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The sugar transporter ZmSUGCART1 of the nitrate
transporter 1/peptide transporter family is
critical for maize grain filling
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Abstract

Maternal-to-filial nutrition transfer is central to grain development and vyield. nitrate transporter 1/peptide transporter
(NRT1-PTR)-type transporters typically transport nitrate, peptides, and ions. Here, we report the identification of a maize
(Zea mays) NRT1-PTR-type transporter that transports sucrose and glucose. The activity of this sugar transporter, named
Sucrose and Glucose Carrier 1 (SUGCAR1), was systematically verified by tracer-labeled sugar uptake and serial electrophys-
iological studies including two-electrode voltage-clamp, non-invasive microelectrode ion flux estimation assays in Xenopus
laevis oocytes and patch clamping in HEK293T cells. ZmSUGCART is specifically expressed in the basal endosperm transfer
layer and loss-of-function mutation of ZmSUGCART caused significantly decreased sucrose and glucose contents and
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IN A NUTSHELL

Background: Grain development depends on the efficient transport of nutrients from maternal to filial seed
tissues. Sucrose is the most abundant form of photo-assimilate in long-distance phloem transport. Early work
with maize indicated that a considerable portion of sucrose is hydrolyzed to hexose prior to entering newly
forming seeds. However, much of this sucrose could also move directly into the endosperm without being
hydrolyzed. To date, evidence supporting such a direct sucrose transporter has been lacking.

Question: Are there any transporters responsible for the direct uptake of sucrose in maize endosperms during
grain filling? If so, how does this work?

Findings: We report here an unexpected transporter mediating direct sucrose transfer in maize. The causal gene
for a defective kernel phenotype was identified as an NRT1/PTR-type transporter, which typically transports
nitrate, peptides, and ions. This protein demonstrated an additional capacity to transport both sucrose and
glucose, thus representing a sugar transporter, which we named sucrose and glucose carrier (SUGCAR). Its activ-
ity was systematically verified by tracer-labeled sugar uptake and serial electrophysiological studies. Specifically
expressed in the basal endosperm transfer layer, a loss-of-function mutation of ZmSUGCAR1 caused a marked
decrease in sucrose and glucose and subsequent kernel shrinkage in maize. Notably, orthologs of ZmSUGCART1
from wheat and sorghum displayed similar sugar transport activities, thus support the functional conservation of
this transporter in closely related cereal species.

Next steps: Analyze the structure of ZmSUGCART1 to identify the potential binding sites of different substrates.
If possible, generate mutants affecting the transport of specific substrates to better dissect this multi-functional

transporter.

subsequent shrinkage of maize kernels. Notably, the ZmSUGCAR1 orthologs SbSUGCART1 (from Sorghum bicolor) and
TaSUGCART (from Triticum aestivum) displayed similar sugar transport activities in oocytes, supporting the functional
conservation of SUGCART1 in closely related cereal species. Thus, the discovery of ZmSUGCART uncovers a type of sugar
transporter essential for grain development and opens potential avenues for genetic improvement of seed-filling and yield

in maize and other grain crops.

Introduction

Grain development depends on the efficient transport of
nutrients from maternal to filial seed tissues (Lalonde et al,
2004; Bihmidine et al,, 2013). Key steps occur at the base of
the newly forming seed, where soluble sugars predominate
in the feeding process essential to grain filling and yield. To
date, several distinct families of sugar transporters are
known: the monosaccharide transporter (MST)-like gene
family including seven subclades, such as sugar transporter
proteins (STPs), polyol transporters (PLTs), and tonoplast
monosaccharide transporters (TMTs) (Klepek et al, 2005;
Buttner, 2007; Schulz et al, 2011; Lalonde and Frommer,
2012), the sucrose transporters (SUT)-type transporters
(Carpaneto et al, 2005; Braun and Slewinski, 2009; Kiihn
and Grof, 2010), and the sugar facilitators of the sugars will
eventually be exported transporters (SWEETs) family (Chen
et al, 2010; Kithn and Grof, 2010; Baker et al, 2012; Chen
et al,, 2012; Eom et al, 2015).

Sugar import into developing grains of major crops,
however, remains poorly understood (Braun et al, 2014).
Seed development can be temporally divided into the
pre-storage and storage phases (Zhang et al, 2007). During
the pre-storage phase, the basic structure of a crop kernel

progressively gains shape through rapid cellular differentia-
tion, a developmental step programmed by hierarchical mo-
lecular cascades (Weber et al, 2005 Zhang et al, 2007;
Milne et al,, 2018). In grains such as in maize (Zea mays), a
major phase change accompanies the establishment of the
basal endosperm transfer layer (BETL). The BETL mediates
nutrient uptake from the extracellular space between the
maternal phloem and the newly forming seed (Leroux et al,
2014).

In the developing maize grain, sugar uptake can be best
described by the well-supported Shannon hypothesis: (i) su-
crose is hydrolyzed by cell wall invertase Z. mays Miniature1
(ZmMNT1) in the phloem-unloading zone, (ii) glucose and
fructose are released and in turn taken up by the endo-
sperm (Shannon, 1972), and (iii) sucrose is re-synthesized in
the endosperm from the two monosaccharides (Shannon
et al, 1986; Chourey et al, 1995). The entry of hexoses into
endosperm is facilitated at least in part by ZmSWEET4c
(Sosso et al, 2015) and associated with the induction of Z
mays Myb-related protein 1 (ZmMRPT), a putative master
regulator of BETL cell fate (Zheng and Wang 2010;
Doll et al, 2017). The observation that maize mutants
lacking either ZmMN1 or ZmSWEET4c were unable to fully
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differentiate BETL regions points to these genes constituting
a glucose-mediated feed-forward network likely orchestrat-
ing BETL development (Barrero et al, 2009; Monjardino
et al,, 2013; Sosso et al,, 2015).

The BETL, once formed, facilitates rapid progression of the
storage phase in kernel development and accumulation of
sugar-based kernel dry matter. During this phase, the activity
of cell-wall invertase in the extracellular space drops. The en-
dosperm then must import sucrose via proton-driven sugar
symporters (Cheng et al, 1996; Patrick and Offler, 2001;
Chourey et al, 2006; Zhang et al, 2007, Wang et al,, 2008;
Milne et al, 2018).

The nitrate transporter 1/peptide transporter (NRT1/PTR)
family belongs to the major facilitator superfamily (MFS)
(Yan, 2015), which is ubiquitously present in all kingdoms of
life. In plants, this family is referred to as the NRT1/PTR
family (NPF) (Léran et al., 2014). Compared with their coun-
terparts in animals and bacteria, plant NPF members have
been shown to transport a wider variety of substrates
(Dietrich et al, 2004; Jeong et al,, 2004; Rentsch et al., 2007;
Tsay et al, 2007; Krouk et al, 2010; Nour-Eldin et al, 2012;
Saito et al, 2015; Tal et al, 2016); however, so far sugars
were not among these substances. Notably, ZmNPF7.9/Mn2/
Dek54 (Zm00001d019294) encodes a low-affinity nitrate
transporter expressed in the BETL (Wei et al, 2021), and its
knockout mutant bears small kernels with abnormal starch
deposition (Guan et al, 2020; Zhou et al,, 2021; Wei et al,
2021); metabolite profiling suggested that ZmNPF7.9 may
regulate seed development by affecting lipid and amino acid
homeostasis (Wei et al, 2021). However, the innate linkage
of kernel shrinkage and hindered nitrate transport remains
elusive.

Here, using a forward genetic approach, we identified a
distinct mutation in the maize sugar transporter gene
Sucrose and Glucose Carrier 1 (ZmSUGCART) as a variant of
ZmNPF7.9/NRT1.5 that was responsible for a poorly filled
defective-kernel phenotype. The ZmSUGCART gene is a
paralog of AtNPF7.3 and is specifically expressed in the
BETL of maize kernels. Our discovery that ZmSUGCART1 is
capable of transporting sucrose and glucose adds sugars as
substrate to the spectrum of NPF-class proteins. Given that
ZmSUGCART1 is essential for proper grain development, it is
therefore a potential target in future breeding programs for
superior seed sugar-filling.

Results

Cloning and characterization of the gene
responsible for poorly filled kernels

To dissect the molecular mechanisms regulating seed devel-
opment in maize, we screened an ethyl methanesulfonate
(EMS)-mutagenized library for homozygous mutants with al-
tered kernel size. One mutant called poorly filled kernel2109
(pfk2109) showed severe defects in kernel development
(Figure 1, A—C and Supplemental Figure S1A). Mutant em-
bryos were able to germinate and develop into morphologi-
cally normal and fertile plants (Supplemental Figure S2, A—E).
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At later developmental stages, however, grain filling and
endosperm enlargement were impaired resulting in poorly
filled kernels with empty pericarps (Figure 1, A-C and
Supplemental Figure S1A). The 100-kernel weight of the
mutant line was reduced by approximately 64% compared
with that of the wild-type (WT), and the endosperm at ma-
turity contained 27% less starch (Figure 1, D and E).

The pfk2109 mutation is a recessive mutation since the F,
ears segregated at a 3:1 ratio of normal and defective kernels
(Figure 1A and Table 1). To test whether the poorly filled
kernel phenotype in zmsugcari-1 is maternally controlled,
we performed reciprocal crosses between the WT and
zmsugcari-1. There was no defective kernel phenotype ob-
served whether the zmsugcar1-1 was used as the maternal
parent or not (Supplemental Figure S1B).

Map-based cloning narrowed down the locus responsible
for the mutant phenotype to the short arm of Chromosome
7, between the markers M1-8 and M1-9 (Figure 1F). By
sequencing the candidate genes, the mutant gene was identi-
fied to be Zm00001d0719294, with a premature stop codon in
the fifth exon caused by the mutation C1468T (Figure 1, G
and H). Zm00001d019294 was previously annotated as
ZmNPF7.9/NRT1.5 of the NPF transporter family with a char-
acteristic PTR2 domain (Léran et al, 2014; Guan et al, 2020;
Zhou et al, 2021; Wei et al, 2021). We later renamed this
gene ZmSUGCART and the pfk2109 mutant zmsugcari-1
based on our identification of this variant and its critical
function in sugar loading during grain development.

In addition, we identified a spontaneous mutant with a
poorly filled defective-kernel phenotype that highly resem-
bled zmsugcar1-1 kernels (Figure 11). Fine-mapping-based se-
quencing of the ZmSUGCART locus revealed a G1395
deletion, resulting in another premature stop codon in the
fifth exon (Figure 1, G-I and Supplemental Figure S1C). The
mutant was subsequently named zmsugcar1-2 (Figure 11). A
genetic complementation test of zmsugcar1-1 and zmsug-
car1-2 confirmed that the severely defective kernel pheno-
type was due to loss-of-function mutations of the same
gene (Figure 11 and Table 1).

CRISPR-Cas9-mediated knockouts of ZmSUGCART pro-
duced the identical kernel phenotype and genetic analyses
revealed the mutation to be recessive (Figure 1, G, ), and K
and Table 1). The independent crispr line, crispr-1, was used
to reconfirm the results in the abovementioned physiologi-
cal analyses performed with zmsugcari-1. Both the 100-
kernel weight and starch content in crispr-1 were as low as
in zmsugcar1-1 when compared with the WT kernels
(Supplemental Figure S3, A and B).

ZmSUGCARI1, encoding a plasma-membrane
protein, was specifically expressed in the BETL

of maize kernels

Reverse transcription quantitative PCR (RT-qPCR) analysis
indicated that ZmSUGCART was predominantly expressed
in kernels, with only very low expression detected in
other tissues (Figure 2A). ZmSUGCAR1 showed the highest
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Figure 1 Mutant-kernel phenotypes and map-based cloning of ZmSUGCAR1. A, Segregation of the pfk2109 phenotype in a maize ear at 45 DAP.
The magnification highlighted poorly filled kernels with empty pericarps (arrows). B, Mature kernels (upper panel) with sagittal sections (lower
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expression 16 days after pollination (DAP), coinciding with
the most prominent stage of active grain filling (Figure 2A).
GUS staining of transgenic maize lines, using kernels from 6
DAP to 20 DAP expressing the GUS gene under control of
the ZmSUGCAR1 promoter, confirmed that ZmSUGCAR1
was specifically expressed in the BETL of maize kernels
(Figure 2B). To further validate the tissue specificity of
ZmSUGCART in maize kernels, we cryo-dissected WT kernel
tissues, quantified transcript abundance by mRNA sequenc-
ing, and established that ZmSUGCAR1 expression at the
mMRNA level was around 10-fold greater in the BETL than in
the neighboring maternal transfer zones (MATZs)
(Supplemental Figure S4A).

Subcellular localization analyses in maize mesophyll proto-
plasts and Nicotiana benthamiana leaves indicated that
ZmSUGCART1-GFP co-localized with the plasma membrane
marker protein AtCBL1-OFP (Figure 2C). When expressed in

Table 1 Allelic test of ZmSUGCART mutants

Number of Number of I P
normal small
kernels kernels

The segregation ratio

of zmsugcar1-1/ + ®
1 283 94 0.000884 0.976278
2 300 119 2.584726 0.107899
3 281 94 0.000889 0.976215
4 293 101 0.084602 0.771155
The segregation ratio

of zmsugcar1-2/ +

X zmsugcar1-1/ +
1 310 106 0.051282 0.820847
2 289 98 0.021533 0.883336
3 296 101 0.041142 0.839264
The segregation ratio

of crispr-1/ + ®

306 96 0.268657 0.604234

2 299 97 0.053872 0.816458
3 315 101 0.115385 0.734095
The segregation ratio

of crispr-2/ + ®
1 320 106 0.00313  0.955385
2 293 98 0.000853 0.976707
3 309 929 0.117647 0.731601

Figure 1 (Continued)
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Xenopus laevis oocytes, a ZmSUGCAR1-GFP fusion protein
localized to the plasma membrane of oocytes (Supplemental
Figure S4B).

ZmSUGCART acted as a sugar transporter importing
glucose and sucrose into the endosperm
Neofunctionalization is well-known among paralogous
proteins, where gain of previously unrecognized regulatory
or functional features can aid adaptation to biological or en-
vironmental challenges (Krouk et al., 2010; Nour-Eldin et al,,
2012; Léran et al, 2014; Saito et al, 2015; Tal et al, 2016).
Given that sugar delivery is closely associated with grain fill-
ing and endosperm development (Lalonde et al, 2004
Bihmidine et al, 2013), we had a closer look the NPF mu-
tant. Indeed, sugar accumulation in the endosperms of
zmsugeari-1 and crispr-1 was substantially lower than that
in the WT (Figure 2D and Supplemental Figure S3C). The
sucrose concentration during grain filling was reduced by
~50% and the glucose level dropped by ~30% in the
zmsugcari-1 endosperm comparing with that in WT, result-
ing in an abrupt decrease in the sucrose-to-hexose ratio
(Supplemental Figure S4C). We therefore hypothesized that
ZmSUGCAR1 may directly transport sugars into the endo-
sperm, an unexpected function for the NPF family proteins
otherwise known for their transport of various charged sub-
strates (Léran et al, 2014; Watanabe et al, 2020; Kazachkova
et al, 2021).

When expressed in X. laevis oocytes, ZmSUGCAR1 was
able to take up both ("C-labeled) sucrose and glucose,
depending on the extracellular pH (Figure 2E). Low extracel-
lular pH promoted sugar uptake, while at neutral pH values
sugar uptake disappeared (Figure 2E), suggesting that
ZmSUGCAR1-mediated sugar uptake was coupled with H™.
ZmSUGCART1 did not mediate sugar efflux in oocytes in
contrast to the sugar facilitators ACSWEET1 and AtSWEET12
that mediated glucose and sucrose effluxes, respectively
(Supplemental Figure S5). Our finding of ZmSUGCART1 likely
operating as an H™ /sugar co-transporter was further tested
by electrophysiological recordings. Using the two-electrode
voltage-clamp (TEVC) technique, oocytes expressing
ZmSUGCAR1T were challenged by membrane potential

panel) of WT (left) or pfk2109 (right). C, Histological analysis of WT or pfk2109 kernels at 20 DAP, stained with eosin. Emb, embryo; Endo, endo-
sperm. D, 100 grain weight of WT and zmsugcar1-1 lines at 45 DAP. E, Starch measurement of WT and zmsugcar1-1 kernels at 45 DAP. F, Map-
based cloning of the ZmSUGCAR1 variant. The ZmSUGCART was located between the molecular markers M1-8 and M1-9 on chromosome 7.
Molecular markers and number of recombinants were indicated, respectively. G, Gene structure of ZmSUGCART and mutation sites of different
zmsugcar1 mutant lines. The filled boxes represented exons and the lines represented introns. The point mutation (C1468T) in zmsugcar1-1 and
single base-pair deletion (G1395 deletion) in zmsugcar1-2 were shown on the gene-structure diagram. The sgRNA target sequence was underlined
and the PAM motif was colored. The single base pair (A) deletion of the crispr-1 allele and a single base pair (A) insertion of the crispr-2 allele
were highlighted. H, A 2-D schematic of ZmSUGCART1 based on OCTOPUS (http://octopus.cbr.su.se/) prediction transmembrane (TM) secondary
structure. The red and green colored amino acid was prematurely stopped, respectively, in the zmsugcar1-1 and zmsugcar1-2 mutant. I, A repre-
sentative self-pollinated ear of zmsugcar1-2 heterozygotes (left) and allelic tests using heterozygotes (middle) and homozygotes (right) of zmsug-
cari1-1 and zmsugcari-2. J, The phenotype and genetic test of two independent crispr mutant lines. Representative self-pollinated ears of WT (left)
and crispr-1 (middle) and crispr-2 (right) heterozygotes. K, The allelic test of zmsugcari-1 and crispr-1 (left) mutants. The offspring annotated as
crispr1 X crispr-2 (middle) and zmsugcar1-1 x crispr-1 (right). Scale bars, 5 mm for A, |, J, and K.and 1 mm for B and C. P < 0.05 indicated signifi-
cant differences between WT and mutant lines.
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Figure 2 Expression and localization of ZmSUGCART and its sugar transport activities in oocytes. A, Relative expression of ZmSUGCART1 in differ-
ent maize organs/tissues. Kernels were collected at different development stages. Root, stem, leaf, sheath, tassel, ear, husk, and silk were sampled
at 65 days after sowing. B, GUS staining of ProZmSUGCART:GUS transgenic kernels at four representative stages during seed development. C,
Subcellular localization of ZmSUGCART in maize protoplasts and tobacco leaves. AtCBL1-OFP was used as a marker to indicate the plasma mem-
brane. The GFP and OFP signals were visualized using confocal microscopy. Scale bars, 1 mm in (B) and 20 pum in (C). D, Sugar concentrations in
the endosperm of WT and zmsugcar1-1 mutants at 14 and 20 DAP. E, Sugar uptake assays of ZmSUGCART1 in oocytes. Oocytes expressing
ZmSUT1 or ZmSWEET4c were used as positive controls for sucrose and glucose uptake, respectively. Oocytes injected with water were used as
the negative control. P < 0.05 indicated significant differences between WT and mutant lines (D) or significant uptake (E).

changes. In the presence of sugars and response to long
voltage pulses to negative membrane potentials, large ionic
currents were elicited (Figure 3, A and B and Supplemental
Figure S4, D and E). Both sucrose and glucose could trigger
ZmSUGCAR1-mediated and sugar concentration-dependent
jonic currents of similar magnitudes (Figure 3, A and B and
Supplemental Figure S4, D and E). As an internal control for
the oocyte system, we also studied substrate dependence of
the well-characterized SUT1/SUC2 SUT ZmSUT1 (Carpaneto
et al, 2005). In contrast to ZmSUGCAR1 and in line with
the literature, we found ZmSUT1 transported sucrose but

not glucose (Figure 3C and Supplemental Figure S4F). Thus,
our voltage—clamp experiments with the oocyte system con-
firmed the results of the sugar uptake studies.

To better control the cytoplasmic composition as sugar-
free, we applied the patch clamp technique to
ZmSUGCART1 expressing HEK293T cells. In this heterolo-
gous mammalian expression system, sucrose-induced ionic
currents were also evoked at negative membrane poten-
tials. ZmSUGCAR1-mediated currents were observed at
pH 55 but not pH 75 (Figure 3, D and E and
Supplemental Figures S4G and S6, A-C). This fact again
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Figure 3 ZmSUGCAR1 mediated both sucrose and glucose transport by electrophysiology assays. A-C, Current/voltage (I/V) relationships of
steady-state currents for ZmSUGCAR1 (A, B) and ZmSUT1 (C) triggered by sucrose and glucose in oocytes. The ionic currents were recorded us-
ing the TEVC technique. The oocyte membrane potential was held at —-60 mV and test potentials ranging from + 60 to —100 mV were applied for
800 ms using a step recording mode. The I/V relationships were obtained by subtracting the I/V curves defined in the absence of sugar from those
obtained in the presence of sugar. D, Current/voltage (I/V) relationships of the steady-state currents derived from the whole-cell patch-clamp
recordings in HEK293T cells. The cells transfected with empty vector (EGFP) were used as the negative control. Data were presented as mean = sg,
and n indicated biologically independent cells. E, Whole-cell patch-clamp recordings in HEK293T cells expressing ZmSUGCAR1. F, H™ flux rate in
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points to the ability of ZmSUGCART1 to operate as an H™ -
coupled sugar transporter.

In the next step, we used non-invasive micro-test technol-
ogy (NMT)/microelectrode ion flux estimation (MIFE) tech-
nique to test in oocytes expressing ZmSUGCART1 for sugar
associated H™ flux (Figure 3F and Supplemental Figure
S6D). At pH 5.5, oocytes expressing ZmSUGCAR1 had a
background H* influx activity of —38.1 pmol-cm™s™" in the
absence of sugar. Upon sugar stimulation, the H™ influx was
enhanced up to 2.7-fold for sucrose and 1.8-fold for glucose,
respectively (Figure 3F). In contrast to ZmSUGCART, in the
oocytes expressing ZmSUT1 only sucrose but not glucose
triggered the H™ influx (Figure 3F).

Studies on the uptake kinetics of ZmSUGCAR1 via "“C-
labeled sucrose and glucose revealed Michaelis—Menten
constants (K,,) of 17 mM for sucrose and 9.6 mM for
glucose, identifying ZmSUGCAR1 as a low-affinity
sugar transporter (Figure 3, G and H). The SbSUGCART1
encoded by NPF7.6 in Sorghum bicolor and TaSUGCART in
wheat (Triticum aestivum) are the closest orthologs of
ZmSUGCART1 in those species (Figure 4A; Supplemental
Figure S7 and Supplemental Files S1-S4). SbSUGCAR1T and
TaSUGCAR1 have similar gene structure as ZmSUGCAR1
(Supplemental Figure S8). The expression of SbSUGCAR1
and TaSUGCART closely resembled the expression pattern
of ZmSUGCART1 (Supplemental Figure S8). When tested in
oocytes via '“C-labeled sugar uptake, SbSUGCAR1 and
TaSUGCART transported sucrose and glucose in an H™-
dependent manner just like ZmSUGCART1 (Figure 4, B-E).
In contrast, the paralogous proteins ZmNPF7.10 in maize
and AtNPF7.3 in Arabidopsis thaliana were unable to
transport these sugars (Supplemental Figure S9).

Given the sucrose concentration in basal regions of maize
kernels is many-fold higher (100-150 mM) (Doehlert and
Kuo, 1990) than the ZmSUGCAR1 K, the properties of
ZmSUGCAR1T make this NFP an ideal candidate transporter
for driving sucrose uptake and accumulation in maize ker-
nels. Loss-of-function mutation of ZmSUGCAR1 and subse-
quent reduction of sugar accumulation in zmsugcari-1
kernels may induce compensatory expression of other sugar-
provision or -conversion genes. Transcriptome profiling
revealed more differentially expressed genes (DEGs) on 14
and 20 DAP than two earlier time points, with significant
GO term enrichment involved in transmembrane transport
and carbohydrate metabolism (Figure 5, A and B and
Supplemental Data Set S1). In particular, 12 sugar transport-
ers and 6 related metabolism genes in the mutant kernels
were mostly up-regulated at the critical grain filling stage
(from 14 to 20 DAP) (Figure 5, C and D and Supplemental
Data Set S2), such as ZmSWEET13a (Zm00001d023677; Zhan
et al, 2015 Bezrutczyk et al, 2018) and ZmSWEET4a,b

Figure 3 (Continued)
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(Zm00001d015905 and Zm00001d015914) expressed in the
placenta-chalazal region or the pericarp of maize kernels
(Zhan et al,, 2015), glucose transporter (Zm00001d039052),
and sucrose phosphate synthase (Zm00001d048979).
Such enhanced expression of an array of sugar transporters
indicated that ZmSUGCART knockout caused a substantial
impact on sugar transport at the transcription level in
response to sugar shortage during grain filling. On the
other hand, expression of three starch synthesis genes was
down-regulated (Figure 5D), probably preconditioning the
severely unnourished endosperm in the mutant line.

ZmSUGCART1 contributed to K™ loading of kernels
Although Arabidopsis lacks an ortholog of ZmSUGCART1, its
paralog AtNPF7.3 (Figure 4A and Supplemental Figure S7)
was found to reside on the plasma membrane and operate
as a dual transporter for NO; and K™ loading into the xy-
lem (Lin et al, 2008; Li et al., 2017). Differential expression of
six K and five NO; transporter genes in the zmsugcari-1
kernels also pointed to ZmSUGCART’s involvement in po-
tassium and nitrate transport (Figure 5C). As expected,
ZmSUGCART did show a K™ transport side activity at pH
55 and 7.5 (Figure 6, A—C and Supplemental Figures S6E
and S10, A and B). To examine the physiological relevance
of K™ transport activities of ZmSUGCART in maize, the K*
concentration in the zmsugcari-1 and crispr-1 endosperm
was examined. The K™ concentration in the mutant endo-
sperm, indicating real accumulation levels of K™, signifi-
cantly decreased by 18%-43% (Figure 6D and Supplemental
Figure S3D), suggesting that ZmSUGCAR1 contributes to
K™ loading into the maize endosperm and subsequent
accumulation.

Considering that sugars and K* are all substrates of
ZmSUGCART1, we performed competition experiments in
oocytes. External K* concentrations did not significantly af-
fect ZmSUGCAR1-mediated sugar uptake and H™ influx in
oocytes (Figure 7, A and B). Such independent transport for
sugar and K was also confirmed in HEK293T cells
(Figure 7, C—E). The poorly filled phenotype of zmsugcari-1
kernels could be due to the lack of both, the sugar and K*
transport  function through ZmSUGCAR1. However,
ZmSUGCART’s independence in sugar transport favors an-
other plausible argument that interference of sugar loading
during a critical sugar mobilization period results in severe
endosperm-filling defects.

ZmSUGCART1 did not affect nitrate accumulation in

the endosperm

In agreement with previous work (Wei et al, 2021), NOJ
uptake was only detected at high NOJ levels, suggesting
that ZmSUGCAR1 has low-affinity NO; transporter side

oocytes using NMT/MIFE assays. Oocytes expressing ZmSUT1 were used as positive control for the sucrose-mediated H™ influx, and oocytes
injected with water were used as negative control. G and H, Kinetics of ZmSUGCART for sucrose and glucose uptake in Xenopus oocytes.
The K, and V.« values were determined from the Michaelis—Menten fit. P < 0.05 indicated significant differences.
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Figure 4 Phylogenetic analysis of SUGCAR1 homologous proteins and sugar uptake by SbSUGCART and TaSUGCART in Xenopus oocytes. A, A
simplified phylogenetic tree of SUGCAR1 homologous proteins from different plant species. The protein sequences of A. trichopod was used as
outgroup. Two large, color-shaded blocks indicated major clades in this superfamily. The upper and lower branches represented monocots and
dicots in each color-shaded clade, respectively. ZmSUGCAR1 (ZmNPF7.9), SbSUGCAR1 (SbNPF7.6), TaSUGCAR1, AtNPF7.3 and AtNPF7.2 were
highligted in bold fonts, respectively. All bootstraps (1,000 replicates) above 50 were listed on the branches. The scale bar represented branch
length. Species abbreviations were as follows: Ta or Traes, T. aestivum; Os, O. sativa; Zm, Z. mays; Sb, S. bicolor; At, A. thaliana; and Aquca, A. coeru-
lea. Accession numbers of NPF proteins were the same as in Léran et al. (2014). B-E, Sugar uptake by SbSUGCAR1 and TaSUGCAR1 in oocytes.
Oocytes injected with water were used as the negative control, and oocytes injected with ZmSUT1 or ZmSWEET4c were used as positive controls.

P < 0.05 indicated significant differences.

activity (Figure 8, A—C). However, in the presence of NO;
with either sucrose or glucose in the extracellular buffer, ni-
trate did not affect sucrose and glucose uptake, while both
sugars significantly reduced nitrate uptake (Figure 8, E and F
and Supplemental Figure S10, C and D), suggesting that
ZmSUGCART1 preferentially transported sucrose or glucose
over NO; . More importantly, the dry weight-based nitrate
concentration in the zmsugcar1-1 and crispr-1 endosperm

was not significantly different from that in WT kernels
during grain filling (Figure 8D and Supplemental Figure S3E)
although smaller kernels led to a less amount of nitrate in
the entire zmnpf7.9 seed in an earlier report (Wei et al,
2021). Therefore, ZmSUGCAR1 may function as a genetically
redundant NOj transporter in vivo or at most a minor
player in relation to nitrate storage in the endosperm.
Alternatively, nitrate transport of ZmSUGCAR1 or nitrate
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Figure 5 Transcriptome profiling showing gene differential expression and GO term enrichment during early grain development in WT and
zmsugcar1-1. A, Venn diagram of DEGs in WT and zmsugcar1-1 kernels at 6, 8, 14, and 20 DAP. B, GO term enrichment analysis of up-regulated
genes in the biological process in WT and zmsugcar1-1 kernels at 20 DAP. The stars indicated enrichment of genes involved in TM transport and
carbohydrate metabolism. C and D, Heat mapping of differential expression of sugar, potassium, and nitrate transporters (C) and sugar and starch
metabolism-related genes (D) in WT and zmsugcar1-1 kernels at 6, 8, 14, and 20 DAP.

itself does not seem to have significant biological relevance
to grain filling.

To characterize the function of ZmSUGCART1 further, we
tested a number of other reported NPF substrates including
chloride, oligopeptides, and hormones. In TEVC studies with
oocytes, no ionic currents were detectable in the presence
of chloride and dipeptides (Supplemental Figure S10, E
and F). Using uptake or efflux studies, we did not spot
plant hormones such as auxin (indole-3-acetic acid [IAA]),
gibberellin, or jasmonic acid as ZmSUGCAR1 substrates
either (Supplemental Figure S11).

ZmSUGCART1 functions after BETL establishment

To find out whether disruption of ZmSUGCART feeds back
on the reported genes in regulating BETL development, the
expression of ZmMN1, ZmSWEET4c, and ZmMRP1 (Chourey
et al, 2006; Barrero et al, 2009; Zheng and Wang, 2010;
Sosso et al, 2015; Doll et al, 2017) was monitored. All three

critical BETL genes showed early expression induction from
0 to 6 DAP favoring BETL establishment; meanwhile,
ZmSUGCART had undetectable or extremely low levels of
expression (Figure 9A). Transcript abundance of these three
BETL foundation genes gradually declined over grain filling
(Figure 9B) and was not affected in zmsugcari-1 during ker-
nel development at 6 and 8 DAP (Supplemental Data Set
S1). Further, zmsugcari-1 did not display apparent structural
alterations of the BETL (Supplemental Figure S2, F and G).
Thus, ZmSUGCART most likely does not affect BETL cell-
type differentiation, but functions after BETL establishment.
Taken together, these results suggest that ZmSUGCART
functions as a unique proton-coupled sucrose and glucose
transporter. Loss-of-function of ZmSUGCART hampered the
efficient translocation of sugars across the BETL, resulting in
drastically reduced sucrose concentrations, starch accumula-
tion, and subsequent kernel shrinkage (Figures 1 and 2D).
We conclude that the BETL-localized ZmSUGCAR1T mediates
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Figure 6 ZmSUGCAR1 mediated K™ transport. A, Current/voltage (I/V) relationships of steady-state currents for ZmSUGCART1 triggered by K*
in oocytes. The ionic currents were recorded using the TEVC technique. The oocyte membrane potential was held at -60 mV and test potentials
ranging from + 60 to —80 mV were applied for 800 ms using a step recording mode. B, I/V relationships of steady-state currents derived from the
whole-cell patch-clamp recordings in HEK293T cells. The cells transfected with empty vector (EGFP) were used as the negative control. Data were
presented as mean + sg, and n indicated biologically independent cells. C, Whole-cell patch-clamp recordings in HEK293T cells expressing
ZmSUGCART1. D, K™ concentration in the endosperm of WT and zmsugcar1-1 at 14 and 20 DAP during grain filling. P < 0.05 indicated significant

differences.

sugar transport into the endosperm and directly impacts
grain filling in maize.

Discussion

Sucrose, the most abundant form of photo-assimilate in
long-distance phloem transport, is unloaded in the mater-
nal tissue adjacent to developing grains (Patrick, 1997;
Zhang et al, 2007; Braun and Slewinski, 2009; Kithn and
Grof, 2010; Braun et al, 2014; Milne et al, 2018). Early
work with maize indicated that a considerable portion of
this sucrose was hydrolyzed to hexose prior to uptake by
newly forming seeds (Shannon, 1972). However, much of
the sucrose could also move directly into the endosperm
without alteration (Schmalstig and Hitz, 1987; Shannon,
et al, 1993). The existence of an active sucrose/proton-
coupled co-transport system for this direct sucrose import
was first suggested against previous models for transport
of un-hydrolyzed sucrose into the endosperm (Porter
et al, 1985, 1987; Patrick, 1990). For many years, experi-
mental evidence supporting such a direct sucrose transfer
model has been lacking. Here, the ZmSUGCAR1-mediated
direct sucrose uptake into endosperm cells provides a

means for concurrent entry of both sucrose and hexoses.
Our data suggest that two modes of sugar supply to the
endosperm exist depending on the varying phases of ker-
nel development.

During early kernel development, the ZmMN1,
ZmSWEET4¢c, and ZmMRP1 representing a  glucose-
responsive feed-forward system are involved in the hexose
transport and BETL formation (Sosso et al, 2015), which
precedes ZmSUGCART1 expression (Figure 9A; Yi et al, 2019).
The scenario reflects the significance of hexoses resulted
from cell-wall invertase activity to the structural develop-
ment of this key tissue layer during nutrient import (Barrero
et al, 2009; Monjardino et al, 2013; Sosso et al, 2015).
ZmSUGCART shows high specificity of expression in the
BETL but does not have a marked effect on BETL cell fate.
The difference is likely due to the delayed onset of
ZmSUGCART expression until 5 DAP, when much of the
BETL structure is already established (Figure 9A). The seem-
ingly intact BETL of ZmSUGCART-knockout mutants, despite
their empty pericarp phenotype, could potentially result
from the undisturbed function of ZmSWEET4c and other
players of the BETL.
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Figure 7 Sucrose uptake by ZmSUGCART independent of the extracellular K*. A, ZmSUGCAR1 mediates sucrose uptake independent of extracel-
lular K* using "“C-labeled sugar uptake assay in oocytes. Oocytes expressing ZmSUT1 were used as positive controls for sucrose uptake. Oocytes
injected with water were used as the negative controls. B, ZmSUGCAR1 mediates proton influx induced by sucrose independent of the extracellu-
lar K* using NMT in the oocytes at pH 5.5. Oocytes expressing ZmSUT1 were used as the positive control for the sucrose-mediated H™ influx,
and oocytes injected with water were used as the negative control. C, I/V relationships of steady-state currents for ZmSUGCART1 triggered by su-
crose, independent of extracellular K™, according to the whole-cell patch-clamp recordings in HEK293T cells. D, ZmSUGCAR1-mediated currents
in HEK293T cells at —180 mV. The cells transfected with empty vector (EGFP) were used as negative control; data are presented as mean = sg, and
n indicated biologically independent cells in (C) and (D). E, Whole-cell patch-clamp recordings in HEK293T cells expressing ZmSUGCART.
P < 0.05 indicated significant differences.

At later stages of kernel development, the content of su- possibly indicating that the disaccharide sucrose may be di-
crose was much higher than that of glucose and fructose in rectly transported into the endosperm without the need of
the WT endosperms when measured at 14 DAP (Figure 2D), pre-hydrolysis into monosaccharides. This is supported by the
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Figure 8 Nitrate (NO;) transport by ZmSUGCAR1 in oocytes and NOj

accumulation in the endosperm. A, The pH dependence of

ZmSUGCART1-mediated nitrate uptake in oocytes. Oocytes injected with water were used as a negative control. B and C, Nitrate uptake activity
of ZmSUGCART in oocytes under low (B) or high (C) nitrate conditions. Oocytes injected with AtNPF6.3 and water were used as positive and
negative controls, respectively. D, Nitrate concentration in the endosperm of WT and zmsugcari-1 at 14 and 20 DAP. E and F, Competition assays
between sugar and nitrate (NO3') uptake by ZmSUGCART1. Oocytes injected with water were used as a negative control. P < 0.05 indicated

significant differences.

progressively declining expression of ZmMNT1 and ZmMRP1 at
8, 14, and 20 DAP (Sosso et al., 2015; Figure 9B) and a corre-
sponding decline in cell-wall invertase activity (Cheng et al,
1996), suggesting that kernel development shifts to the stor-
age phase. Parallel observations from rice (Oryza sativa) and
faba bean (Vicia faba) also indicate that cell-wall invertase ac-
tivity declines at the onset of the storage phase in kernel de-
velopment, while active sucrose uptake by transporters in
filial tissues becomes predominant (Weber et al, 1997; Hirose
et al, 2002). We observed a marked reduction in sucrose ver-
sus hexose levels in the zmsugcar1-1 endosperm by 14-20
DAP (Figure 2D and Supplemental Figures S3C and S4C),
which demonstrates that ZmSUGCART1 primarily functions in
transporting the major photoassimilate sucrose into the en-
dosperm during the storage phase of grain filling (Figure 9C).

ZmSUGCAR1, SbSUGCAR1, and TaSUGCART show
functional conservation in sucrose transport capability
(Figures 2—4). SbSUGCAR1T and TaSUGCART all have high
levels of expression in endosperm, suggesting that their
encoded proteins have possible roles in grain filling similar
to ZmSUGCART (Supplemental Figure S8).

To date, the SUT family transporters in crops have been
the only viable candidates for sucrose transport (Bai et al,
2016; Radchuk et al, 2017, Milne et al, 2018). In maize,
ZmSUT1 is the best-characterized member and serves to
load sucrose into the sieve element-companion cell
complex (SE-CCC) of leaves (Slewinski et al, 2009; Baker
et al, 2016). In kernels, however, the relatively low expression
of ZmSUT1 is consistent with a minor role in that structure
(Davidson et al, 2011; Sekhon et al, 2011; Li et al, 2014),
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Figure 9 Expression of ZmSUGCART1, ZmSWEET4c, ZmMN1, and ZmMRP1 during seed development and a schematic model of ZmSUGCART1 func-
tioning in grain filling. A, mRNA abundance (FPKM) of ZmSUGCAR1, ZmSWEET4c, ZmMN1, and ZmMRP1 based on RNA-seq. FPKM, fragments
per kilobase of transcript per million mapped reads. B, Relative expression of ZmMN1, ZmMRP1, and ZmSWEET4c in WT kernels by quantitative
PCR. C, A working model of ZmSUGCART in regulating grain filling in maize. At the pre-storage stage of seed development, the sucrose in the apo-
plasm unloaded from the maternal placenta—chalazal region is hydrolyzed to hexose by the cell-wall invertase Mn1; then the ZmSWEET4c (cylin-
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although other unidentified SUT proteins may still be impor-
tant to grain filling.

Our data demonstrate that ZmSUGCAR1 under physiolog-
ical conditions represents a proton-coupled sugar trans-
porter that also mediates sugar-independent K* currents,
which is well in line with dramatically reduced sucrose and
significantly less K* accumulation in the zmsugcar1 endo-
sperm (Figures 2D and 6D and Supplemental Figure S3, C
and D). These results are compatible with the widely recog-
nized conception that sugar translocation from source to
sink organs within plants is facilitated by K™ at the physio-
logical level (Pettigrew, 2008; Gajdanowicz et al,, 2011; Zorb
et al, 2014). ZmSUT1 is a strictly H ™ -coupled sucrose sym-
porter, thus the reversal potential of ZmSUT1-expressing

oocytes shifts to more positive membrane potentials (close
to the predicted Nernst potential for H™) in the presence of
sucrose (Figure 3G Carpaneto et al, 2005). Therefore,
ZmSUT1 requires the co-expression of K™ channel ZMK2
for efficient sucrose loading in the phloem tissue (Deeken
et al, 2002; Philippar et al, 2003). Due to the weak voltage
dependence of ZMK2, the K™ background currents prevent
sucrose-induced membrane depolarization mediated by
ZmSUT1 in the presence of sucrose. Our electrophysiological
data suggest that ZmSUGCAR1-mediated K™ currents are
independent of sugar and H* transport (Figure 7). Thus,
there is no H* /K™ symport activity for ZmSUGCART1. One
would expect an intermediate reversal potential between
the K* conductance and the H™-coupled sucrose-induced
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conductance, dissimilar to that of the aforementioned H™/
sucrose symporter SUT1. Especially, the background K™ con-
ductance would stabilize/clamp the membrane potential to
the reversal potential of K*, so that a large sugar-induced
depolarization of the membrane potential is prevented.
Here, ZmSUGCART1 seems to combine the functions of the
SUT (eg SUCs/SUTs) and the K™ channel (eg AKT2/
ZMK?2) in one protein, which makes the sucrose transport
more efficient in BETL cells. However, inherent linkage of
sugar loading to grain filling and dramatic reduction in su-
crose accumulation in the mutant endosperm indicate that
disruption of sugar transport activities convincingly inter-
prets the phenotype of kernel shrinkage in mutant lines, re-
gardless of with or without K* facilitation, which may be
further solidified by genetic complementation of the
Zmsugcarl mutant with a well-characterized sugar specific
transporter driven by the ZmSUGCAR1 promotor. New loss-
of-function alleles affecting K™ or nitrate transport will help
fully decipher the functions of this multi-functional trans-
porter in the future.

In summary, the collective evidence presented here
demonstrates that the maize BETL-specific ZmSUGCART
gene (1) represents another type of active sugar transport-
ers, (2) provides a mechanism for the direct uptake of
sucrose and glucose into endosperm cells, and (3) is critical
to grain filling. The unexpected capacity for sugar transport
by ZmSUGCAR1 distinguishes an additional functional
group among the many NPF genes in plants and indicates
potentially diverse roles in flux of sugars and nutrient
resources. The identification and analyses of ZmSUGCART1
as a direct sucrose and glucose transporter well complement
actions of SWEETs, SUTs, and MSTs. Thus, our findings
provide important insights into sugar intake by grains and
may lead to new strategies for improving grain filling
and agricultural output.

Materials and methods

Plant materials and growth conditions

The zmsugcar1-1 mutant was obtained from the EMS-
mutagenized WT Z. mays B73 inbred miniature seed germ-
plasm bank generated in our laboratory. The zmsugcari-2
allele was a natural mutant obtained from Professor Jin
(China Agricultural University). Allelism of zmsugcar1-1 and
zmsugcar1-2 was confirmed by genetic complementation
tests with reciprocal crosses between heterozygous and ho-
mozygous plants. Homozygous seeds were germinated on
sterile filter paper with sterile water 3 days in the dark at
30°C. WT or homozygous plants were grown side by side
for each experiment, either in summer field conditions
(Shangzhuang Experiment Field of China Agricultural
University). Sagittal sections of seeds at four developmental
stages were cut with a utility knife for phenotype observa-
tion. Nicotiana benthamiana plants were grown at 22°C in
an environmentally controlled growth room under long
photoperiod conditions (16-h light/8-h dark). The relative
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humidity during the day and night was 50%. Light intensity
was 100-130 mmol photons m™'s ~' PPFD.

Map-based cloning of ZmSUGCART

The F, mapping population was derived from a cross be-
tween pfk2109 and the Mo17 inbred. The F, kernels with
the pfk2109 phenotype were used for gene mapping. Map-
based cloning was performed using more than 1,300 mutant
individuals from the F, mapping population. We developed
molecular markers according to sequence polymorphisms
between B73 and Mo17 including InDels. The zmsugcari-1
locus was mapped to an interval between the markers M7-1
and M7-2 on the short arm of Chromosome 7. Fine
mapping anchored the mutation site to a 2-Mb genomic
region between the markers M7-8 and M7-9.

The zmsugcar1-2 locus was mapped to an interval
between the markers M2-1 and M2-2 on the short arm of
Chromosome 7. Fine mapping anchored the mutation site
to a 2-Mb genomic region between the markers M2-8 and
M2-9. The primers used for marker generation and candi-
date gene (Zm00001d019294) amplification are listed in
Supplemental Data Set S3.

Constructs for CRISPR-Cas9 mutagenesis plants

To create ZmSUGCART CRISPR lines, a 19-bp sgRNA
(TCCTGTCGCAGAGGTAGCT) targeting the second exon of
ZmSUGCART was cloned into the CRISPR-Cas9 expression
vector (pCAMBIA3301) (Frame et al, 2002; Zhu et al, 2016).
The resulting construct was transformed into the strain
EHA105 and introduced into embryos of B73-329 (12 days
after pollination) by Agrobacterium-mediated transformation
as described (Zhu et al, 2016). After 3-day culture at 22°C,
embryos were transferred to selection media for 2-week
growth in darkness at 28°C. The calli were next moved to
regeneration media for shooting and rooting, and positive
transgenic events were identified via herbicide resistance
and verified by DNA sequencing at the seedling stage.
Knockout lines were transferred to a standard greenhouse,
backcrossed twice to B73-329, and then self-pollinated to
obtain homozygous knockout lines without the CRISPR/
Cas9 cassette by bialaphos (bar) resistance and PCR se-
quencing. The F2 zmsugcar1l homozygotes were used for
genotyping and phenotyping. The related primers are listed
in Supplemental Data Set S3.

GUS staining assays

For promoter activity analysis, a 2,100-bp genomic fragment
upstream of the ATG start codon was PCR-amplified from
WT genomic DNA with the primer pair promoter-F and
promoter-R (Supplemental Data Set S4) and fused to the
GUS reporter gene in the binary vector pPCAMBIA1391. The
resulting construct pZmSUGCART promoter-GUS was intro-
duced into the WT by the Agrobacterium-mediated transfor-
mation method. Histochemical staining of GUS activity in
the transgenic plants was performed as previously described
(Jefferson, 1987; Barrero et al, 2009). Images were captured
using Leica Application Suite 3.3.0 software.
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Light microscopy of cytological sections

Immature WT and zmsugcar1-1 mutant kernels were col-
lected from the homozygous plants at four development
stages, respectively. The kernel was cut along the longitudi-
nal axis and the central slice containing the embryo was
fixed in 4% paraformaldehyde at 4°C overnight. The fixed
material was dehydrated in a gradient ethanol series (50%,
70%, 80%, 95%, and 100% ethanol). After clearing with
HistoChoice Clearing Agent (Sigma, H2779) and paraffin wax
infiltration, the sample was embedded and sectioned at 8
pm with a Leica RM2235 slicer. The sections were stained
with eosin and observed with Olympus SZ51 microscopy.
Approximately 20 sections from each line were observed
with representative results presented in Figure 1 and
Supplemental Figure S2.

Subcellular localization of ZmSUGCART in maize
protoplasts and N. benthamiana leaves

The coding sequence of ZmSUGCART1 fused with GFP at the
C-terminal was cloned into the pSuper1300 vector and then
transfected into Agrobacterium tumefaciens (GV3101) via
electroporation. The AtCBL1-OFP construct was used as a
plasma membrane marker (Batistic et al, 2010). Bacterial
cultures were grown, pelleted, and dissolved in infiltration
buffer (10 mM MES, pH 5.6, 10 mM MgCl,, and 200 pM
acetosyringone) to a cell density as measured by ODgyo of
approximately 0.5-0.7 for 2 h. A syringe was used to infil-
trate the mixture into the lower surface of N. benthamiana
leaves. Plants were incubated for 3 days after infiltration be-
fore imaging.

Transient expression of ZmSUGCAR1-GFP and AtCBL1-
nOFP in maize mesophyll protoplasts was performed
according to the protocol described in (Wen et al, 2017).
Briefly, mesophyll protoplasts were isolated from pooled eti-
olated leaves of 12-day-old maize plants and diluted to 6 X
10° protoplasts/mL. Protoplasts were then transformed with
ZmSUGCAR1-GFP and AtCBL1-OFP constructs using the
PEG method and resuspended to 2 x 10° protoplasts/mL.
After 24 h dark incubation, protoplasts were visualized using
a Zeiss 880 confocal microscope.

GFP and nOFP were detected using a Zeiss 880 confocal
microscope with simultaneous acquisition at 522-572 nm
(GFP) and 667-773 nm (OFP). Laser excitation was at 488
nm for GFP and 561 nm for OFP and RFP, respectively.
Image analysis was performed using the Zeiss 880 suit imag-
ing software.

RNA extraction and RT-qPCR analyses

Six individual plants per line were selected for RNA isolation
using Trizol (Thermo Fisher) according to the manufac-
turer’s instructions. After DNasel treatment, the first-strand
cDNA was synthesized from 2 g of total RNA with oligo
(dT) as the primer, using a reverse transcription kit
(TaKaRa). RT-qPCR was carried out using the ABI7500 real-
time PCR system with the SYBR Premix Ex Taq (TaKaRa;
RR041A), following the manufacturer’s instructions. The
maize 18s rRNA gene was used as an internal control. Gene
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expression levels were determined from at least three biolog-
ical replicates and three technical replications per reaction.
The 272 method was used for relative quantification.
The qPCR experiments repeated independently twice with
comparable results. Gene-specific primers are shown in
Supplemental Data Set S4.

Hundred-kernel weight and starch quantification
Representative ears were harvested from field-grown WT
and mutant (zmsugcar1-1 and cripr-1) lines and dried to
constant weight. One hundred kernels from each ear were
weighed on a laboratory scale. Five ears from each line were
used as individual biological replicates. WT, homozygous
zmsugcar1-1, and cripr-1 seeds were harvested at 14, 20,
or 45 DAP, and were dried at 80°C to a constant weight,
then ground to a fine powder with a pestle and mortar.
Fifty milligrams of tissue was incubated with 1 mL of 70%
ethanol for 1 h on ice, with frequent vigorous vortexing.
Subsequently, the samples were spun for 15 min at 4°C at
13,000 g, and the supernatant was removed. This extraction
was repeated again. The pellet was dried in a vacuum con-
centrator and resuspended in water. Starch was quantified
with the Total Starch Assay kit using 510 nm spectropho-
tometer method (Megazyme, K-TSTA). The experiments
were repeated twice independently with similar results. Each
independent experiment contained three individual ears as
biological replicates.

Potassium, nitrate, and soluble sugar measurement
Maize kernels from WT or homozygous zmsugcar1-1 and
cripr-1 ears were collected at 14, 20, or 45 DAP, respectively,
then the pericarp and embryo were removed with a razor
blade, and endosperms were dried at 80°C to a constant
weight, using 50 endosperms at each stage pooled as one bi-
ological replicate.

For potassium measurements, pooled endosperm samples
were treated in a muffle furnace at 575°C for 6 h.
Approximately 0.1 g endosperm samples were dissolved in
0.1 N HCl. K™ contents were measured using the 4100-MP
AES system (Microwave Plasma Atomic Emission
Spectroscopy, Agilent). The measured values were normal-
ized on the basis of dry weight.

For nitrate and soluble sugar measurements, endosperms
were dried at 80°C for 24 h and ground to a fine powder
with a mortar and pestle. Add 0.1 g dry endosperm samples
into a 15-mL polypropylene tube and suspended in 10 mL
deionized water. After treatment in an ultrasonic bath for
30 min, the mixture was centrifuged for 10 min at 12,000 g.
The resulting suspension was 100 X times diluted and fil-
tered through a 022-um filter. Twenty-five microliters of
extracted sample solution was analyzed by a high-
performance ion chromatography system (HPIC, Dionex
ICS3000, Thermo, USA). Nitrate and sugars were, respec-
tively, eluted with 12 and 25 mM NaOH at a flow rate of
1.0 mL min™". AS11 analytical column (250 x 4 mm) and
an AG11 guard column (50 X 4 mm) were used for nitrate
determination. The CarboPac PA10 pellicular anion-
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exchange resin column (250 X 4 mm) connected to a
CarboPac PA10 guard column (50 x 4 mm) was used for
sucrose, glucose, and fructose separation. The measured
values were normalized based on dry weight or the entire
endosperm. The experiments were repeated twice with
similar results independently. Each independent experiment
contained three individual ears as biological replicates.

Sequence BLAST and phylogenetic tree construction
ZmSUGCART1 (Zm00001d019294) protein was used as the
query for BLAST searches against Z. mays, S. bicolor, Setaria
italica, Setaria viridis, O. sativa, Brachypodium stacei,
Brachypodium distachyon, Musa acuminata, Arabidopsis
thaliana, ~ Solanum  lycopersicum,  Aquilegia  coerulea,
Amborella trichopod genomes on phytozome (https://phyto
zomejgi.doegov), Aegilops tauschii, T. aestivum, and
Hordeum vulgare genomes on EnsemblPlants (http://plants.
ensembl.org/indexhtml), Elaeis guineensis and Pinus pinaster
on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and
Gnetum montanum on ONEKP (https://db.cngb.org/onekp/).

Protein sequences were aligned by using MUSCLE 3.6
(http://www.drive5.com/muscle/), manually adjusted in
GeneDoc 3.2 (https://www.soft-pedia.com/get/Science-CAD/
GeneDocshtml), sequentially scored using CLUSTALX pro-
grams, and then protein matrix scoring 12 was used to con-
struct the phylogenetic tree. The maximum-likelihood
phylogenetic trees were generated by the MEGA 6.0
(https://www.megasoftware.net/history.php). Bootstrapping
was performed with 1,000 replications.

Library construction and RNA-seq analyses

Two biological replicates were used for RNA isolation, li-
brary construction, and later sequencing. Total RNA was
extracted from WT ovules every day from 0 to 6 DAP and
6, 8, 14, and 20 DAP kernels of WT and zmsugcari-1. The
RNA-Seq libraries were constructed and then subjected to
lllumina sequencing in Hiseq2000 (Chen et al, 2014).
After sequencing, raw reads were aligned to the B73 refer-
ence genome (v4) using Tophat 2.0.6 (Trapnell and
Schatz, 2009) with default settings for all parameters. The
DEGs were defined by the thresholds of a P-value < 0.05
(Student’s t test) and a log,FC (fold change) > 1.0. The
relative expression levels of DEGs in the RNA-Seq analysis
were denoted in fragments per kilobase of exon per mil-
lion fragments mapped. Two biological replicate samples
were performed for the zmsugcar1-1 mutant and the WT,
and three technical validations were performed for each
biological replication. VennDiagram (https://bioinformat
ics.psb.ugent.be/webtools/Venn/) was employed to ana-
lyze differential gene expression over four sampling time
points. Gene Ontology (GO) enrichment analysis was per-
formed with the maize sequence v4 ontologies by agriGO
v2.0  (http://bioinfo.cau.edu.cn/agriGO/).  Significantly
enriched GO terms were identified as those with a P-value
<0.05. Heat map configuration was then generated ac-
cordingly (http://cran.r-project.org/package=pheatmap).
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For the transcriptome analysis of kernel sub-regions, kernel
tissues were cryo-dissected at —22°C in a Leica CM1950
cryostat using different ears for each biological replicate. All
samples were harvested from W22 inbred plants grown
under field conditions in Florida (UF-PSRU, Citra). The
FPKM values (mean = sp, n = 2) were calculated for two bio-
logical replicates from RNA-seq analysis.

Xenopus oocyte isolation and RNA injection

Coding  sequences of ZmSUGCAR1,  SbSUGCART,
TaSUGCAR1, AtNPF7.3, ZmNPF7.10, and AtNPF6.3 were co-
don optimized and synthesized. These cDNAs were then
cloned into the expression vector pT7TS. After linearization
of pT7TS plasmids with BamHI, RNA was transcribed
in vitro using an mRNA synthesis kit (MMACHINE T7 kit;
Ambion). Xenopus laevis oocytes were isolated in 25 mL
Ca’ " -free ND96 solution (in mM: 96 NaCl, 2 MgCl,,1 KCl,
and 5 HEPES, pH 7.5 adjusted with NaOH with 0.1 mg mL™"
gentamycin and 0.1 mg mL™' streptomycin) containing 43
mg collagenase and 12.5 mg trypsin inhibitor at 23°C for 1.5
h and were then recovered in ND96 solution (in mM: 96
NaCl, 2 MgCl,1 KCl, 1.8 CaCl,, and 5 HEPES, pH 7.5 ad-
justed with NaOH with 0.1 mg mL™" gentamycin and 0.1
mg mL™" streptomycin) for 24 h. Oocytes were injected
with cRNA (25 ng in 25 nL) after recovery and were incu-
bated at 18°C in ND96 solution. Incubation buffer was
changed every 12 h. Oocytes injected with water were used
as the negative control.

“C-labeled sugar uptake and efflux in Xenopus
oocytes

The assay was performed with modification as described
previously (Chen et al, 2010, 2012). For sugar uptake assay,
40 h after cRNA injection, groups of 9-12 oocytes were
transferred into 500 puL Na-Ringer (in mM: 115 NaCl, 2 KC|,
1 MgCl,, 1.8 CaC1,, 10 MES-Tris, pH 5.5 or 10 HEPES-NaOH,
pH 7.5) with 0.1 mg mL™" gentamycin and p-glucose (4 pCi
mL™" D-[1-"“C]-glucose; PerkinElmer) or sucrose (4 pCi mL™"
["*C(U)]-sucrose; PerkinElmer). After incubation at 18°C for
2 h, oocytes were transferred to ice-cold Na-Ringer, washed
four times, solubilized with 100 pL 1% (w/v) SDS, and three
oocytes were measured as one sample.

For tracer sugar efflux assay, 36 h after cRNA injection,
oocytes were injected with 50 nL solution containing 50
mM glucose (0.18 p Ci pL™" D-[1-"*C]-glucose) or 50 mM
sucrose (0.18 p Ci pL™" ["C(U)]-sucrose). Oocytes were im-
mediately washed once in Na-Ringer and then the oocytes
were transferred into 1 mL Na-Ringer reaction buffer. At de-
fined time points, reaction buffer (950 pL) was removed for
scintillation counting. Oocytes were solubilized with 1% SDS
and analyzed for retained radioactivity. The experiments
were repeated using three different batches of oocytes inde-
pendently with similar results.

1‘C’NO; uptake assay in Xenopus oocytes
The assay was performed with modification as described
previously (Lin et al, 2008), 40 h after cRNA injection
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oocytes were incubated for 2 h in a solution containing
230 mM mannitol, 0.3 mM CaCl,, 10 mM MES-Tris, pH 5.5
or 10 mM HEPES-NaOH, pH 7.5, and the required concen-
tration of K'>NO; (0.25 mM for high-affinity uptake assays
and 10 mM for low-affinity uptake experiments), washed
five times with ND96 buffer, and individually dried at 80°C
for 24 h, and then the retained '°N was measured. The
experiments were repeated twice independently with similar
results.

*H-labeled IAA transport assay in Xenopus oocytes
The ZmSUGCART1 CDS was cloned into the vector pBF1 and
linearized 3’ prime of the poly(A) sequence. cRNA was
in vitro transcribed using the mMACHINE SP6 kit (Ambion).
Oocytes were isolated in Modified Barth’'s Medium (MBM,
in mM: 88 NaCl, 1 KCl, 24 NaHCO; 0.82 MgSO, 0.66
NaNQ;, 0.75 CaCl,, and 10 HEPES) containing 2 mg/mL col-
lagenase and 0.1 mg/mL trypsin inhibitor at 34°C for 20
min. Oocytes were manually sorted for stages V and VI
After recovery in MBM for 24 h at 16°C oocytes were
injected with 50 nL cRNA (1 pg/ulL) or water (negative con-
trol) and incubated at 16°C in NOj; -free Barth’s solution (in
mM: 88 NaCl, 1 KCl, 2.4 NaHCO;, 1.57 MgSO,, 0.75 CaCl,,
10 HEPES, pH 7.4 adjusted with NaOH) with 50 pig/mL gen-
tamicin, 100 pg/mL streptomycin, and 100 units/mL penicil-
lin for 30 h. The incubation buffer was changed once. IAA
uptake and efflux assays were performed 40 h after injection
(PH-1AA, specific activity 25 Ci/mmol, concentration 1 pCi/
L, company ARC).

For IAA uptake assays, oocytes were transferred into 500
pL Na-Ringer (in mM: 115 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 5
MES [pH 6.0], or 5 HEPES (pH 7.5), respectively; pH adjusted
with NaOH or HCI) containing 100 nM IAA (labeled with
40 nM >H-IAA). After incubation at 20°C for 3 h in pH 6
firstly, a batch of oocytes were transferred to |IAA-free Na-
Ringer in pH 6 or pH 7.5, respectively, for 0.5 or 1 h. After
the particular incubation times, oocytes were transferred to
ice-cold Na-Ringer with the respective pH, washed four
times, and sampled individually. Oocytes were solubilized
with 100 pL 10% (w/v) SDS and the amount of radioactivity
was determined by liquid scintillation counting. The experi-
ments were repeated twice independently with similar
results.

IAA efflux assays were performed with modifications as
described previously (Fastner et al, 2017). Oocytes were
injected with 50 nL containing 1 UM >H-IAA or 300 UM IAA
(containing 1 pM 3H-IAA). Oocytes injected with water
were used as negative controls. Injected oocytes were trans-
ferred into NO; -free Barth’s pH 7.5 (in mM: 88 NaCl, 1 KCl,
2.4 NaHCO;, 1.57 MgSO,, 0.75 CaCl,, 10 HEPES, pH 7.5 ad-
justed with NaOH). The retained *H-IAA was determined by
liquid scintillation counting.

The competition uptake assay between sugar and
NO;3 in Xenopus oocytes

For 15NO3_ uptake assay, 40 h after injection, oocytes
expressing  ZmSUGCAR1 were incubated in a solution
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containing 210 mM mannitol, 0.3 mM CaCl,, 10 mM MES-
Tris, pH 5.5, 20 mM sucrose or glucose, and the required
concentration of K'>’NO; (mannitol was used to regulate
the osmotic potential) for 2 h, and then the retained °N
was measured. For the ['“C]-labeled sugar uptake, the
oocytes were incubated in the Na-Ringer-based solutions
with 0.1 mg mL™' gentamycin and 20 mM b-glucose
(4 pCi mL™" o-[1-"*C]-glucose) or sucrose (4 pCi mL™’
["C(U)]-sucrose) and 5 mM, 10 mM, or 20 mM CsNO,
(NaCl was used to regulate the osmotic potential) for 2 h
and then the 'C in oocyte was measured. Oocytes
expressing AtNPF6.3 were used as positive controls for ni-
trate uptake. Oocytes injected with water were used as
the negative control. The experiments were repeated using
three different batches of oocytes independently with sim-
ilar results.

The competition uptake assay between sugar and
K™ in Xenopus oocytes

Forty hours after injection, oocytes expressing
ZmSUGCAR1 were incubated in the Na-Ringer-based bath
solutions with 0.1 mg mL™" gentamycin containing 20 mM
sucrose (4 uCi mL™" ["C] sucrose) under different extra-
cellular KCI concentrations (NaCl was used to regulate the
osmotic potential), respectively, for 2 h. The '“C content
in oocytes was subsequently determined. Oocytes express-
ing ZmSUT1 were used as positive controls for sucrose up-
take. Oocytes injected with water were used as the
negative control. The experiments were repeated using
three different batches of oocytes independently with sim-
ilar results.

TEVC recording from Xenopus oocytes

For whole-cell recordings, the TEVC technique was applied
using a Gene-Clamp 500B amplifier (Molecular Devices) at
room temperature (20°C). The microelectrodes were filled
with 3 M KCl. Whole-cell currents digitized through a
Digidata 1322A AC/DC converter using Clampex 9.0 soft-
ware (Axon Instruments). For sugar assays, the bath solu-
tion contained 90 mM Na-gluconate, 2 mM K-gluconate, 1
mM Mg-gluconate,, 1.8 mM Ca-gluconate,, 1T mM LaCls,
10 mM MES (pH 5.5 adjusted with Tris), and different
concentrations of sugar as indicated. The osmolality of
bath solutions was adjusted to 260 mmol/kg with sorbitol.
The ionic currents were recorded using the TEVC
technique. The oocyte membrane potential was held at
-60 mV and test potentials ranging from +60 to -100
mV were applied for 800 ms using a step recording mode.
The 1/V relationships were obtained by subtracting the I/V
curves defined in the absence of sugar from those
obtained in the presence of sugar.

For potassium, the bath solution contained 15 mM Na-
gluconate, 1T mM Mg-gluconate,, 1.8 mM Ca-gluconate,, 1
mM LaCl;, 10 mM MES (pH 5.5 adjusted with Tris), and dif-
ferent concentrations of K-gluconate. The osmolality of bath
solutions was adjusted to 260 mmol/kg with sorbitol. The
ionic currents were recorded using the TEVC technique. The
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oocyte membrane potential was held at —60 mV and test
potentials ranging from +60 to -80 mV were applied for
800 ms using a step recording mode.

For nitrate, chloride, and dipeptides, the bath solution was
based in 210 mM mannitol, 10 mM MES (pH 5.5 adjusted
with Tris), containing the following candidate substrates 10
mM Gly-Gly, 10 mM HCl, and 10 mM Ala—Phe or CsNO;,
respectively. The oocytes expressing ZmSUGCAR1 were in-
cubated in bath solutions as indicated and the ionic cur-
rents were recorded using the TEVC technique. The oocyte
membrane potential was held at —60 mV and test potentials
ranging from -20 to =120 mV were applied for 800 ms us-
ing a step recording mode.

The experiments were repeated using three different
batches of oocytes independently with similar results. More
than five oocytes were used for uptake and electrophysiolog-
ical analysis and only three were examined when there was
no positive result at a given working condition.

HEK293T cell culture and whole cell patch-clamping
experiments
HEK293T cells were maintained at 37°C and 5% CO, in
Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich), sup-
plemented with 10% fetal bovine serum and 1% penicillin—
streptomycin as described by Gao et al. (2016). For
patch-clamp experiments in HEK293T cells, the CDS of
ZmSUGCART was fused upstream of enhanched green fluo-
rescent protein (EGFP) sequences with an IRES linker and
constructed into PIRES2-EGFP vector. Plasmids for HEK293T
transfection were extracted from Escherichia coli (DH5a) us-
ing a QIAGEN Plasmid kit. HEK293T cells were plated at a
density at 60% confluence in 35-mm-diameter dishes and
transfected using a Lipofectamine 2000 Transfection Reagent
kit (Invitrogen, USA) in OPTI-MEM (Gibco, ThermoFisher).
Cells were transfected with 0.8 pg of ZmSUGCART1-pIRES2-
EGFP or pIRES2-EGFP. Cells were analyzed 24 h after trans-
fection. HEK293T cells of a similar size showing bright EGFP
fluorescence were used for patch-clamp experiments and
the HEK293T cells expressing EGFP were used as mock con-
trol. Standard whole-cell recording techniques were applied
(Hamill et al, 1981). Pipettes were pulled with a glass capil-
lary puller (Model PC-10; Narishige, Japan) and polished us-
ing a micro-forge (Model MF-830; Narishige). Their
resistance was 4—-6 MQQ. Whole-cell patch-clamp experi-
ments were conducted using an Axopatch-200B patch-
clamp setup (Axon Instruments, California, USA) with a
Digitata1440A digitizer combined with an inverted micro-
scope (Model A1; Carl Zeiss, Germany). pClamp 10.2 soft-
ware (Axon Instruments) was used for data acquisition and
analysis. Voltage protocol: 1 s pulses from -180 mV to +
40 mV (20 mV steps), holding potential -60 mV. The stan-
dard pipette solution contained 100 mM K-gluconate, 2
mM Mg-gluconate,, 2.5 mM Mg-ATP, and 10 mM HEPES
(pH 7.4 adjusted with Tris).

For Figure 6, B and C, the bath solution contained 50 mM
Na-gluconate, 10 mM MES (pH 5.5 adjusted with Tris), and
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K-gluconate was added to the bath solution by substituting
50 mM Na-gluconate to increase external potassium con-
centration to 10 and 50 mM successively. For Figure 3, D
and E and Supplemental Figures S4, G and S6, A-C, the
bath solution contained 50 mM Na-gluconate, 0/20 mM su-
crose, and 10 mM MES (pH 5.5 or 7.5 adjusted with Tris).
For Figure 7, C-E and Supplemental Figure S10B, the bath
solution contained 50 mM Na-gluconate, 0/20 mM sucrose,
10 mM MES (pH 5.5 adjusted with Tris), and K-gluconate
was added to the bath solution by substituting 50 mM Na-
gluconate to increase external potassium concentration to
10 mM. The osmolality of bath and pipette solutions was
adjusted to 350 mmol/kg with p-sorbitol.

NMT/MIFE assays

Oocytes were injected with water, ZmSUGCAR1, or
ZmSUT1 cRNA and incubated in MBS solution for 30 h.
Prior to H* flux rate measurement, oocytes were equili-
brated in the measuring solution for 1 min. The measuring
solution for H* contained (in mM) 88.95 NaCl, 0.05 KCl,
0.71 CaCl,, 0.82 MgSO,, and 0.03 MES/HEPES, pH 5.5/7.5
(Li et al, 2017). For Figure 3F and Supplemental Figure
S6D, the H™ flux rate induced by sucrose/glucose, when
20 mM sucrose/glucose was added into the measuring so-
lution, the concentration of NaCl was adjusted to 78.95
mM to maintain the osmolarity. For Figure 7B, KCl was
added to the bath solution by substituting NaCl to in-
crease external potassium concentration to 1 and 10 mM.
After equilibrium 1 min, the sample oocyte was trans-
ferred to the container containing measuring solution. The
H™ flux rates across the oocyte membrane were measured
continuously for 2 min when the flux rate reached to the
steady state. The mean net H* flux was calculated based
on all the transient H* flux data recorded during the pe-
riod of measuring time. The value obtained from NMT
indicates net ion flux and the negative values in the figures
represent H™ influx.

Hormone uptake assays in oocytes

Hormone uptake assays were performed with modifications
as described previously (Tal et al, 2015). GA3 and JA were
obtained from Sigma-Aldrich. Oocytes injected with cRNA
were incubated for 48 h at 17°C in Kulori-based buffer (in
mol: 90 NaCl, 1 KCl, 2 MgCl,, 10 HEPES-NaOH, pH 7.5) be-
fore assaying. Xenopus oocytes uptake assays were carried
out as follows: oocytes were preincubated in Kulori-based
buffer (in mol: 90 NaCl, 1 KCl, 2 MgCl,, 10 MES-Tris, pH 5.5)
for 5min, then transferred to Kulori-based buffer in pH 5.5
or 7.5 with 100 tM JA or 100 pM GA; at 18°C for 60 min in-
cubation, followed by four washes and transferred to
Eppendorf tubes (3 oocytes per tube). Excess washing buffer
was removed and oocytes were burst in 50uL of 50%
MeOH and the homogenate was left in the freezer for 2 h.
This was followed by centrifugation at 20,000 g for 15min
to pellet remaining protein. The supernatant was transferred
to new tubes and diluted with 60 uL H20. The diluted sam-
ples were then filtered through a 0.45-pum PVDF-based filter
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plate (MSHVN4550, Merck Millipore) and subsequently
analyzed by analytical LC-MS.

Analyses of hormones and hormone analogs

by LC-MS

Compounds in extracts of oocytes were directly analyzed by
LC-MS/MS. GA; and JA analysis was performed on a quad-
rupole linear ion trap hybrid mass spectrometer (QTRAP
5500, AB SCIEX, Foster City, California, USA) equipped with
an electrospray ionization source coupled with a UPLC
(Waters, Milford, Massachusetts, USA). Five microliters of
each sample were injected onto a BEH C18 column (100
mm * 21 mm, 1.7 um). The UPLC inlet method and ESI
source parameters were set as reported previously (Xin
et al, 2020). GA; and JA were detected in negative multiple
reaction monitoring (MRM) mode. The MRM transitions for
GA; and JA are 345.2 > 143.1.1 and 209.1 > 59.0. Extracted
data were analyzed using Microsoft Excel, statistical analysis
and data plotting were done using SigmaPlot version 13.0
(Systat Software, USA).

Statistical analysis

Data processing with simple calculations (e.g, mean, stan-
dard deviation/error, maximum, and minimum) was per-
formed by Microsoft Excel (version 16.55). One-way analysis
of variance (ANOVA) was performed by the R program
(version 3.6.1) and P < 0.05 was considered statistically sig-
nificant across treatments, which was alternatively subject
to the Mann-Whitney U test by the function “wilcox.test”
in the R program (version 3.6.1) at the same significance
level. All statistical results were listed in Supplemental Data
Set S5.

Accession numbers

Sequence data of ZmSUGCAR1T can be found in the Maize
Genetics and Genomics Database (https://maizegdb.org/) un-
der the following accession number: Zm00001d019294.
Sequence data of A. thaliana AtNPF7.3/NRT1 and AtNPF7.25
from this article can be found in TAIR under accession num-
bers AT1G32450.1 and AT4G21680.1, respectively; S. bicolor
SbSUGCART1 following accession number Sb02g007605.1 is
from Gramene database; T. aestivum TaSUGCART under ac-
cession number TraesCSU02G130200 is from http://www.
wheat-expression.com. The other accession numbers used for
phylogenetic analysis can be found in Figure 4 and
Supplemental Figure S7. General sequence data in this manu-
script can be found in the GenBank/EMBL database and
RNA-Seq data generated in this study have been deposited
in the NCBI SRA database with an accession number
PRINA824795.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Genetic analysis of the zmsug-
car1-1 mutant and map-based cloning of zmsugcar1-2.
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Supplemental Figure S2. Morphological and histological
comparison of WT and zmsugcar1-1 plants, kernels, or the
BETL at different growth stages.

Supplemental Figure S3. Physiological measurements of
WT and crispr plants.

Supplemental Figure S4. Expression and localization of
ZmSUGCART, sugar concentration, and sugar transport ac-
tivities of ZmSUGCART.

Supplemental Figure S5. ZmSUGCART1 did not mediate
sugar efflux in Xenopus oocytes.

Supplemental Figure S6. K™ rather than sugar uptake by
ZmSUGCART at pH 7.5.

Supplemental Figure S7. Phylogenetic analysis of
SUGCAR1 homologous proteins from different plant species.

Supplemental Figure S8. Gene structure and expression
profile of SbSUGCAR1 (A) and TaSUGCART1 (B).

Supplemental Figure S9. Homologous proteins AtNPF7.3
and ZmNPF7.10 of ZmSUGCART1 did not transport sugar.

Supplemental Figure $10. Current/voltage (I/V) relation-
ships of currents for ZmSUGCART1 triggered by different
substrates in oocytes and related competition assay.

Supplemental Figure S11. ZmSUGCAR1 did not mediate
auxin (IAA), JA, and GA transport in Xenopus oocytes.

Supplemental File S1. Full-length sequence alignment
used for phylogenetic analysis shown in Figure 4A.

Supplemental File S2. The Newick format of the phyloge-
netic tree shown in Figure 4A.

Supplemental File S3. Full-length alignment used for phy-
logenetic analysis shown in Supplemental Figure S7.

Supplemental File S4. The Newick format of the phyloge-
netic tree shown in Supplemental Figure S7.

Supplemental Data Set S1. Significant gene differential
expression in zmsugcar1-1 and WT kernels at four different
stages.

Supplemental Data Set S2. A list of genes differentially
expressed in zmsugcarl-1 and WT kernels on 14 and 20
DAP for heat map illustration.

Supplemental Data Set S3. Molecular marker primers
used for map-based cloning.

Supplemental Data Set S4. Primers used for plasmid con-
struction and functional analysis.

Supplemental Data Set S5. Statistical analyses.
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