7" and Pro®ST":CST1-GUS:TerS7’ in the CO1
inbred genetic background were generated by the China National Seed
Group. Histochemical GUS activity staining was performed as previously
described (Wang et al., 2013). The eYFP and FM4-64 (Invitrogen, http://
www.invitrogen.com) signal was observed using a Nikon C1 confocal
microscope (Nikon) with the following settings: 488 nm argon laser line,
500-530 nm bandpass detection for YFP, and 560-615 nm bandpass
detection for FM4-64.

Suc Feeding by Stem Infusion

Stem infusions were conducted as reported before (Hiyane et al., 2010).
Each plant received 25 mL Suc at a concentration of 0.438 mM per d. The
infusion was performed at the upper part of the second internode under the
ear internode from noon of 15 DAS to noon of 16 DAS. A second infusion
was performed at the upper part of the internode immediately under the ear
internode from noon of 16 DAS to noon of 17 DAS. Sample harvesting and
stomatal conductance measurements were performed at noon of 17 DAS.

Accession Numbers

Sequence data of CST1 can be found in the Maize Genetics and Genomics
Database (https://maizegdb.org/) under the following accession number:
GRMZM2G153358. The other accession numbers used for phylogenetic
analysis can be found in Supplemental Data Set 6 and Supplemental
Figure 6. RNA sequencing data are available in the Sequence Read Archive
repository under Accession No. SRP148646 (https://www.ncbi.nlm.nih.
gov/sra/SRP148646).

Supplemental Data

Supplemental Figure 1. Temporal dynamics of stomatal aperture
width (SAW) and stomatal conductance (g,) in WT and cst7.

Supplemental Figure 2. Plant architecture and flowering time of WT
and cst1 plants.

Supplemental Figure 3. Transcriptome profiling of cst7 and WT.

Supplemental Figure 4. Principal component analysis (PCA) of the
untargeted metabolomic data from GC-MS and LC-MS.

Supplemental Figure 5. Multivariate statistical analysis of the untar-
geted metabolomic data from GC-MS and LC-MS.

Supplemental Figure 6. Phylogenetic analysis of SWEET family
proteins from Zea mays, Oryza sativa, Arabidopsis thaliana, and
Chlamydomonas reinhardftii.

Supplemental Figure 7. Subcellular localization of the CST1 protein.
Supplemental Figure 8. Tissue-specificity of CST1 expression.

Supplemental Figure 9. Expression levels of genes in sucrose and
starch metabolism.

Supplemental Information 1. Generating loss-of-function mutants of
CST1 by the CRISPR/Cas9 system.

Supplemental Information 2. Transcriptome and metabolome pro-
filing of cst7 and WT.

Supplemental Data Set 1. Statistical tests in this study.

Supplemental Data Set 2. Summary of the RNA-Seq samples in
this study.

Supplemental Data Set 3. Differentially expressed genes between
cst1 and WT.

Supplemental Data Set 4. Metabolites detected by GC-MS and LC-MS.

Supplemental Data Set 5. Metabolites differentially accumulated in
cst1 and WT.

Supplemental Data Set 6. Text file of the alignment used to generate
the phylogenetic tree in Supplemental Figure 6.

Supplemental Data Set 7. Differentially expressed putative stomatal
movement-controlling genes.
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