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Abstract
Root growth and architecture are markedly influenced by both developmental and environmental cues. Sugars integrate dif-
ferent stimuli and are essential building blocks and signaling molecules for modulating the root system. Members from the
SUGAR WILL EVENTUALLY BE EXPORTED TRANSPORTER (SWEET) family facilitate the transport of different sugars over cel-
lular membranes and steer both inter and intracellular distribution of sugars. SWEET17 represents a fructose-specific sugar
porter localized to the vacuolar membrane, the tonoplast. Here, we analyzed how SWEET17-dependent fructose released
from vacuoles affects root growth during drought stress in Arabidopsis (Arabidopsis thaliana). We found that the SWEET17
gene was predominantly expressed in the root vasculature and in meristematic cells of the root tip. SWEET17 expression
appeared markedly induced during lateral root (LR) outgrowth and under drought. Moreover, fructose repressed primary
root growth but induced density and length of first order LRs. Consistently, sweet17 knock-out mutants exhibited reduced LR
growth and a diminished expression of LR-development-related transcription factors during drought stress, resulting in im-
paired drought tolerance of sweet17 mutants. We discuss how SWEET17 activity integrates drought-induced cellular responses
into fructose signaling necessary for modulation of the root system and maximal drought tolerance.

Introduction
Sugars fulfill a wide number of different functions in plants.
For example, they provide cellular energy required for many
metabolic reactions and they serve as carbon precursors for
numerous anabolic processes. In addition, sugars are necessary
for modifications of proteins and membrane lipids, they accu-
mulate as compatible solutes upon onset of osmotic-, salt-, or
freezing stress and they contribute as quenchers to tolerate re-
active oxygen species (Lineberger and Steponkus, 1980; Crowe
et al., 1988; Sheen et al., 1999; Hoekstra et al., 2001; Ruan,

2014; Keller et al., 2021). Given that sugars fulfill so many dif-
ferent functions it is not surprising that the concentrations of
various types of sugars are sensed and plants adjust nuclear
gene expression accordingly (Rolland et al., 2002, 2006). Such
sugar-modified alterations of gene expression cause subse-
quent changes in the development and metabolism (Rolland
et al., 2002; Hanson and Smeekens, 2009; Steinbeck et al.,
2020). Factors influencing sugar concentrations are, for exam-
ple, modifications of the sugar provision by photosynthesis or
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mobilization of storage compounds, sugar consumption for
starch and cellulose synthesis, and modifications of energy me-
tabolism or of the rates of anabolic reactions.

In cells, sugars are hydrated giving them solubility and pre-
vent their free permeation across biological membranes.
Accordingly, various individual sugar transport proteins medi-
ate either, facilitated diffusion along an existing concentration
gradient, or an energy-dependent transport driven by a
proton-motive force across the individual membrane (Chen
et al., 2015a, 2015b). A remarkable characteristic of the plant
genome is the presence of a large number of individual genes
coding for three major sugar transporter groups, namely
MST-type monosaccharide transporters (MSTs), SUT-type su-
crose transporters, and the Sugars Will Eventually be
Exported Transporters (SWEETs)-type proteins (Sauer, 2007;
Chen et al., 2015a, 2015b; Pommerrenig et al., 2018).
Members from these transporter families steer both inter and
intracellular distribution of sugars and their substrate specific-
ities and diverse spatiotemporal expression patterns enable
plants to allocate sugars to the right place at the right time
to initiate developmental or stress-related responses (Eom et
al., 2015; Julius et al., 2017; Pommerrenig et al., 2020).

Interestingly, in recent years alterations of the intracellular
sugar compartmentation and their effect on developmental
processes gained more attention (Wingenter et al., 2010;
Klemens et al., 2013; Guo et al., 2014; Klemens et al., 2014;
Pommerrenig et al., 2018; Patzke et al., 2019; Rodrigues et al.,
2020). Such changes in the intracellular sugar compartmen-
tation can in particular be induced by alterations of the ac-
tivity of vacuolar membrane (tonoplast) located transport
proteins (Hedrich et al., 2015). This is, because the vacuole is
the largest cell organelle and a major function of this organ-
elle is the regulation of dynamic sugar storage processes
(Martinoia et al., 2007, 2012). Apart from a direct effect of
sugar levels on the expression of genes involved in photo-
synthesis (Koch, 1996) altered sugar levels strongly govern
plant organ properties (Hanson and Smeekens, 2009). These
sugar coordinated processes range from effects on (1) early
plant germination and development of the vasculature, (2)
onset of flowering, (3) modifications of fruit yield, and (4)
size or morphology of plant organs (Tjaden et al., 1998;
Takahashi et al., 2003; Dekkers et al., 2004; Weichert et al.,
2010; Wahl et al., 2013; Le Hir et al., 2015).

The Arabidopsis genome harbors in total 17 isoforms of
proteins belonging to the SWEET family (Chen et al., 2012;
Eom et al., 2015). Our current understanding is, that from
17 SWEET isoforms in Arabidopsis only three locate to the
vacuolar membrane, namely SWEET2, 16, and 17 (Chardon
et al., 2013; Klemens et al., 2013; Chen et al., 2015a, 2015b).
While most SWEET proteins analyzed exhibit a quite low
substrate specificity and mediate transport of glucose, fruc-
tose, and sucrose, SWEET17 turned out to be specific for
fructose transport as confirmed by both, direct transport
assays and analyses on corresponding Arabidopsis loss-of-
function mutants (Chardon et al., 2013; Guo et al., 2014).
Gene expression studies indicated that SWEET17 mRNA is

relatively abundant in root cells, although the impact of the
corresponding transporter activity on root-associated pro-
cesses still remains unclear (Guo et al., 2014).

Given that sugars are known to modulate root develop-
ment (Takahashi et al., 2003), given that intracellular sugar
compartmentation influences many cell and organ charac-
teristics (see above) and given that SWEET17 mRNA is
highly abundant in root cells it was of particular interest to
search for an impact of SWEET17 transporter activity on
root properties. To this end, we studied the effect of sugars
on root architecture and analyzed the cell-specific SWEET17
gene expression in more detail. We found that the SWEET17
gene is specifically strong expressed at positions of the pri-
mary root (PR) where lateral roots (LRs) emerge. In the
course of our work, we identified fructose as an inducer of
genes required for LR formation and that sweet17 mutant
plants exhibit impaired LR formation. These characteristics
are most likely responsible for an observed limited drought
tolerance of sweet17 plants, which goes along with induction
of the SWEET17 gene under conditions of low soil–water
availability. In summary, we propose that SWEET17 is a cel-
lular component required for proper root development and
involved in maximal drought tolerance of Arabidopsis.

Results

Fructose inhibits primary and induces LR growth
It is widely known that sugars not only affect processes like
flower induction, fruit yield, and fruit quality but also the
development of plant organs (Tjaden et al., 1998; Wingenter
et al., 2010; Ruan, 2012; Wang and Ruan, 2013; Lastdrager
et al., 2014). Thus, we were interested to search for specific
effects of different types of sugars on root development. To
this end, we grew Arabidopsis wild-type (WT) plants (Col-0)
for 14 d on half-strength MS (1/2 MS)-agar medium supple-
mented with either 0.8% of mannitol (to check for osmotic
effects), sucrose, glucose, fructose, or without any sugar sup-
plements (MS-0) and recorded parameters defining the root
system architecture (RSA; Figure 1). Plants grown on MS-0
produced �5 cm long PRs with only few and very short
first-order LRs during the time tested. The addition of man-
nitol to the agar medium did not induce visible changes of
the RSA in comparison to MS-0 grown plants, whereas sup-
plementation with glucose, fructose, or sucrose changed
RSA substantially (Figure 1A). Interestingly, these three sug-
ars acted differently on PR and LR growth (Figure 1, B–D).
While glucose and sucrose stimulated growth of PRs, fruc-
tose rather inhibited this process (Figure 1B). Indeed, PRs of
plants grown with sucrose were on average twice as long
and those of plants grown with glucose were 50% longer
than PRs of plants grown on MS-0 or mannitol (Figure 1B).
Interestingly, fructose, in contrast to glucose or sucrose,
inhibited PR growth by �30% in average, when compared
to PR length from controls (Figure 1, A and B).

When compared to the MS-0 and mannitol treatments
sucrose, glucose, and fructose all markedly induced the
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Figure 1 Plasticity of root growth of WT plants in response to different sugars. A, Representative pictures of plants grown on MS agar plates with-
out (control) or supplemented with 0.8% of corresponding sugars or mannitol and grown for 10 d. Bar = 1 cm (B) PR length (C) First order LR
density of plants grown with different sugars (D) First order LR length. Different letters above boxes denote significant differences according to
one-way ANOVA with post-hoc Tukey HSD test (P5 0.05). Center lines within boxes show the medians; crosses show means; box limits indicate
the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles, outliers are represented
by dots. Notches are defined as ±1.58 � IQR/sqr(n) and represent the 95% confidence interval for each median. Numbers below boxes indicate
sample size. E–I, Fructose-dependent expression of transcription factor genes involved in LR formation in WT plants. Seeds were germinated and
plants grown on MS agar plates supplemented with the indicated fructose concentrations. Roots from 2-week-old seedlings were used for gene
expression analysis. Bars are means from n = 3 replicates. Each replicate represents pooled roots from eight plants. Error bars are SE (one-way
ANOVA/Duncan P5 0.05) and asterisks indicate significant differences in comparison to control (0% fructose added). Expression levels of ARF7
(E), ARF19 (F), LBD16 (G), LBD18 (H), and LBD29 (I) are shown.
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emergence of LRs resulting in significantly increased first or-
der LR density along the PR (Figure 1C). The average LR
length under control conditions was �0.2 cm, while the
presence of glucose or sucrose led to an LR length of
�0.5 cm and 0.7 cm, respectively (Figure 1D). The most
marked fructose effect was obvious when we quantified the
average LR length of plants grown in the presence of this
sugar. Fructose stimulated LR growth strongly, leading to an
average length of 0.9 cm (Figure 1C).

Moreover, we analyzed fructose effects on the expression
of several genes required for LR initiation and elongation,
namely AUXIN RESPONSE FACTOR7 and 19 (ARF7 and
ARF19), and LATERAL ORGAN BOUNDARIES-DOMAIN16, 18
and 29 (LBD16, LBD18, and LBD29) which all represent genes
coding for proteins required for LR emergence and growth
(Okushima et al., 2005, 2007; Péret et al., 2009; Bellini et al.,
2014). Interestingly, the levels of the corresponding mRNAs
were increased in roots in a fructose-dependent manner
(Figure 1, E and G–I). In contrast to the above genes, which
all showed maximal expression at 0.8% fructose, ARF19
mRNA was highest at a fructose concentration of 0.4%.

To characterize fructose-specific changes in root architec-
ture (impaired PR length and stimulated LR length) further,
we grew Arabidopsis seedlings on 1/2 MS containing 0.8%
sucrose (control) and increased the additionally given fruc-
tose between 0.02% and 0.32%. The already present sucrose
promoted LR formation (Supplemental Figure S1A) leading
to a presence of �13 LR per plant. Under these conditions,
the additional fructose application led to an increase of the
number of LRs reaching a maximum of �15 LR per plant al-
ready at 0.02% fructose, and a decreased number of LRs at
0.32% fructose (11 LR per plantSupplemental Figure S1B).
Similar to the observations above, the presence of fructose
stimulated LR length. From 0.04% fructose on, a significant
increase of LR length was measurably reaching a maximum
at �0.32% (Supplemental Figure S1C). Although higher fruc-
tose concentrations provoked a decrease of the PR length
(Supplemental Figure S1D), it appears remarkable that at
0.02% fructose, representing a concentration which induced
the highest number of newly emerged LRs (Supplemental
Figure S1B), the length of the PR was also similar when com-
pared to control conditions (Supplemental Figure S1D).

Fructose-dependent inhibition of PR growth is less
pronounced in sweet17 mutants when compared to
WT
As demonstrated above, fructose-induced specific effects on
the root architecture, when compared to other types of ma-
jorly abundant sugars (Figure 1, A–C). Thus, we were inter-
ested to reveal whether alterations in cellular fructose
compartmentation cause changes in root morphology.

From all Arabidopsis MSTs analyzed so far, only one ho-
molog is fully specific for fructose transport, namely, the to-
noplast located transporter SWEET17 (Chardon et al., 2013;
Guo et al., 2014). Therefore, given that fructose stimulates
the emergence and length of LRs we were interested to see

whether the effect of fructose on root growth would differ
between WT plants and sweet17 loss of function mutants
(Chardon et al., 2013). When grown on MS agar plates with-
out any sugar supplementation (Ms-0) WT and the two
tested sweet17 mutants (sweet17-1 and sweet17-2, see
Chardon et al., 2013) did not differ in their PR lengths.
When grown on 2% fructose, WT plant responded with a
reduction of PR growth to �50% of the length grown under
MS-0 (Figure 2). This inhibition was stronger when com-
pared to the situation observed with 0.8% fructose supple-
mentation (Figure 1). Interestingly, the fructose-dependent
inhibition of PR growth of sweet17-1 and sweet17-2 mutant
plants was less severe when compared to WT plants. PR
growth of sweet17-1 mutants was decreased to �60% and
that of sweet17-2 mutants to �65% of the growth on MS-0
(Figure 2). These data indicated that the fructose-derived re-
pression of PR growth was—at least in part—influenced by
the SWEET17 protein.

The SWEET17 gene is expressed at positions of
emerging LRs
In previous work, we demonstrated that the expression of
the SWEET17 gene in source leaves is generally low and
mainly confined to the vasculature (Chardon et al., 2013).
To analyze cell-specific activity of the SWEET17 promoter,
we expressed a ProSWEET17-RPL18-green-fluorescent protein
(GFP) gene construct, which encodes a fusion of the open
reading frame of the GFP with the ribosomal protein RPL18,
preventing intercellular trafficking of the GFP from its site of
biosynthesis (Figure 3, A–F). Recording of the GFP-derived
fluorescence indicated SWEET17 promotor activity in the
cortex and the vasculature of primary and LRs (Figure 3).
Only a faint GFP fluorescence could be detected in cortex
cells (Figure 3C). Within the vasculature we detected fluores-
cence mainly in cells adjacent to the pericycle cell layer
(Figure 3A). These fluorescing cells comprised different
phloem and xylem cells most likely including differentiating
proto and metaxylem cells (Figure 3A). GFP fluorescence
was obvious and strong in cells in close vicinity to LR pri-
mordia (LRP; Figure 3, B and C). At later stages of LR emer-
gence, GFP-fluorescence was mainly detected throughout
the vasculature (Figure 3E) and in an even later stage only
in the LR tip in cells including and surrounding the quies-
cent center (Figure 3F).

This localization pattern agreed with GUS staining of roots
from ProSWEET17-GUS plants (Chardon et al., 2013) grown
on 1/2 MS-agar media (Figure 3G). The analyses revealed
that SWEET17 expression in roots mainly occurs in the vas-
culature and that this expression is particularly strong at
locations where LRs emerge from the PR (Figure 3G).
Already before LR formation was obvious, the GUS activity
driven by the SWEET17 promotor allowed identification of
the positions where these secondary root structures emerge
(Figure 3G). GUS staining was visible after �6–10 h of incu-
bation of the freshly harvested plants in GUS staining solu-
tion in the early phase of LR formation while at later stages
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staining was mainly present at the LR tip (Figure 3G;
Supplemental Figure S2). GUS-staining in cross sections of
the differentiation zone of LRs confirmed the observed GFP
fluorescence in the vasculature (Supplemental Figure S2).

It is worth to mention that the SWEET17 gene expression
in the root vasculature observed here (Figure 3) extents ear-
lier observations using a 2,700 bp long SWEET17-promotor
fragment fused to GUS in which GUS staining was detected
already after 2 h of staining in cortex cells (Guo et al., 2014).
Such pattern could be confirmed for the closely related
SWEET16 (Guo et al., 2014), which exhibited GUS staining
mainly found in the root cortex and not in the vasculature
(Supplemental Figure S2). The cell type-specific expression
pattern SWEET17 recorded by the GFP and GUS reporters
overlapped with cell-specific microarray data where expres-
sion of SWEET17 was strongest the vasculature of roots and
comparably weaker in the cortex cells (Brady et al., 2007;
Winter et al., 2007; Cartwright et al., 2009; Supplemental
Figure S3).

The SWEET17 gene is drought-induced
One of the main functions of roots is the supply of the
plant with water and the root system exhibits an impressive
ability to alter its architecture in response to drought
(Comas et al., 2013; Koevoets et al., 2016). To check for a
putative function of SWEET17 activity in this process we
grew Arabidopsis in a hydroponic system and applied
drought stress by the addition of polyethylene glycol (PEG)
8000, to reach an osmotic potential of –0.5 MPa. After the
first 6 h of drought, SWEET17 expression dropped to �25%
of the control value at the beginning of the experiment
(Figure 4A). However, within the next 6 h a rapid increase of
the corresponding mRNA was obvious, reaching 3 times the
value present at 0 h drought stress (Figure 4). This high

SWEET17 mRNA level lasted for another 12 h and main-
tained high, leading to �200% of the 0 h value after 36 h of
drought (Figure 4A). The drought-induction of SWEET17
was also visible by GUS staining of LRs of corresponding
ProSWEET17-GUS plants grown under control or –0.5 MPa
conditions (Supplemental Figure S2). To check for a possible
functional redundancy of SWEET16 and SWEET17 during
drought we analyzed the ProSWEET16-GUS (Guo et al.,
2014) and ProSWEET17-GUS plants at control and drought
conditions. These analyses revealed that SWEET16 and
SWEET17 expression patterns did not overlap (Supplemental
Figure S2). While GUS staining of our ProSWEET17-GUS line
was strongest in the vasculature of the roots, the
ProSWEET16-GUS lines showed GUS staining mainly in the
cortex. The contrasting expression patterns were even more
pronounced in plants exposed to drought stress. While roots
of drought-exposed ProSWEET17-GUS plants displayed stron-
ger staining in comparison to ProSWEET17-GUS plants
grown at control conditions, such effect was not observed
for ProSWEET16 plants (Supplemental Figure S2). While
SWEET17 expression was clearly induced by the applied
drought conditions in the hydroponic medium (Figure 4A),
this was not the case for SWEET16. In fact, SWEET16 expres-
sion was rather downregulated during drought 3 h after ap-
plication of the stress and stayed low for another 24 h, a
time when SWEET17 expression levels were already greatly
induced (Figure 4; Supplemental Figure S4).

SWEET17 loss-of-function mutants exhibit de-
creased tolerance against drought stress and in-
creased drought-dependent fructose accumulation
To check for an effect of missing SWEET17 activity on plant
performance under drought we grew WT and sweet17-1
mutants for 3 weeks in the hydroponic culture medium and

Figure 2 Relative root growth on fructose. Seven-day-old Arabidopsis seedlings were grown on 1/2MS without sugar (MS-) and with 2% fructose,
respectively. The inhibitory effect of fructose on the mutants sweet17-1 (B) and sweet17-2 (C) was analyzed and compared with the Col-0 WT (A).
D, Boxplots showing relative root length of fructose-grown Arabidopsis seedlings (Col-0 n = 32, sweet17-1 n = 18, and sweet17-2 n = 19) based on
root growth on MS-. Quantification of root length after 7 d. Center lines within boxes show the medians; box limits indicate the 25th and 75th
percentiles; whiskers extend 1.5 times the IQR from the 25th and 75th percentiles. Asterisks indicate significant differences from Col-0 according
to one-way ANOVA followed by Dunnet’s post-hoc test. P-values: ***P5 0.001. Bars are 1 mm.
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induced drought by the addition of PEG8000 (–0.5 MPa).
We applied the stress stimulus for up to 5 d and quantified
shoot and root dry mass from a representative number of
plants in 24 h intervals. At the beginning of the experiment,
WT plants exhibited an average shoot dry weight of 16 mg/
plant (Figure 4B). Right after onset of drought, WTs arrested
shoot growth, as the dry weight did not increase until the
second day after exposure to drought (Figure 4B). From
there, WT plants restarted growth gaining �10% of shoot

biomass daily (Figure 4B). sweet17-1 plants exhibited only
70% of the WT shoot dry weight at the beginning of the ex-
periment, namely �11 mg/plant (Figure 4B). Similar to WTs
net dry weight accumulation stopped during the first 2 d af-
ter onset of drought and restarted within the next 3 d.
However, the relative shoot biomass gain was only �6% per
day and therefore less than in WT (Figure 4B).

After cessation of root growth for 1 d after transfer to
drought conditions, WT root biomass increased markedly at a
rate of �45% or 1.6 mg per plant and day. In contrast to WT,
roots from sweet17-1 mutant gained only �25% of their root
mass at the start of the experiment or 0.5 mg per plant and
day during drought (Figure 4C). The differential shoot and
root biomasses accumulation kinetics of WT and sweet17-1
mutant plants during drought resulted also in altered root to
shoot ratios of the two plant lines. While root to shoot ratio
of WT increased 2.5-fold during the 5 d of drought, this ratio
increased only 1.8-fold in sweet17-1 plants (Figure 4D).

It is known that leaves from sweet17 loss-off-function
plants contain high levels of fructose (Chardon et al., 2013).
However, so far it is unknown whether the same holds true
for roots. A corresponding analysis is, moreover, of interest
since fructose exhibited effects on root architecture
(Figure 1) and modified expression of genes required for
drought-induced root differentiation (Figure 1, E–I).

In general, the onset of drought caused a marked increase
of the contents of glucose, fructose, and sucrose in roots of
both WT and sweet17-1 mutants (Figure 4E). At the begin-
ning of the experiment, the levels of glucose and fructose in
roots from WT and sweet17-1 plants were comparable, and
amounted to �5mmoles glucose/g FW and �2mmoles fruc-
tose/g FW (Figure 4E). The sucrose contents of roots were at
the beginning of the experiment extremely low in both geno-
types and did not exceed 0.1mmoles/g FW (Figure 4E).
Interestingly, the glucose levels in sweet17-1 mutant roots and
WT roots changed with marked similarity, while fructose lev-
els in sweet17-1 roots were, after onset of drought, nearly al-
ways substantially higher when compared to WT levels
(Figure 4D). Quantification of sucrose showed that sweet17-1
roots exhibited (with the exception at Day 2) always less of
this type of sugar when compared to WT (Figure 4E).

sweet17 loss-of-function mutants exhibit impaired
root development under control and drought
conditions
Given that fructose induce specific effects on the root archi-
tecture (Figure 1, A–D) and that sweet17 mutants exhibit
blockage of fructose export from the vacuole (Chardon et
al., 2013), we were interested to analyze whether alterations
in cellular fructose compartmentation cause changes in root
morphology. Thus, to study root architecture for longer
times we grew all Arabidopsis lines in hydroponic culture
medium. After 18 d of growth, both sweet17 mutants exhib-
ited decreased PR length of �90% of the length of WT PRs
(Figures 5, A and C). LRs from sweet17-1 and sweet17-2
plants reached 1.7 cm on average, representing about two-

Figure 3 ProSWEET17: HF-RPL18-GFP seedlings were grown for 7 d in
1/2 MS medium. A–F, Confocal images of different stages of LR devel-
opment. In (A–C), pictures are single confocal optical sections plane
and in (D–F), pictures are maximum intensity images from stacks of
confocal optical sections. The calcofluor and GFP fluorescence are
color-coded in magenta and green respectively. Co, cortex; Ep, epider-
mis; En, endodermis; QC, quiescent center and surrounding cells; Pe,
pericycle; Vasc, vascular system. Scale bars represent 10 mm. Asterisks
marks GFP fluorescence in cells adjacent to the pericycle layer (A), in
cells in close vicinity to LRP (B and C), and in the cortex (C, Co). G,
Histochemical localization of ProSWEET17-GUS activity during LR for-
mation at different developmental stages detected from a root of sin-
gle plant. ProSWEET17-GUS seedlings were grown for 14 d in MS
medium followed by staining for GUS activity. Bars are 40 mm.
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third of the LR length of WTs (Figures 5, A and D). Similar
to the difference in the average LR lengths, both sweet17
mutant lines showed a lower number of LRs when com-
pared to WT plants (Figure 5, A and E). Latter plants

produced in average 23 LRs per plant, while sweet17-1 and
sweet17-2 plants generated only �20 and 18 LRs per PR, re-
spectively (Figure 5E). When grown under drought, induced
by the addition of PEG8000 leading to an osmotic potential

Figure 4 Drought-induced expression of SWEET17 and response of sweet17-1 mutant plants to short-term drought stress. Plants were grown on
hydroponic medium for 3 weeks and then seedlings exposed to drought stress produced by PEG8000 (Ws = –0.5 MPa). Samples were harvested at
different time points after applying drought and used for RNA extraction, biomass, and sugar measurement. A, relative expression of SWEET17.
Bars represent means from n = 3 biological replicates ± SE. Different letters above bars denote significant differences according to one-way
ANOVA with post-hoc Duncan testing (P5 0.05). B–D, Development of shoot (B), root (C), and root:shoot (D) biomass of WT and sweet17-1 mu-
tant plants in response to short-term drought stress. Data points are means from n = five biological replicates ± SE (one-way ANOVA/Duncan
P5 0.05). E, Root sugar content of WT and sweet17-1 mutant plants grown under drought stress produced by PEG8000 (Ws = –0.5 MPa). Results
are shown as representative of five independent plants. Bars are means from n = five biological replicates ± SE (one-way ANOVA/Duncan
P5 0.05) and asterisks indicate significant differences from the WT.
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of -0.5 MPa, the development of WT and sweet17 mutant
roots was impaired. WT plants produced in average �8.5
LRs per plant, while sweet17-1 and sweet17-2 mutants both
produced �4.5 LRs per plant (Figure 5, B and E). In compar-
ison, drought reduced the emergence of LRs in WTs about
three-fold, while LR formation in sweet17-1 and sweet17-2
mutant lines was reduced four- and three-fold, respectively
(Figure 5E).

Given, that both sweet17 mutants show impaired LR for-
mation and reduced LR length, it was interesting to check
for altered expression of genes critical for LR emergence and
growth (Péret et al., 2009; Bellini et al., 2014). To this end,
we quantified via reverse transcription quantitative (RT-
qPCR) mRNAs encoded by the genes LBD16, LBD29, ARF7,
and ARF19. It turned out, that in both sweet17 loss-of-
function lines the levels of the LBD16, LBD29, ARF7, and
ARF19 mRNAs were significantly lower when compared to
corresponding levels in roots from WTs plants under control
conditions (Supplemental Figure S5).

On soil, sweet17 mutants show impaired drought
tolerance properties
To check for an effect of loss of SWEET17 on long-term
drought effects on soil substrate, WT and sweet17 mutants
were grown together for 1 week under well-watered control
conditions and then drought, indicated by 60% or 40% wa-
ter field capacities (FCs).

Under well-watered conditions (100% FC), WT and both
sweet17 mutant lines grew with the same efficiency
(Figure 6A) reaching a shoot biomass of �1.5 g per plant af-
ter 5 weeks (Figure 6B). Interestingly, both sweet17 mutant
lines exhibited significantly greater problems to cope with
the onset of drought, when compared to WT (Figure 6).
After 5 weeks of growth at 60% FC shoot biomass of both,
sweet17-1- and sweet17-2 mutant plants was 25%–30% lower
in comparison to WT plants (Figure 6C). At 40% FC, WT
plants decreased their shoot biomass even further and
reached only about one-tenth of the fresh weight gained at
100% FC. The drought-dependent reduction of shoot

Figure 5 Root phenotypes of WT and sweet17 mutant lines exposed to drought stress. A and B, Three-week-old plants grown in hydroponic me-
dia. One week after germination, growth media were exchanged with the experimental solution without (A) and with PEG8000 to produce –
0.5 MPa osmotic potential mimicking drought (B). C–E, Quantification of root parameters. PR length (C), average LR length (D), and average lat-
eral root number (E) were calculated. Bars show means of 10 independent plants ± SE. Asterisks indicate significant differences from the WT
according to one-way ANOVA and Duncan test (P5 0.05).
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biomass was again more drastic in both sweet17-1- and
sweet17-2 mutant plants reaching a net biomass of �70% of
that of the WT value after three and of �80%–70% after
4 weeks of growth, respectively (Figure 6D). We always

observed that the drought-dependent differences between
WT and sweet17 mutants became weaker with prolonged
duration of the drought stress. Together these results
showed that drought reduced growth of sweet17 mutants to

Figure 6 Arabidopsis WT and sweet17 mutant growth in response to 3 weeks of drought stress. plant phenotype (A), shoot fresh weight of plants
under well watered (B), moderate (C), and severe (D) drought conditions. Seeds were germinated on soil and 7-d-old seedlings were transferred to
moderate drought conditions produced by 60% of soil FC, considered in two independent groups. In order to prevent high osmotic shock to
young seedlings, the 40% FC (severe drought) was applied on the second group of plants that have been already grown under 60% FC for 1 week.
Samples were harvested per week after applying drought. Results are means of five independent replicates. Error bars represent SE. Asterisks de-
note significant differences from WT according to one-way ANOVA with post-hoc Duncan test, P5 0.05).
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a stronger degree than WT plants and indicated that impair-
ments of SWEET17-dependent root formation corresponded
with reduced drought tolerance of sweet17 mutants.

Discussion
In many reports, it was shown that controlled intracellular
sugar compartmentation is critical for plant development
and yield, as well as for tolerance against biotic or abiotic
stresses (Linke et al., 2002; Klotke et al., 2004; Bogdanovic et
al., 2008; Jung et al., 2015; Chen et al., 2015a, 2015b;
Pommerrenig et al., 2018; Keller et al., 2021). It seems, that
one major reason for this multi-faceted impact of intracellu-
lar sugar compartmentation is the marked signaling function
of different types of sugars (Rosa et al., 2009; Cho and Yoo,
2011; Granot et al., 2013) which governs gene expression—
and by this—nearly all plant properties. Moreover, in con-
trast to other signaling molecules typically present at low
abundance, sugars deliver in addition energy and metabolic
precursors for numerous biosynthetic pathways. Only the
presence of latter both factors allow stimulation of metabo-
lism and simultaneous formation of novel cellular structures,
required to induce developmental changes, and to build up
stress tolerance (Keller et al., 2021).

It is known that sugar availability stimulates root develop-
ment (Takahashi et al., 2003). In line with this observation
we demonstrated that all three sugars analyzed, namely fruc-
tose, glucose, and sucrose stimulate the formation of LR
with fructose being the most efficient stimulator of LR
length growth (Figure 1, A and D). Latter result, received
our further attention because Arabidopsis mutants lacking
the tonoplast located sugar transporter SWEET17 exhibited
a specific trapping of fructose in the vacuole of leaf meso-
phyll cells (Chardon et al., 2013; Guo et al., 2014), which led
us speculate that SWEET17 activity might affect LR forma-
tion. This speculation gained further support by our obser-
vation that the SWEET17 gene is markedly expressed in the
central root vasculature (Figure 3) and that mutants lacking
a functional SWEET17 protein exhibit altered root growth
(Figures 2 and 5).

The finding that the SWEET17 gene is expressed in the
root vasculature (Figure 3) extends a previous report dem-
onstrating SWEET17 gene expression in root cortex cells
(Guo et al., 2014). One reason for our contrasting observa-
tion might be the use of different promotor constructs. For
both, the ProSWEET17-GUS (Chardon et al., 2013) and the
ProSWEET17-HF-RPL18-GFP construct we used a SWEET17
promotor element of �2,000 bp in length, while the
ProSWEET17-GUS construct used in the previous study con-
tained a promotor length of �2,700 bp (Guo et al., 2014).
Latter promotor sequence might overlap with and contain
regulatory elements of the promoter of the adjacent
At4g15930 gene, coding for a dynein light-chain type protein,
which locates 3,000 bp distantly on the complementary
strand. It is possible that regulatory elements within this re-
gion might drive the expression of SWEET17 in the cortex,
which was absent from the Promotor-GUS lines used in our

study. In addition, promotor activity is not only dependent
on the exact promotor structure but largely on environmen-
tal factors like for example, light intensity and day length. In
this context, it has to be mentioned, that one major differ-
ence between the expression experiments done by (Guo et
al., 2014) and presented here is that we studied gene expres-
sion patterns on plants grown under short day, while Guo
et al. (2014) analyzed gene expression on plants grown un-
der long-day growth conditions. These two factors, different
promotor lengths, and light regimes might contribute to the
observed differences in the tissue-specific expression of
SWEET17.

The vacuolar membrane, named tonoplast, harbors several
different sugar transporters mediating import and export of
various types of sugars (Hedrich et al., 2015). In contrast to
all other tonoplast located sugar transporters analyzed,
solely SWEET17 transports only one type of sugar, namely
fructose (Chardon et al., 2013; Guo et al., 2014). The meta-
bolic origin of vacuolar fructose is not fully resolved al-
though a recent study indicates that a high vacuolar
invertase activity leads to a release of fructose by sucrose hy-
drolysis (Vu et al., 2020). In any case, the observation that
roots from sweet17 mutants accumulate fructose, but not
glucose or sucrose (especially when exposed to drought
stress, Figure 4E) fully concurs with similar observations
made on sweet17 leaves (Chardon et al., 2013) and indicates
that SWEET17 provides this type of sugar to the cytosol of
corresponding cells.

The stimulatory effect of fructose on LR formation
(Figure 1) goes well along with a fructose concentration-
dependent increase of ARF7 and ARF19, as well as LBD16,
LBD18, and LBD29 mRNAs (Figure 1, C–I). ARF7 and ARF19
have been identified as two auxin response factors acting
downstream of the initial hormone signaling and both pro-
teins are required for cell cycle activation and proper cell
patterning during LR initiation (Péret et al., 2009; Bellini et
al., 2014). LBD16 and LBD18, as members of the LBD tran-
scription factor family, are also critical for LR formation and
their corresponding genes exhibit a marked expression dur-
ing early initiation of LR (Lee et al., 2015, 2019), while the
presence of LBD29 is required to allow LRP to breach
through the root endodermis (Porco et al., 2016). Thus, the
presence of fructose induces exactly the genes required for
initiation of LR formation.

LR formation starts at a few pairs of so-called pericycle
founder cells—located near the xylem pole—conducting cell
division in anticlinal and asymmetric manner (Lavenus et al.,
2013). It is known that local changes of the auxin tissue con-
centrations are required to pericycle founder cells to initiate
this specific division pattern leading to an LRP (Jones and
Ljung, 2012). Interestingly, various sugars like sucrose, glucose,
and fructose induce auxin accumulation via two mechanisms,
namely the induction of the expression of corresponding bio-
synthesis enzymes and stimulated expression of auxin trans-
porter genes (Mishra et al., 2009; LeClere et al., 2010). Thus,
for following reasons it seems feasible that the activity of

SWEET17 is involved in drought tolerance PLANT PHYSIOLOGY 2021: 187; 2716–2730 | 2725



SWEET17 is involved in LR formation: (1) the expression of
the SWEET17 gene is particularly high in the differentiating
proto and metaxylem cells that are in closest proximity to
the pericycle founder cells (Figure 3). (2) mutants lacking a
functional SWEET17 protein show decreased numbers of
emerging LRs and impaired LR length (Figure 5). (3) roots
from sweet17 mutants exhibit decreased levels of LBD16,
LBD29, ARF7, and ARF19 mRNAs, known to encode proteins
with critical relevance for LR formation (Péret et al., 2009;
Bellini et al., 2014; Porco et al., 2016). (4) sweet17 roots con-
tain higher fructose levels when compared to WTs (Figure 4),
pointing to a vacuolar trapping of this sugar which acts as an
inducer of LBD16, LBD29, ARF7, and ARF19 gene expression
(Figure 1, E–I).

During adaptation to drought conditions the root archi-
tecture of vascular plants becomes strongly modified to
maintain extraction of water from the soil (Comas et al.,
2013). The observation that the expression of the SWEET17
gene is induced by drought already after 12 h after onset of
stress (Figure 4A) indicates an involvement of SWEET17 in
corresponding changes of the root architecture. In fact, since
sweet17 plants show an aberrant root architecture when
compared to WT under both, control and drought condi-
tions (Figures 2 and 5) it was not surprising to see that
these mutants exhibit significantly impaired ability to toler-
ate decreased FCs in the soil or decreased water potentials
in hydroponics (Figures 4–6).

Generally, after onset of drought Arabidopsis roots start
to decrease the number and size of the LR (Deak and
Malamy, 2005; Xiong et al., 2006; Koevoets et al., 2016). This
dynamic response allows plants to direct the flux of carbon
from LR growth to PR growth leading to exploration of
deeper horizons in soil. In fact, there are studies on different
species indicating both, that a reduced number of LRs leads
to increased drought tolerance and that the drought in-
duced signal—causing decreased LR numbers and reduced
LR length—is at least partially caused by increased abscisic
acid (ABA; De Smet et al., 2003; Xiong et al., 2006; Zhan et
al., 2015). The relative drought-induced decrease of LR for-
mation was stronger in sweet17 mutants when compared to
WT plants (2.7-fold decrease in WT against 4.6-fold decrease
in sweet17; Figure 5).

Therefore, we conclude that SWEET17 activity in the xy-
lem parenchyma is required to create a signal keeping LR
formation and LR growth active. By this, Arabidopsis can
balance the drought ABA-induced signal to tune down LR
formation and LR growth, with a reciprocal positive molecu-
lar stimulus. Obviously, to gain maximal drought tolerance
two antagonistic signals have to be merged. One signal pro-
vokes a decrease of the LR number and length, while the
other signal—partly influenced by SWEET17 activitystabilizes
LR formation and increased LR length to a certain optimal
extend.

Interestingly, our observation that plants with impaired LR
formation and LR growth are in fact less tolerant to drought
is fully in line with observation on Arabidopsis mutants

exhibiting enhanced drought tolerance. Latter plants exhibit
a markedly increased root system with more LRs (Yu et al.,
2008), supporting our notion that counteracting the down-
tuning of LR formation and LR development is important to
achieve a maximal drought tolerance. In summary, SWEET17
activity in the xylem parenchyma seems to be part of this
fine-tuning machinery required to withstand this challenging
abitotic stress stimulus.

Materials and methods

Plant and growth conditions
WT and transgenic Arabidopsis (Arabidopsis thaliana) plants
were grown under different growth conditions based on the
experimental design and purpose. For soil experiments, seeds
were sown in pots containing standard soil (ED-73;
Einheitserde Patzer; Sinntal-Altengronau, Germany), stratified
at 4�C for 48 h and then grown under short-day conditions
(10-h light, 14-h dark) at 125mmol quanta m–2 s–1 light in-
tensity and 21�C. For hydroponic culture, seeds were germi-
nated on detached and punctated lids from Eppendorf cups
filled with germination medium agar (Conn et al., 2013). By
this, roots of developing plants were allowed to grow
through the lids into germination medium. After 1 week, the
germination media as replaced gradually with basal nutrient
solution (BNS; Conn et al., 2013). The hydroponic medium
(BNS) was replaced periodically each week in order to keep
nutrient concentration and pH relatively constant. For
growth on agar plates, 1/2 MS medium was used for experi-
ments with PEG and sugar treatments. For this purpose,
seeds were surface-sterilized in 70% ethanol followed by so-
dium hypochloride and stratified in the dark for 48 h at 4�C
for stratification. The MS medium contained 1/2 MS salts,
0.05% (w/v) MES, 0.5% (w/v) sucrose, and 0.8% (w/v) agar
(adjusted to pH 5.7 with KOH). To analyze primary and LR
length, ImageJ version 1.46 software was used. For RNA and
sugar extractions, plant tissues were harvested and frozen
immediately in liquid nitrogen. All samples were kept at –
80�C until analysis.

Analysis of carbohydrates
Sugar quantification was performed by coupled enzymic test
(spectrophotometric analysis) as described previously (Quick
et al., 1989).

Drought stress
To investigate the effects of drought stress on plant perfor-
mance, water stress was applied to soil, hydroponic, and
agar plate cultures based on different methods. To apply
drought stress in hydroponic condition, 4 week-old plants
were exposed to –0.5 MPa osmotic potential produced by
PEG 8000 (Michel, 1983). PEG-infused plates were used to
create low water potential treatment (Verslues et al., 2005).

For soil experiments, plants were exposed to drought con-
ditions based on soil FC (Bouzid et al., 2019). Plants were
kept at the determined water content on soil (control, 70%,
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50%, and 40% FC) by a 48 h interval of irrigation until har-
vesting. Seeds of WTs and mutant lines were germinated on
standard soil (ED-73; Einheitserde Patzer; Sinntal-
Altengronau, Germany) and plants were grown for 1 week
prior to transfer to soil with 60% moisture/FC as compared
to the well-watered soil (100%). To prevent osmotic shock,
seedlings were not directly transferred from 100% to 40%
FC. Instead, 2 week-old seedlings which were grown for
1 week at 100% and 1 week at 60% FC, were not watered
until 40% moisture in the soil was reached. Afterwards, the
level of soil moisture was kept constant by monitoring pot
weight (with a precision balance and an accuracy of 0.01 g)
in 48 h intervals (Xt). To calculate the FC of the soil, three
pots were filled with the corresponding soil, followed by dry-
ing in an oven for 4 d at 60�C to determine the weight of
dry soil (X0) in each pot. Consequently, three further pots
were filled with the same amount of soil as described for
drying followed by watering the soil until water saturation
(Xf). Subsequent to this, pots were transferred to the growth
chamber. After 48 h, pots were weighted again (Xt). The per-
centage for FC of the soil was calculated using the following
formula; [(Xt-X0)/(Xf-X0)] � 100 (Bouzid et al., 2019).

RT-qPCR
Total mRNA was isolated from roots of plants grown
either hydroponically or in 1/2 MS agar plates. The
NucleoSpin RNA Plant Kit (Macherey-Nagel, Düren,
Germany) was used to extract total RNA and iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA) was used for
synthesis of cDNA. RT-qPCR was performed according to
Wormit et al. (2006). The sequence of primers used for
quantification of transcripts levels of SWEET17, ARF19,
ARF7, LBD16, LBD18, and LBD29 are documented as
Supplemental Table S1. For transcript normalization, PP2A
(AT1G13320) and SAND1 (AT2G28390) were used as refer-
ence genes (Czechowski et al., 2005).

Histological localization of SWEET17
The tissue localization of ProSWEET17-GUS was analyzed
by histochemical analysis of transgenic plants expressing
SWEET17 combined with GUS reporter gene. Transgenic
plant tissues were stained with X-Gluc-containing solu-
tion according to Chardon et al. (2013). Tissue localiza-
tion of ProSWEET17-GUS was observed by Nikon
SMZ1111 stereomicroscope combined with a ProgResC3
camera and ProgResCapturePro version 2.8 software
(JENOPTIK, Jena, Germany).

Generation of the pSWEET17-HF-RPL18-GFP
Arabidopsis transgenic line
To generate an entry clone for the SWEET17 promoter
(2,004 bp) a recombination with GatewayVR BP Clonase II
Enzyme Mix (Thermo Fisher Scientific, Waltham, MA, USA;
11789-100, https://www.thermofisher.com) was performed be-
tween pDONR207 vector (Invitrogen Waltham, MA, USA)
and the pKGWFS7 vector carrying the SWEET17 promoter
(Chardon et al., 2013). ProSWEET17 was then introduced

upstream of the HF-RPL18-GFP coding sequence (TMV
omega 50 leader (66bp) fused to an open reading frame that
consists a FLAG epitope fused to the 187 amino acid coding
sequence of RPL18B) by recombination with GatewayVR LR
Clonase II Enzyme Mix (Thermo Fisher Scientific, 11791-100,
https://www.thermofisher.com) between
pDONR207:proSWEET17 and the pGATA:HF-RPL18-GFP bi-
nary vector (Mustroph et al., 2009). Promoter sequence in
the binary vector was verified by sequencing and the binary
vector ProSWEET17:HF-RPL18-GFP was introduced into
Agrobacterium tumefaciens strain C58pMP90 (Koncz and
Schell, 1986) by electroporation. Arabidopsis was then trans-
formed by the floral dip method (Clough and Bent, 1998). Six
independent monoinsertional lines were selected on kanamy-
cin (50 mg/L). They all displayed GFP fluorescence in the root.
The T3 line expressing the strongest GFP signal was further
analyzed.

Confocal imaging
Seedlings were fixed in PFA 4% for 30 min under vacuum
and then for 1 h at 4�C. Incubation in PBS 1� twice 5 min
allows to remove the fixative solution. Roots were then in-
cubated overnight in a solution containing 0.1% calcofluor
(w/v) in Clearsee solution prepared according to Ursache et
al. (2018).

Roots were then mounted in Clearsee solution for obser-
vation under an SP8 confocal microscope (Leica, https://
www.leica-microsystems.com/). Calcofluor and GFP were
detected using laser lines at 405 and 488 nm, respectively.
Intensities of the 405 and 488 nm lasers were set to 2% and
60%, respectively. The gain for both laser lines was 5700.
Calcofluor fluorescence emission was detected at 425–
460 nm, and GFP fluorescence emission was detected at
495–520 nm. Depending on the pictures, a water-corrected
20� or 63� objective was used (HC PL APO CS2 20�/
0.75 Oil/Gly/WATER, HC PL APO CS2 63�/1.20 WATER).
Developing LRs were imaged as stacks of confocal optical
sections and maximum intensity images were produced by
ImageJ software (https://imagej.nih.gov/ij/) for each channel.
Both channels were then merged to obtain the pictures pre-
sented in Figure 3.

Accession numbers
Accession numbers of analyzed genes are listed in
Supplemental Table S1.

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

Supplemental Figure S1. Root growth profiles of WT in
response to fructose treatments.

Supplemental Figure S2. GUS-Staining patterns of
PromotorSWEET16-GUS and PromotorSWEET17-GUS plants
in roots.

Supplemental Figure S3. Expression of SWEET17 in roots
according to single-cell microarray data.
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Supplemental Figure S4. Expression of SWEET16 in plants
exposed to drought stress.

Supplemental Figure S5. Expression profiles of transcrip-
tion factors responsive to LR formation in WT and sweet17
lines exposed to drought stress.

Supplemental Table S1. Primers used for RT-QPCR.
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