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Suc transporters (SUTs) play a key role in the allocation and partitioning of photosynthetically fixed carbon in plants. While a
function could be assigned to many members of the SUT family, almost no information is available on their regulation. Here, the
transcriptional regulation of SUTs in response to various environmental stimuli in the leaves of five dicots (Arabidopsis
[Arabidopsis thaliana], soybean [Glycine max], potato [Solanum tuberosum], tomato [Solanum lycopersicum], and poplar [Populus
spp.]) and four monocots (maize [Zea mays], rice [Oryza sativa], wheat [Triticum aestivum], and barley [Hordeum vulgare]) was
investigated. Extensive data on expression of SUTs in relation to changes of environmental conditions were obtained through a
global analysis of 168 transcriptomics data sets. Results were validated by quantitative PCR measurements and extended by the
measurement of photosynthesis rate and phloem sugar content to draw insight on the correlation of SUT expression and sugar
export from leaves. For the apoplasmic phloem loaders, a clear difference in transcriptional regulation in response to different
environmental stimuli was observed. The consistent patterns of SUT expression under abiotic stress indicates which types of
SUTs are involved in the regulation of leaf sugar status and in stress signaling. Furthermore, it is shown that down-regulation of
phloem loading is likely to be caused by transcriptional regulation of SUTs, while up-regulation depends on post-transcriptional
regulation. In poplar, expression of PtaSUT4 was found to consistently respond to environmental stimuli, suggesting a
significant role in the regulation of sugar export from leaves in this passive symplasmic phloem loader.

In most herbaceous plants, including most crop
plants, Suc transporters (SUTs) play a key role in the
export of photosynthetically fixed carbon from leaves.
In the phloem ofminor veins, SUT proteins facilitate the
uptake of Suc into the companion cells and sieve ele-
ments. Once in the sieve elements, Suc is transported by
mass flow toward the carbon sink organs. SUTs are
involved in other processes as well. There is evidence
that at least in some species, SUTs reload Suc along the
phloem path, or import Suc into sink organs, like fruit
(Gould et al., 2012; Liesche et al., 2015). Furthermore, a
function in signaling has been proposed repeatedly for
several members of the SUT gene family, most promi-
nently for SUT4 of potato (Solanum tuberosum), which
was shown to play a major role in the shade avoidance
response and influence the hormonal regulation of
flowering and tuberization without making a major

contribution to Suc transport itself (Chincinska et al.,
2008, 2013).

SUTs are represented by a gene family usually con-
sisting of between three and nine members, which can
be grouped into three major classes according to se-
quence similarity, exon-intron structure, and function
(Peng et al., 2014; Reinders et al., 2012). Type I SUTs,
only present in eudicots, are necessary for essential
functions such as phloem loading (Riesmeier et al.,
1994; Gottwald et al., 2000) and normal pollen function
(Sivitz et al., 2008). Group II is separated in the dicot-
specific group IIA and the monocot-specific group IIB.
Monocot species, such as maize (Zea mays), wheat
(Triticum aestivum), and barley (Hordeum vulgare), were
found to utilize type II SUTs for phloem loading (Aoki
et al., 2004; Sivitz et al., 2005; Slewinski et al., 2009).
While there has been controversy regarding the ques-
tion if type II SUTs play the same role in rice (Oryza
sativa) as they do in the other grasses, current evidence
suggests that they do (Julius et al., 2017). A role in
phloem unloading and Suc import into sink tissues has
been assigned to several members of the type IIB SUTs
(Kühn and Grof, 2010). All land plants contain type III
SUTs. Some Type III SUTs are localized at the tonoplast,
while others have been found at the plasma membrane
(Chincinska et al., 2013). A function of tonoplast-
localized SUTs in Suc storage and regulation of cyto-
solic Suc levels is evident (Endler et al., 2006; Payyavula
et al., 2011). Contrastingly, the main function of plasma
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membrane-localized type III SUTs seem to be signaling
(Chincinska et al., 2008, 2013).
Considering their importance in carbon partitioning

and utilization, relatively little is known about the
regulation of SUTs. A connection between SUT tran-
scription and transport activity became evident
through genetic manipulations of SUT expression
(Bürkle et al., 1998; Slewinski et al., 2009; Wang et al.,
2015). Several studies supported this link in non-
manipulated plants. For example, in potato SUT1 ex-
pression was shown to correlate with leaf Suc export
rate (Chincinska et al., 2008) and in peach (Prunus per-
sica), SUT2 expression correlates with Suc import into
fruits (Vimolmangkang et al., 2016). However, a sys-
tematic analysis of which factors influence SUT
expression is missing, even in the model plant
Arabidopsis (Arabidopsis thaliana). Not knowing the
extent to which plants rely on SUT regulation to control
carbon partitioning is a major reason for our limited
understanding of the control of this process (Ayre, 2011;
Liesche et al., 2017).
Here, the question of how SUTs are regulated in re-

sponse to various stimuli is addressed through a global
analysis of publicly available gene expression data.
How SUT expression correlates with phloem loading is
then further investigated experimentally.
The analysis includes nine angiosperm species, four

monocots, and five dicots, whose classification is
shown in Figure 1. These species, except for poplar
(Populus spp.), have been shown to load Suc into the
phloem by an active apoplasmic mechanism. The sieve
element companion cell complex (SECCC) is not con-
nected to surrounding cells by plasmodesmata, allow-
ing efficient import of Suc by one of the plasma
membrane-localized SUTs of type I for dicots and
type IIB for monocots. Poplar is a so-called passive
symplasmic loader, a type mostly found in tree
species (Davidson et al., 2011). Plasmodesmata enable
diffusion along the whole prephloem pathway from
mesophyll cells to the SECCC, and the high Suc con-
centration in the source phloem is thought to be the
result of high Suc levels in the cytosol of all leaf cells
(Rennie and Turgeon, 2009; Zhang et al., 2014). How-
ever, the altered pattern of carbohydrate partitioning in
plants that lack the tonoplast-localized PtaSUT4 indi-
cates that active Suc transport could still be relevant for
poplar phloem loading (Payyavula et al., 2011; Liesche,
2017). The question if Suc transporters are involved in
the regulation of carbohydrate export from leaves in
passive loaders is a special focus in this study.
The investigation of changes in SUT expression fo-

cuses on parameters related to photosynthesis, such as
light intensity and CO2 concentration, as well as dif-
ferent types of abiotic stress. Biotic stresses were not
included as their effect is generally pathogen- and host-
specific and therefore not suitable for a comparative
analysis between species. Furthermore, the investigation
is limited to source leaves, reflecting both the availability
of data and this study’s focus on the regulation of
phloem loading.

RESULTS

Cross-Platform Comparison of Transcriptomics Data
Provides Consistent Results on SUT Expression

The comparative analysis of SUT expression is based
on data, most of it publicly available, from 167 experi-
ments (Supplemental Table S2). In these experiments,
three different techniques were used to quantify gene
expression: microarray, RNAseq, and quantitative PCR
(qPCR). While microarray and RNAseq data sets in-
clude information for the whole transcriptome, qPCR
data were acquired from studies that focus on SUT
expression. The majority of data stems frommicroarray
experiments, while only a limited number of RNAseq
and qPCR experiments were analyzed (Fig. 2A), strictly
reflecting the availability of data.

The combination of multiple data sets for similar
experiments strengthens the reliability of the average
values of the log2-fold change in gene expression, as
these are based on a higher number of biological rep-
licates (on average 30). This is especially important
since the reliability of microarray data, which this study
is mainly based on, has been doubted (Richard et al.,
2014). Here, 71% of the average values for log2-fold
change are based on biological replicates that all show
the same trend (Fig. 2B). However, a further 28% of the
values are supported by replicates that mostly show a
similar trend, while only 1% of the values are based on
contradictory data (Fig. 2B). Furthermore, we per-
formed qPCR measurements of gene expression to
compare with the averaged values yielded by the
transcriptomics analysis.

The expression of SUT in leaves has been shown to
differ markedly for different family members (Weise
et al., 2000; Payyavula et al., 2011; Reuscher et al., 2014).
The comparison of SUT expression levels under control
conditions is in line with previous results, generally
showing the SUT responsible for phloem loading as
having the highest level of expression (Fig. 2C). While
in Arabidopsis some of the SUTs are expressed at very
low levels in relation toAtSUC2, the difference between
phloem-loading SUT and other SUTs is less marked in
the other species (Fig. 2C).

Photosynthetic Rate, Light Levels, and CO2 Concentration
Have Limited Influence on SUT Expression

The export rate of carbohydrates from the leaf de-
pends to a high degree on their production, that is
photosynthetic activity, which is influenced by factors
such as light and CO2 availability (Jiao and Grodzinski,
1996; Grodzinski et al., 1998; Amiard et al., 2005; Duan
et al., 2014). Here, transfer of plants to an environment
with high light (400–800 mmol photons m22 s21) or low
light (,100 mmol photons m22 s21) was found to not sig-
nificantly alter the expression of any SUT in species
with apoplasmic phloem loading (Fig. 3, A, D, and E). The
exception is SUT4 in the Solanaceae species tomato
(Solanum lycopersicum) and potato, whose expression
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was reducedunder high light conditions (Fig. 3,D andE).
Only if Arabidopsis plants were subjected to excess light
(1,300 mmol photons m22 s21), SUT expression changed,
with a significant decrease for AtSUC1, AtSUC2, and
AtSUC7 (Fig. 3A). This is likely due to the general

detrimental effect on cell function of this condition (Jung
et al., 2013). Like different light levels, exposure to in-
creased (480–780mgmL21) or decreased (50–100mgmL21)
atmospheric CO2 concentrations compared to ambient
levels of 350 to 400mgmL21 did not significantly alter the

Figure 1. Phylogenetic tree of plant Suc
transporters based on protein sequence
similarity. For the SUTs of the monocot
species maize, wheat, rice, and barley, we
follow Leach et al. (2017) in referring to all
SUTs belonging to type IIA as SUT2 and to
all SUTs belonging to type III as SUT4,
even though different names can be found
in online databases.
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expression level of the SUTs in apoplasmic loaders (Fig.
3), except for several rice SUTs. In rice, an increase
in OsSUT2 and OsSUT4 expression and a decrease of
OsSUT1 expression is observed in response to mod-
erately increased CO2 levels (from 370 to 480 mg mL21;
Fig. 3B). However, these results are based on only two
biological replicates and are inconsistent with the re-
sponse of other grasses (Fig. 3).
In contrast to the apoplasmic loaders, SUT expression

in the passive symplasmic loader poplar changes with
the photosynthetic rate and higher CO2 levels. Expres-
sion of the tonoplast-localized PtSUT4 is decreased
when photosynthetic rate is reduced by 50% and sig-
nificantly increased when photosynthetic rate is in-
creased by 50% (Fig. 3C).When plants are transferred to
a high CO2 environment (.550 or 720 mg mL21), the
SUT4 level significantly decreases (Fig. 3C). The results
show that while in apoplasmic loaders SUT expression
is generally not linked to photosynthesis, there is a

connection in the passive symplasmic loader poplar.
However, the up-regulation under high CO2 conditions
indicates that additional factors influence expression.

SUT Expression Responds to Abiotic Stress

Exposure to abiotic stress can have significant effects on
carbohydrate partitioning, including the export of carbo-
hydrates from leaves, as shown fordrought stress (Hummel
et al., 2010; Durand et al., 2016), salt stress (Hasegawa et al.,
2000), and heat stress (Berry and Bjorkman, 1980).

Drought stress, ranging from mild to severe levels,
causes significant changes in the expression of SUT
genes in all species analyzed here (Fig. 4). In the apo-
plasmic loaders Arabidopsis, soybean (Glycine max),
barley (Hordeum vulgare), rice (Oryza sativa), wheat
(Triticum aestivum), and maize (Zea mays), the SUT re-
sponsible for phloem loading is up-regulated, but not in
tomato or potato (Fig. 4). Of the other SUTs, especially

Figure 2. Sources and consistency of gene expression data used in this study. A, Percentages of the different techniques, that is
microarray, RNAseq, and quantitative PCR, that were used to generate the 167 data sets used in this study. B, Consistency of the
trend of biological replicates. C, Relative Suc transporter expression levels inmature leaves under control conditions according to
all experiments considered in this study. Data were normalized to the highest expressing SUT for each species. Error bars indicate
SD. The minimum number of biological replicates for each expression value in C was n = 38. Bar color indicates the type of Suc
transporter (blue = type I, purple = type IIA, orange = type IIB, green = type III).
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the type III SUTs show a change in expression when
subjected to drought stress. In the apoplasmic loading di-
cots, SUT4 is up-regulated, although not significantly in
soybean (Fig. 4, A, B, F, and G). In the grasses, SUT4 is
down-regulated (Fig. 4, C, D, H, and I). In the passive
symplasmic loader poplar,PtSUT4 is down-regulated (Fig.
4E), confirming its involvement in the drought response
indicated by the study of knock-out plants (Frost et al.,
2012; Xue et al., 2016). Also notable is the strong reduction
in expression of Arabidopsis AtSUC1 (Figure 4A), a type I
SUT not directly involved in phloem loading, which was
also down-regulated in response to drought stress.

The response to salt stress, triggered by treatment
with 100 to 300 mM NaCl, strongly resembles the re-
sponse to drought stress (Supplemental Fig. S3). Ex-
pression of the same SUTs responds with significant
changes. The only difference is found in barley and

maize, where HvSUT4 and ZmSUT4 are not down-
regulated under salt stress, as observed under drought
stress. Furthermore, up-regulation of wheat TaSUT1 is
not significant under salt stress (Supplemental Fig. S3).

The pattern of SUT expression in plants subjected to
heat stress differs from that for drought and salt stress.
Arabidopsis AtSUC2 is down-regulated under heat
stress (around 15°C increase) but up-regulated under
drought/salt (Fig. 5). Similarly, in the monocots rice,
wheat, and maize, the phloem-loading SUT1 is down-
regulated under heat stress (7–15°C increase; Fig. 5)
instead of up-regulated under drought and salt stress.
In contrast, in the symplasmic loader poplar, PtaSUT4
is up-regulated under heat stress (17°C increase; Fig.
5D) instead of down-regulated under drought stress
(Fig. 4E). Interestingly, the response in the Solanaceae,
tomato and potato, is the same for all three stresses,

Figure 3. Influence of changes in light levels, atmospheric CO2 concentration, or photosynthetic rate (Pn) on Suc transporter gene
expression. The average log2-fold change in expression compared to control conditions for the different Suc transporters (large
numbers) is presented for Arabidopsis (A), rice (B), poplar (C), potato (D), tomato (E), wheat (F), andmaize (G). Significant changes
are highlighted by filled bars with color indicating the type of Suc transporter (blue = type I, purple = type IIA, orange = type IIB,
green = type III). Error bars represent SD. Small numbers indicate number of biological replicates.
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with only SUT4 expression significantly increased
(Fig. 5, E and F).

Correlation of SUT Expression and Phloem Loading

While the analysis of transcriptomics data reveals
patterns in the regulation of SUTs, no definitive con-
clusions regarding its effect on phloem loading can be

drawn without concomitant measurements of expres-
sion and export on the same plants. We subjected two
dicots, Arabidopsis and tomato, and two monocots,
maize andwheat, to the experimental stimuli discussed
above and determined the photosynthesis rate, whole-
leaf sugar levels, SUT expression levels, and Suc con-
centration in phloem exudate.

As samples gained through EDTA-facilitated exu-
dation are prone to contamination (Liu et al., 2012), we

Figure 4. Influence of drought stress on Suc transporter expression. The average log2-fold change in expression compared to
control conditions for the different Suc transporters (large numbers) is presented for Arabidopsis (A), soybean (B), barley (C), rice
(D), poplar (E), potato (F), tomato (G), wheat (H), andmaize (I). Perturbation plots of ArabidopsisAtSUC2 (J), riceOsSUT1 (K), and
poplar PtaSUT4 (L). Significant changes are highlighted by filled bars with color indicating the type of Suc transporter (blue = type
I, purple = type IIA, orange = type IIB, green = type III). Error bars represent SD. Small numbers indicate number of biological
replicates.
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performed several tests to verify that the measured Suc
levels correspond to the concentration in the leaf
phloem. Exudation profiles were compared for a leaf
blade with petiole, leaf blade with minimal petiole, and
petiole only. All samples contained similar levels of Glc
and Fru, but Suc content was several times higher when
the leaf bladewas present compared to the petiole alone
(Supplemental Fig. S4). This suggests that the exudate
mostly stems from the leaf blade and indicates that
hexoses can be considered as contamination stemming
from the injured cells of the petiole. This is supported by
the fact that most hexoses are exuded during the first
hour, whereas the Suc content continually increases
with the time of exudation (Supplemental Fig. S4).
Furthermore, composition and concentrations of exu-
dates was found to differ markedly from that of whole

leaf sap (Figs. 6 and 7), corroborating earlier studies that
found exudate to be representative of phloem sap (King
and Zeevert 1974; Guelette et al., 2012).

The expression of cell wall invertases, which could
potentially alter sugar ratios during the exudation pe-
riod, does not significantly differ between the various
environmental conditions (Supplemental Fig. S4). Fur-
thermore, starch levels do not change significantly
during short incubation periods (2 h) or the period of
exudation (5 h), as tested in tomato, showing that
only soluble sugar levels are relevant in the present
context of short-term regulation of phloem loading
(Supplemental Fig. S4). Importantly, to complement
measurements on exudate, we assessed phloem loading
in tomato and maize using isotopic carbon. Plants were
transferred to the respective experimental conditions

Figure 5. Influence of heat stress on Suc transporter expression. The average log2-fold change in expression compared to control
conditions for the different Suc transporters (large numbers) is presented for Arabidopsis (A), soybean (B), rice (C), poplar (D),
potato (E), tomato (F), wheat (G), and maize (H). Perturbation plots of Arabidopsis AtSUC2 (I) and rice OsSUT1 (J). Significant
changes are highlighted by filled bars with color indicating the type of Suc transporter (blue = type I, purple = type IIA, orange =
type IIB, green = type III). Error bars represent SD. Small numbers indicate number of biological replicates.
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Figure 6. Comparison of photosynthesis rate, sugar content in leaf extract, sugar content in phloem exudate, carbon export,
and Suc transporter gene expression in Arabidopsis (A–D) and tomato (E–I). All parameters were measured at the same time on
comparable leaves of the same plants, except for the measurement of carbon export (I). This was performed on plants at the
same growth stage as those for the other experiments by applying a pulse of 13CO2 to a source leaf, transfer to experimental
conditions for 1 h, and determination of the 13C content of the leaf and the rest of the plant. Significance of differences to
control values is indicated by *P , 0.05 and **P , 0.01. Error bars indicate SD. Significant changes of gene expression are
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after pulse-labeling a leaf with 13CO2. The observed
differences in the amount of isotopic carbon that is
exported agreed with the differences in exudate sugar
levels measured by EDTA-facilitated exudation (Figs. 6
and 7).

When plants were exposed to different light condi-
tions, photosynthesis rate and Suc concentration in
leaves and exudate scaled with the light level in Ara-
bidopsis and tomato (Fig. 6) as well as in maize and
wheat (Fig. 7), unless it reached excessive levels (Fig.
6A). Exposure to low light did lead to down-regulation
of the phloem-loading SUTs in Arabidopsis, maize, and
wheat, which contrasts with the transcriptomics results
presented above (Fig. 3). This discrepancymight be due
to the variety of experimental conditions combined in
each averaged value derived from the transcriptomics
data, as some conditions might not be severe enough to
cause a significant effect. Tomato LeSUT1 was also
down-regulated, although the change of 84% was not
considered significant. The lower expression of the
phloem-loading SUTs coincided with lower Suc con-
centration in the phloem exudate (Figs. 6 and 7). The
same response, in some cases with higher intensity,
could be observedwhen plants were transferred to dark
conditions (Figs. 6 and 7).

In accordance with the transcriptomics results pre-
sented above, SUT expression measurement by qPCR
did not show up-regulation under high light conditions
in these four apoplasmic loaders (Figs. 6 and 7). When
testing different exposure times in Arabidopsis, we
found that even 24-h exposure to high light conditions,
which leads to continuously increasing levels of Glc,
Fru, and Suc in the leaf and similarly increasing Suc
levels in the phloem exudate, does not affect the ex-
pression of AtSUC2 (Fig. 6, A–D). Similar results were
obtained for maize, where longer incubation led to in-
creased levels of leaf sugars and Suc in the exudate,
without significant change in expression of ZmSUT1
(Fig. 7, A–D).

Other SUTs of all four species that were tested
showed the same results as obtained from the analysis
of transcriptomics data, except AtSUC5, which
was strongly down-regulated under low light
(Supplemental Fig. S5). Notable is the pattern of tomato
SUT4, which was found to be up-regulated under low
light and down-regulated under high light, exactly the
opposite from its homologs in the other three species
(Supplemental Fig S5).

Exposure to moderate drought stress caused con-
siderable changes in SUT expression (Figs. 6 and 7;
Supplemental Fig. S5), which matched with the results
from transcriptomics analysis (Fig. 4). The SUTs re-
sponsible for phloem loading were up-regulated in
Arabidopsis, maize, and wheat, but not tomato, where

expression was unchanged (Figs. 6 and 7). Photosyn-
thesis rate and Suc content in whole-leaf extract and
phloem exudate decreased in all four species, although
in maize not significantly (Figs. 6 and 7).

Correlation of Tomato LeSUT1 Expression with
Protein Abundance

To test how SUT gene expression corresponds to
protein abundance, we performed western blots using
protein extracts of the same leaf material as for qPCR
and an antibody against tomato LeSUT1 with proven
binding specificity (Hackel et al., 2006). Even though
expression of LeSUT1 did not change significantly in
response to exposure to high light, low light, or dark
conditions, protein abundance showed strong differ-
ences. The band for LeSUT1 protein collected from high
light samples was about 40% stronger as from plants
grown under control conditions, and LeSUT1 abun-
dance was significantly reduced under low light
and dark conditions (Fig. 8). These changes in protein
abundance mirror the change in Suc content in phloem
exudate observed in the same plants (Fig. 6G).

DISCUSSION

SUT Expression Does Not Always Correspond to
Phloem Loading

In species with apoplasmic phloem loading, it is
generally assumed that the SUT-facilitated pumping of
Suc into the SECCC directly influences source strength
(Ainsworth and Bush, 2011). Reduced expression or
knock-out of the phloem-loading SUT leads to Suc ac-
cumulation, while overexpression can lead to increased
source strength (Dasgupta et al., 2014). The notion of
SUT expression regulating phloem loading is corrobo-
rated here, but only for down-regulation in response to
reduced light levels. High light and other stimuli that
enhance photosynthesis, leaf sugar levels, and phloem
loading did not influence the expression of the phloem-
loading SUTs in the eight apoplasmic loading species
analyzed here. Therefore, a direct link between SUT
expression and phloem loading rate does not seem to
exist for the up-regulation of phloem loading under
these conditions. This contrasts with studies that arti-
ficially up-regulate a relevant SUT through over-
expression, which, in some cases, did result in increased
phloem loading (Dasgupta et al., 2014; Wang et al.,
2015).

The occurrence of increased phloem loading in the
absence of transcriptional up-regulation of SUTsmeans
that other factors influence phloem loading, that the

Figure 6. (Continued.)
highlighted by filled bars with color indicating the type of Suc transporter (blue = type I). Average values were obtained from at
least three biological replicates. Abbreviations: D, dark; LL, low light; HL, high light.
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Figure 7. Comparison of photosynthesis rate, sugar content in leaf extract, sugar content in phloem exudate, carbon export, and
Suc transporter gene expression in maize (A–E) and wheat (F–I). All parameters were measured at the same time on comparable
leaves of the same plants, except for the measurement of carbon export (E). This was performed on plants at the same growth stage
as those for the other experiments by applying a pulse of 13CO2 to a source leaf, transfer to experimental conditions for 1 h, and
determination of the 13C content of the leaf and the rest of the plant. Significance of differences to control values is indicated by
*P, 0.05 and **P, 0.01. Error bars indicate SD. Significant changes of gene expression are highlighted by filled bars with color
indicating the type of Suc transporter (orange = type IIB). Average values were obtained from at least three biological replicates,
except of the measurement of carbon export (E), which is based on two replicates. D, dark; LL, low light; HL, high light.
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existing capacity of SUTs is large enough to increase
loading without additional proteins, or that SUT ac-
tivity is not regulated at the transcriptional, but the
posttranscriptional level. Indeed, experiments in potato
have demonstrated the potential for the regulation of
SUT activity through differential intracellular localiza-
tion of SUT1 (Liesche et al., 2010), as well as through
dimerization (Krügel et al., 2008) and mRNA stability
(He et al., 2008). The existence of posttranslational
control of SUT activity has also been shown in Arabi-
dopsis, where the amount of AtSUC2 protein was
found to not correlate with Suc transport rate (Sakr
et al., 1997). In addition to protein localization, also the
proton motive force might influence SUT activity.
Constitutive overexpression of a proton-pumping py-
rophosphatase in Arabidopsis leaf companion cells has
recently been shown to increase phloem loading
(Khadilkar et al., 2016). Here, the amount of tomato
LeSUT1 protein was found to be increased in response
to high light conditions, despite unchanged gene ex-
pression. This indicates a regulatory step at the post-
transcriptional level, which could be a change inmRNA
translation efficiency or a change in protein turnover
rate. Furthermore, it suggests that the existing capacity
of SUTs is insufficient to increase phloem loading rate
in tomato, instead requiring additional SUT synthesis.

SUT Regulation Is Part of the Abiotic Stress Response

Understanding the plant’s response to abiotic
stresses is amajor focus for plant biologists today. There
is increasing evidence that different types of SUTs are
involved in the response to abiotic stress (Sivitz et al.,
2008; Frost et al., 2012; Gong et al., 2015; Jia et al., 2015).
Based on the extensive transcriptomics data available
for drought, salt, and heat stress, these data are ex-
tended here by the identification of patterns in the re-
sponse of SUT expression. In contrast to nonstressed
conditions, when phloem loading rate and SUT ex-
pression seems to be a function of leaf sugar status
(Vaughn et al., 2002, and results presented above), more
complex patterns were observed under stress, probably
reflecting the changes in water status and sink activity.
Drought and salt stress were found to have the same

effect on SUT expression in all species, which is not
surprising considering the overlap of plant responses to
osmotic stresses such as drought, and salinity shown in
genomics studies (Kreps et al., 2002; Buchanan et al.,
2005). The common pattern shows that both require the
same adaptations regarding the transport of sugars.

Similarity was also found in the change of SUT ex-
pression in response to drought and salt stress among
all four tested monocot species. In all cases, SUT1 was
up-regulated while SUT4 was down-regulated. Inter-
estingly, this pattern did not depend on the severity of
the applied stress. Monocot SUT4s belong to type III
and are tonoplast localized (Endler et al., 2006; Eom
et al., 2011; Leach et al., 2017). Down-regulation of the
tonoplastic SUTs can be expected to increase Suc stor-
age in the vacuole, thereby increasing the osmotic po-
tential of the leaf cells. That this can affect phloem
loading has recently been shown in maize (Leach et al.,
2017). Up-regulation of SUT1 might be necessary to
maintain phloem transport despite the decrease in Suc
availability caused by increased sequestration of Suc to
the vacuole, increased production of osmoprotective
sugars such as raffinose, and decreased Suc production.
This is consistent with the observed capacity of root
growth under severe drought stress, at least in the lines
with higher stress tolerance (Zheng et al., 2010), and
could also apply to Arabidopsis where a similar pattern
was observed. In contrast to drought and salt stress,
SUT1 was found to be significantly down-regulated
under heat stress in the tested monocots, while SUT4
expression showed the same response. This result
matches the observed strong reduction of growth in all
tissues observed in heat-stressed grasses (Kotak et al.,
2007; Frey et al., 2015).

Dicots do not show a universal response like the
monocots. While in Arabidopsis and soybean the
phloem-loading SUTs are up-regulated, they do not
show any significant change in the Solanaceae potato
and tomato. Although the potato and tomato varieties
used here, like most commercially grown cultivars, are
drought-sensitive (Pmk and Ledent, 2001; Sprenger
et al., 2016), Suc content in phloem exudate is only
moderately reduced, making this observation even
more puzzling. In these species, only expression of
SUT4 changed significantly in response to the different

Figure 8. Protein abundance of tomato LeSUT1 in
response to different light levels. A, Representative
western blot showing the LeSUT1-specific band at
56 kD. B, Average intensity of LeSUT1-specific bands
measured in four experiments. Plant material was the
same as used for qPCR (Fig. 6F). Significance of dif-
ferences to control values is indicated by *P , 0.05.
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stresses. Type III SUTs of Solanaceae are located at
the plasmamembrane in contrast to Type III SUTs in all
other species, which are tonoplast localized
(Chincinska et al., 2013). These SUT4s have been pre-
viously linked to light and hormone signaling
(Chincinska et al., 2008). Our data demonstrates that
Solanaceae SUT4 are involved in the response to a
broad range of environmental stimuli, including
drought, salt, and heat stress, and different light con-
ditions. Considering the relatively low expression level
in leaves (Chincinska et al., 2008), a direct involvement
in Suc transport seems unlikely, even though potato
SUT4 was shown to be a high-capacity transporter. Our
data agree with the idea of SUT4 as posttranslational,
negative regulator of SUT1. This would be possible,
since both are coexpressed in the same cells and were
shown to be able to interact (Reinders et al., 2002).
The Arabidopsis homolog to the Solanaceae SUT4,

AtSUC4, is also up-regulated under all three types of
stress, although considering the different intracellular
localization, its role must be a different one. Indeed,
AtSUC4-facilitated Suc exchange with the vacuole has
been described as essential for salt stress tolerance
(Gong et al., 2015). Another SUTwhose expression was
found to consistently respond to abiotic stress is
AtSUC1. It has been previously implicated in ABA
signaling (Hoth et al., 2010) and sugar signaling (Sivitz
et al., 2008) in roots and pollen. In contrast to those
tissues, AtSUC1 expression in mature leaves is very
low, and its domain of expression is most likely limited
to developing trichomes (Sivitz et al., 2007). The down-
regulation of AtSUC1 could mean that Suc partitioning
is stopped under various stress conditions, including
water, salt, heat, and light stress. That AtSUC9, which
has also been linked to abiotic stress resistance (Jia et al.,
2015), does not show changes here is not surprising
considering that its domain of action does not include
leaves.

Poplar SUT4 Might Regulate Phloem Loading

How passive symplasmic phloem loaders regulate
carbohydrate transport from leaves is an open question.
In an unregulated system, carbohydrate export from
leaves would be directly coupled to their production.
Since this is not the case, mechanisms that either mod-
ulate the cytosolic Suc concentration or the capacity for
transport into the phloem must exist (Liesche et al.,
2017). In poplar, down-regulation of the vacuolar Suc
transporter PtaSUT4 via RNAi decreases source
strength and leads to Suc accumulation in the leaf as
well as lower photosynthetic activity (Payyavula et al.,
2011; Frost et al., 2012). It can be hypothesized that
PtaSUT4 activity regulates the cytosolic concentration
of Suc in leaf mesophyll cells by controlling the ex-
change with the vacuole, thereby influencing the Suc
gradient along the prephloem pathway that determines
the rate of phloem loading (Liesche, 2017). This no-
tion of PtaSUT4 as an important link between Suc

production, storage, and export is confirmed here by
showing that its expression scales with photosynthetic
rate. If the PtaSUT4 level remained constant under low
photosynthesis conditions, then the vacuolar Suc con-
centration would be continuously reduced as the Suc
import is expected to follow the concentration potential
between cytosol and vacuole, which potentially affects
nighttime supply.

PtaSUT4 could be a central factor for the adaptation
of the leaf carbon balance in response to environmental
stimuli, as its expression was found to change in re-
sponse to abiotic stress and long-term and short-term
elevated CO2 levels. In the responses to drought and
salt stress, down-regulation of PtaSUT4 coincides with
reduced Suc export from the leaf, indicated by the
growth inhibition observed in these trees (Xue et al.,
2016). PtaSUT4 is also down-regulated under elevated
CO2 even though export rates are higher. This is likely
due to the strongly induced carbon assimilation
rate that allows for increased storage as well as in-
creased growth as reported from similar experiments
(Wullschleger et al., 1992; Zhao et al., 2011). These data
point to PtaSUT4 as an important factor for determin-
ing this pattern of carbon allocation. The reduced ex-
pression presumably leads to increased Suc storage in
the vacuole and, thereby, a lowering of the concentra-
tion gradient along the prephloem pathway.

The data highlights the potential importance of
PtaSUT4 in poplar phloem loading. This could constitute
the general mode of how symplasmic phloem loaders
regulate carbon export from leaves, but data from ad-
ditional species are needed for confirmation.

CONCLUSIONS

The results presented here show an important role of
transcriptional regulation of SUTs in the stress response
in source leaves, especially of the phloem-loading SUTs
and the vacuolar SUTs. They also point at a potential role
in signaling, for example of the Solanaceae SUT4. Fur-
thermore, it could be shown that transcriptional aswell as
posttranscriptional mechanisms are used to regulate leaf
sugar export in the analyzed monocot and dicot species
with apoplasmic phloem loading. In the passive loaders,
represented by poplar, results indicate participation of
vacuolar SUTs in the regulation of leaf sugar export.

MATERIALS AND METHODS

Assembly of a Phylogenetic Tree

All 44 SUT protein sequences were obtained from GenBank (Benson et al.,
2013) for 9 angiosperm species, the dicots Arabidopsis (Arabidopsis thaliana),
poplar (Populus spp.), tomato (Solanum lycopersicum), potato (Solanum tuber-
osum), soybean (Glycine max), the monocots rice (Oryza sativa), wheat (Triticum
aestivum), barley (Hordeum vulgare), maize (Zea mays), and the fungus Asper-
gillus clavatus, which was used as the outgroup. All sequence data were con-
verted to FASTA format. Multiple protein sequence alignments were generated
with Clustal W in MEGA6 (Tamura et al., 2013), and the variable length N- and
C-terminal regions of the alignment were removed. Phylogenetic analysis was
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done using the Neighbor-joining method in MEGA6 with 1,000 bootstrap
replicates. Trees were also visualized using the MEGA6 software. For monocot
SUTs, we follow Leach et al. (2017) in naming all SUTs belonging to type IIA
SUT2 and all belonging to type III SUT4.

Collection of Gene Expression Data

All expression data were collected from online sources, except for one ex-
periment for which data were directly provided by the corresponding author.
The microarray data and RNAseq data were collected from Gene Expression
Omnibus (Edgar et al., 2002) and ArrayExpress (Kolesnikov et al., 2015). The
qPCR data were extracted from research articles with sources listed in
Supplemental Table S2. Only data from experiments conducted on mature
leaves were collected. Experiments were selected which provided comparative
information for gene expression under control conditions and under the in-
fluence of one of the following factors: increased or decreased photosynthetic
rate, increased or decreased light intensity, increased or decreased atmospheric
CO2 concentration, different times of day, drought stress, salt stress, and heat
stress.

Analysis of Microarray Data

The identifier of the microarray probes corresponding to the SUT genes was
found through the gene annotation information for the relevant platforms,
which was downloaded from the Web site of the supplier of the array. For
genes, which may have more than one probe, the one that showed the highest
expression values and clearest differences between different conditions were
selected. The values for SUT expression were extracted from each biological
replicate of every series related to the parameters mentioned above. Only the
processed data that have been normalized were used for the subsequent
analysis. The average values, SD, the log2 values, and linear values were all
calculated. Only the variables with log2 values .1 or below 21 were con-
sidered significantly different. Furthermore, the difference is described as
upregulated with a log2 value .1 and downregulated with a log2 value
below 21.

Analysis of RNAseq Data

For each data set, low-quality reads were filtered by Trimmomatic (Bolger
et al., 2014), with the following parameters [LEADING:20 TRAILING:20
SLIDINGWINDOW:4:20 MINLEN:20]. Retained reads were mapped to SUT
genes in the corresponding species using TopHat2 (v2.1.0) (Kim et al., 2013)with
the parameters [Arabidopsis: -i 20 -I 5000 -g 5 -p 30; other species: -i 20 -I 10000 -g
5 -p 30]. The expression abundance of each genewas estimated in terms of reads
per kilobase of transcript per million mapped reads (RPKM) using the formula:
RPKM = (109 * C)/(N * L), where C represents the number of high-quality reads
mapped to the gene, N is the total number of reads in the library, and L means
length of the gene. The number of reads that mapped to the gene was counted
by BEDtools multicov (Quinlan and Hall, 2010) with default parameters. For
some experiments, data were extracted through Genevestigator (Nebion AG).

Plant Growth and Environmental Stimuli

All plants were grown in growth chambers. The Arabidopsis (cv Col-0
ecotype) seeds were sterilized in 75% alcohol for 2 min and 10% (v/v) sodium
hypochlorite for 10 min, washed 5 times with sterilized water, and imbibed for
3 d in the dark at 4°C. The 1/2 Murashige and Skoog (MS) solid medium was
prepared with 1% (w/v) Suc and 1% (w/v) agar at pH 5.8. The seeds were
grown on 1/2 MS medium plates for about 5 d (22°C, 24 h dark) until germi-
nated and then transferred to a growth chamber on moist soil in pots kept at
16-h-light/8-h-dark period, 90 mmol photons m22 s21, with temperature at
22°C. The maize (cv inbred line B73) and tomato (cv Micro-Tom) seeds were
sterilized in sterilized water for 30 min at 30°C and 10% Na3PO4 for 20 min and
then soaked in sterilized water for about 6 h. The seeds were imbibed on a wet
towel at 27°C in the dark for about 3 d and then transferred to a growth chamber
on moist soil in pots kept at 16-h-light/8-h-dark period, about 300 mmol pho-
tons m22 s21 with a temperature of 26°C during the day and 24°C at night. The
wheat (cv Chinese spring) seeds were imbibed on moist filter paper with ster-
ilized water for about 2 d at room temperature until germinated and then
transferred to a growth chamber on moist soil in pots kept at a 16-h-light/8-h-
dark period, 300 mmol photons m22 s21 with temperature about 12°C.

The plants were fully irrigated by watering until the start of the drought
stress. The3-week-oldArabidopsis seedlings, theV3 leaf stage (about 2–3weeks)
maize seedlings, the 2-week-old tomato seedlings, and approximately 5-week-
old wheat seedlings were subjected to drought stress by withholding water for
several days until a level of moderate drought was reached (soil relative
moisture content,40%). The control plants were still watered. The leaf relative
water content (RWC) was also used to determine the degree of drought stress.
For determination of RWC, fresh leaves were removed and then immediately
the freshweightmeasured. The leaveswere then incubated in distilledwater for
12 h at 4°C in the dark, blotted, dried, and then the turgid weight measured. At
last, the leaves were subjected to oven drying at 105°C for at least 24 h, and then
the dryweight (DW)measured. The RWCwas calculated by the equation: RWC
(%)= [(fresh weight 2 DW)/(turgid weight 2 DW)] * 100, and for moderate
drought, the RWC value should be about 60%. After treatment, the leaves were
harvested from drought-stressed and control plants, quickly frozen in liquid
nitrogen, and stored at 280°C for the isolation of RNA for qPCR.

For thedifferent light intensity stimuli, leaves from the topof theplants (stage
described above) were subjected to different light intensities for 2 h: excess
light (900 mmol photons m22 s21) for Arabidopsis; high light (400 mmol photons
m22 s21) for Arabidopsis; high light (700 mmol photons m22 s21) for maize,
wheat, and tomato; low light (40 mmol photons m22 s21) for Arabidopsis; low
light (100 mmol photons m22 s21) for tomato, maize, and wheat; and darkness
(0 mmol photons m22 s21) for Arabidopsis, maize, wheat, and tomato. For
Arabidopsis and maize, 6 and 24 h under high light stimuli were also tested.
After treatment, the leaves were harvested from different light-treated and
control plants, quickly frozen in liquid nitrogen, and stored at 280°C for the
isolation of RNA for qPCR.

Measurement of Photosynthesis, Leaf Sugar Levels, and
Sugar Export

The photosynthesis measurement was conducted using a Li-6400 portable
photosynthesis measuring system (LI-COR, Inc.) with a 6-cm2 leaf chamber
under control conditions and after subjection to different stimuli (described
above) on plant leaves. The photosynthetically active radiation was kept at
1,000 mmol photons m22 s21 for Arabidopsis and 1,500 mmol photons m22 s21

for tomato, maize, and wheat. The reference CO2 concentration was kept at
about 400 mmol CO2 mol21 air (mg mL21). Each measurement took 60 s to
complete. Measurements were conducted during the day at 9:00 AM to 12 AM. To
assure the homogeneity, especially for the light intensity experiment, mea-
surements were always performed on a nonshaded leaf from the top of the
plants. The values of three measurement repetitions were averaged. For Ara-
bidopsis and wheat, a single leaf would not fill the whole measurement
chamber. Therefore, an image was taken from which the leaf area was calcu-
lated using ImageJ (Schindelin et al., 2012). Photosynthetic parameters were
then recalculated for the actual leaf area inside the chamber.

Phloem exudates were obtained using the EDTA-facilitated exudation
method (Tetyuk et al., 2013) and adapted for all the plants tested in this ex-
periment. For Arabidopsis, about 20 leaves from the control and plants sub-
jected to different stimuli were cut with a razor blade at the base of the petiole,
close to the center of the rosette, and immediately placed in petri dishes con-
taining 20 mM EDTA solution. Then, petioles were recut at the base and the
leaves immediately put into 1.5-mL tubes containing 20 mM EDTA solution.
After 1-h incubation in wet paper towels in the dark, leaves were gently re-
moved from the tubes and washed thoroughly using distilled water to remove
all EDTA. Leaves were then transferred into new 1.5-mL tubes containing
sterilized water and further incubated in wet paper towel in the dark to collect
the exudates. A time course experiment was performed with sampling times of
0, 0.5, 1, 2, 3, and 5 h. The results showed that the amount of the sugars
present in the exudates increased with time, and the 5-h time point
provided reproducible amounts of sugars using the EDTA facilitated exudation
method. Therefore, 5-h incubation was chosen for the following experiments.
After 5-h collection, the phloem exudates were frozen in liquid nitrogen and
stored at 280°C. To evaluate the possibility that the sap may come from the
petiole instead of the leaf blade, the petiole only and the leaf blade with just a
bit of petiole were used to collect the exudates as a control, which was then
compared to the whole leaf samples.

For tomato, the exudates were collected using the same method as Arabi-
dopsis, but only about five leaves were used. Formaize andwheat, we followed
the method described by Yesbergenova-Cuny et al. (Yesbergenova-Cuny et al.,
2016). Leaves were cut off at their base, close to the stem, and recut under the
exudation buffer (10 mMHEPES, 10 mM EDTA, adjusted to pH 7.8 with NaOH).
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After 1-h incubation in wet paper towels in dark, leaves were removed and
washed thoroughly using distilled water. Then, leaves were transferred
into new 10-mL tubes containing sterilized water and further incubated in wet
paper towels in the dark. A time course experiment was also performed as
described for Arabidopsis above. After 4-h collection, phloem exudates were
frozen in liquid nitrogen and stored at 280°C.

The leaf sugars were extracted using the ethanol method. The leaves of
Arabidopsis, tomato, maize, and wheat under control conditions were ground
into powder using liquid nitrogen and then dissolved in 80% ethanol and in-
cubated at 80°C in a water bath for 30 min. The supernatant was taken off after
centrifuging at 12,000 x g for 20 min and the ethanol evaporated by incubation
at 90°C in a water bath. The powder was suspended in 5 mL pure water and
filtered using a 0.45-mmmicroaperture filter membrane, immediately frozen in
liquid nitrogen, and stored at 280°C.

To quantify the sugars (Glc, Fru, maltose, Suc) in the collected phloem ex-
udates, the exudate was diluted about 1:5 and subjected to anion chromatog-
raphy using an ion chromatograph equipped with integral pulse amperometric
detection (ICS-5000+, ThermoFisher). The CarboPac PA 10 column (4 x 250 mm)
was used as separation column, and mixtures of pure water and 200 mM NaOH
solution in different ratios were used as mobile phase in the gradient elution.
The flow rate was 0.5 mL $min21. In the amperometric detection, the gold
electrode was used as working electrode and the Ag/AgCl electrode was used
as reference electrode. The percentage of 200 mM NaOH during the gradient
eluting procedure changed from 0 to 20% in during the first 14 min, from 20 to
60% in the following 4 min, from 60 to 100% in the following 12 min, and from
100 to 80% in the following 15 min. The other part of the solution consisted of
pure water. The mixture of four sugars (Glc, Fru, Suc, and maltose) was used to
make the standard curves. The relative concentrations of the different sugars
were analyzed quantitatively by the peak area normalizing method imple-
mented in Chromeleon 7 software (ThermoFisher).

Quantification of Gene Expression by qPCR

Total RNA from all the leaf samples was extracted using Trizol (Invitrogen).
The following changes were made to the standard procedure recommended by
the manufacturer. After homogenization of 100 mg material in liquid nitrogen
and addition of Trizol, samples were incubated for 10 min in an ice bath. After
addition of chloroform, samples were shaken vigorously for 15 s and incubated
in the ice bath for 15min. All reagents usedwere cooled to 4°C. The quantity and
quality of RNA was assessed spectroscopically (Nanodrop ND-2000) and by
agarose gel electrophoresis. The first-strand cDNA was synthesized from 1 mg
of total RNA with the PrimeScript RT reagent kit (Perfect Real Time, TaKaRa)
according to the manufacturer’s instructions. The cDNA synthesis reaction
conditions for the SYBR Green analysis method were 37°C for 15 min and 85°C
for 5 s. The transcript levels of various genes (see primer sequences in
Supplemental Table S1) were quantified by qPCR using the CFX Connect Real
Time System (Bio-Rad) with TransStart Tip Green qPCR SuperMix (Transgen)
according to the manufacturer’s instructions. The qPCR experiments were
performed on two independent biological samples and on four technical rep-
licates, and the suitable Cq values for these replicates were averaged. Expres-
sion levels were normalized to reference gene (Arabidopsis: AtActin12 and
AtUBQ10, tomato: LeGAPDH and LeUBI3, maize: ZmGAPDH and ZmActin2,
wheat: TaActin7 and TaGAPDH) expression levels. Quantification of mRNA
expression level was calculated using the 2-DDCt method (Livak and Schmittgen,
2001). For normalizing the expression level of each mRNA, fold change values
and the SE were calculated. To evaluate the significance of differences, P values
were calculated using Student’s t test method implemented in the SPSS soft-
ware (IBM).

Tracing of Isotopic Carbon

Maize and tomato plantswere cultivated as described above. A leaf chamber
for labeling with 13CO2 was made by sealing a plastic bag with tape. The 13CO2
gas was generated through the reaction of 50 mg of NaH13CO3 (99 atom% 13C,
Sigma-Aldrich) with 100 mL of saturated citric acid, both of which were injected
into the leaf chamber and mixed with the help of a syringe. After incubation for
30 min, the bags were taken off and plants were either left under control con-
ditions or transferred to high light or dark conditions. The labeled leaves and
the rest of the plant, includingmost of the roots, were separately harvested after
a chase period of 1 h. Samples were then dried in an oven at 75°C for about 5 d.
The samples were ground to a fine powder in a mortar, which was then sifted
through a 0.2-mm mesh sieve. The content of 13C and total C of the samples

were analyzed using an isotope ratio mass spectrometer (Delta V Advantage
and Elemental analyzer, Thermo Fisher Scientific, Inc.) by the company Huake
Stable Isotope Laboratory, Shenzhen. Two plants and two replications were
used for each light intensity, and relative 13C values of the leaves and rest of the
plant were calculated.

Quantification of Protein by Western Blot

Tomato leaves from plants exposed to different light intensities as described
above, as well as from the control group, were ground to powder using the high
throughput tissue grinder (SCIENTZ-48) in liquid nitrogen. Then, 2 mL ex-
traction buffer (50 mM NaH2PO4, adjusted to pH 8.0 with NaOH, 200 mM NaCl,
1 mM EDTA, 0.6% polyvinylpyrrolidone-30, 5 mM ascorbic acid, 2 mM dithio-
threitol, 50 mM sodium pyrophosphate, 25 mM sodium fluoride, 1 mM sodium
molybdate, 1 mM 1,10- phenanthroline, 5 mM b- sodium glycerin phosphate,
and 0.5 mM phenylmethylsulfonyl fluoride, dissolved in ethanol, 13 protease
inhibitor cocktail), was added to about 1 g leaf powder, vortexed thoroughly
until well mixed, and then centrifuged at 10 000g for 15 min (4°C). The super-
natant was transferred to a new tube and recentrifuged at 10,000 g for 15 min
(4°C) to remove the precipitated particles that might influence ultracentrifu-
gation. Then the supernatant was transferred to a centrifuge tube and centri-
fuged at 100,000 g for 1 h (4°C). The supernatant was removed and discarded
and the precipitate resuspended using the resuspension buffer (2 mM EGTA,
2mMEDTA, 100mMMOPs, adjusted to pH 7.0 withNaOH, 1mMdithiothreitol,
0.5 mM sodium pyrophosphate, 0.5 mM sodium fluoride, 0.5 mM sodium mo-
lybdate, 0.5 mM phenylmethylsulfonyl fluoride, dissolved in ethanol, 10%
glycerol, and 13protease inhibitor cocktail). The protein was quantified by Easy
II Protein Quantitative kit (BCA, TransGen Biotech) and the spectrophotometer
Infinite M200Pro (Tecan) according to the manufacturer’s protocol with bovine
serum albumin as standard. After protein quantification, the proteins were
frozen in liquid nitrogen and stored at 280°C for electrophoresis and western-
blot analysis.

ForSDS-PAGE,5%stackingand12%separatinggelwereused.To investigate
thedifference inLeSUT1abundance betweendifferent light intensity, samples of
80 mg were supplemented with trace bromophenol blue and denaturated at
100°C for 5 min. After that, proteins were resolved under constant voltage of
80 V for the stacking gel for 30 min and constant voltage of 120 V for the sep-
arating gel for 1.5 h in a DYY-6D Protein equipment (Liuyi Beijing) until bro-
mophenol blue reached the bottom of the gel. Semidry electrotransfer was used
for the membrane transfer, and eight filter sheets to fit the measurement of the
gel (8.5 x 5.5 cm) and one polyvinylidene fluoride (PVDF) membrane with the
same dimensionswere also used. After wetting the filter paper in transfer buffer
andwetting the PVDFmembrane in methanol, a transfer sandwichwas created
as follows: four filter papers, PVDF, gel, four filter papers (from the positive
pole to the negative pole). Semidry electrotransfer was performed in JY-ZY3
semidry cell (JUNYI) at room temperature, applying constant current of 70 mA
for 85 min until the protein transferred from gel to the PVDF membrane. The
membrane was washed with TBST for 5 min and 3 times, then blocked with 5%
skim milk in TBST for 1.5 h at room temperature, and then LeSUT1-specific
antirabbit antibody (diluted 1,000-fold in 5% skimmilk in TBST)was added and
incubated for 1.5 h at room temperature on a shaker. After incubation, the
membrane was washed with TBST for 5 min and 3 times. Secondary antibody
(Goat anti-Rabbit IgG, HRP conjugated, diluted 5,000-fold in 5% skim milk in
TBST) was added and incubated for 2 h at room temperature on a shaker. The
membrane was washed with TBST for 5 min and 3 times. Bands on the mem-
branewere then detected using the EasySeewestern-blot kit (TransGen Biotech)
according to the manufacturer’s protocol. The band of the target LeSUT1 gene
was quantified using the ImageJ software.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AtSUC1 (AT1G71880), AtSUC2 (AT1G22710),
AtSUC3 (AT2G02860), AtSUC4 (AT1G09960), AtSUC5 (AT1G71890), AtSUC6
(AT5G43610),AtSUC7 (AT1G66570),AtSUC8 (AT2G14670),AtSUC9 (AT5G06170),
CWINV2 (AT3G52600), CWINV4 (AT2G36190), CWINV5 (AT3G13784), GmSUC1
(AJ563364), GmSUC3 (BQ452560), GmSUC4 (BI784806), HvSUT1 (AM055812),
HvSUT4 (AJ272308), LeSUT1 (AB845639), LeSUT2 (AF166498), LeSUT4
(AF176950), OsSUT1 (D87819), OsSUT2 (AY137242), OsSUT3 (AB071809),
OsSUT4 (HQ875341), OsSUT5 (AB091674), PtaSUT1 (POPTR_0013s11950),
PtaSUT3 (POPTR_0019s11560g), PtaSUT4 (POPTR_0002s10710g), PtaSUT5
(XM_002311560), PtaSUT6 (POPTR_0010s10370), TaSUT1 (AF408842), TaSUT4
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(BJ308154), StSUT1 (X69165), StSUT2 (AF166498), StSUT4 (AF176950), ZmSUT1
(AB008464), ZmSUT2 (AY639018), ZmSUT4 (AY581895).
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The following supplemental materials are available.

Supplemental Table S1. Sequences of gene-specific primers used for
qPCR.

Supplemental Table S2. Transcriptomics data sets analyzed in this study.

Supplemental Figure S3. Influence of salt stress on Suc transporter expres-
sion.

Supplemental Figure S4. Control experiments for the EDTA-facilitated
exudation of phloem sap.

Supplemental Figure S5. Change of Suc transporter expression in response
to various stimuli.
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