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Previous studies have identified that auxins acts upstream of nitric oxide in regulating iron deficiency responses in roots, but the
upstream signaling molecule of auxins remains unknown. In this study, we showed that Fe deficiency increased sucrose (Suc)
level in roots of Arabidopsis (Arabidopsis thaliana). Exogenous application of Suc further stimulated Fe deficiency-induced ferric-
chelate-reductase (FCR) activity and expression of Fe acquisition-related genes FRO2, IRT1, and FIT in roots. The opposite
patterns were observed in the dark treatment. In addition, FCR activity and expression of Fe acquisition-related genes were
higher in the Suc high-accumulating transgenic plant 35S::SUC2 but were lower in the Suc low-accumulating mutant suc2-5
compared with wild-type plants under Fe-deficient conditions. Consequently, Fe deficiency tolerance was enhanced in
35S::SUC2 but was compromised in suc2-5. Exogenous Suc also increased root b-glucuronidase (GUS) activity in auxin-inducible
reporterDR5-GUS transgenic plants under Fe deficiency. However, exogenous Suc failed to increase FCR activity and expression of
Fe acquisition-related genes in the auxin transport-impaired mutants aux1-7 and pin1-1 as well as in the wild-type plants treated
with an auxin transport inhibitor under Fe deficiency. In summary, we found that increased Suc accumulation is required for
regulating Fe deficiency responses in plants, with auxins acting downstream in transmitting the Fe deficiency signal.

Iron (Fe) is an essential micronutrient for living or-
ganisms. Despite the fact that Fe is abundant in soils, its
bioavailability is often limiting for the growth of plants,
especially in calcareous soils, which represent 30%
of arable soils (Guerinot and Yi, 1994). To counteract
lower Fe bioavailability, plants have evolved a range of
responses to increase their capacity for Fe acquisition
from soils. These responses are classified as strategy I in
nongraminaceous monocots and dicots and strategy II
in graminaceous monocots (Romheld and Marschner,

1986). In strategy I plants, Fe deficiency promotes in-
creased reduction-based Fe uptake in roots by stimu-
lating the activity of the plasma membrane ferric
chelated reductase (FCR), which catalyzes the reduc-
tion of ferric iron chelates to Fe2+ (Robinson et al., 1999),
and induces expression of a high-affinity ferrous Fe
transporter (IRT1), which is responsible for trans-
porting the Fe2+ into the root cells (Vert et al., 2002).
Although the above Fe deficiency responses have been
well documented, the signals involved in the regulatory
cascade leading to their activation are not well under-
stood to date. In tomato (Lycopersicon esculentum)
plants, the basic helix-loop-helix (bHLH) transcription
factor FER was identified to be a key component of
root Fe signaling in response to Fe deficiency (Ling
et al., 2002). Subsequently, FIT, a homolog of the tomato
FER protein, was also shown to be essential for the
regulation of Fe deficiency responses in Arabidopsis
(Arabidopsis thaliana) plants (Colangelo and Guerinot,
2004; Jakoby et al., 2004). To function, FIT forms
heterodimerswith one of the four subgroups of Ib bHLH
proteins: bHLH 038, bHLH 039, bHLH 100, and bHLH
101 (Yuan et al., 2008; Wu et al., 2012a; Wang et al., 2013).

In addition to the above transcription factors, we and
others showed that the chemical molecules, auxins and
nitric oxide (NO), both of which accumulate to higher
levels in Fe-deficient plants, are also two general
regulators controlling the initiation of adaptations
to Fe deficiency in Strategy I plants (Graziano and
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Lamattina, 2007; Jin et al., 2009, 2011; Chen et al., 2010b;
Bacaicoa et al., 2011; Wu et al., 2012b). The NO acts
upstream of FIT to trigger Fe deficiency responses
through a mechanism of reducing the proteasomal
degradation of FIT (Meiser et al., 2011), while the ele-
vation of auxin levels is required for the regulation of
increased synthesis of NO under Fe-deficient condi-
tions (Chen et al., 2010b; Jin et al., 2011). Therefore, we
previously suggested an auxin→NO→FIT signaling
cascade in transmitting Fe deficiency information
(Chen et al., 2010b), but the identity of the upstream
signal of auxins remains unknown. Suc might be a
promising candidate, since the amount in roots is
increased by Fe deficiency (Jiménez et al., 2011; Rellán-
Álvarez et al., 2010) and it often functions as an auxin-
like signaling molecule involved in regulating various
physiological processes (León and Sheen, 2003; Rolland
et al., 2006). In addition, numerous studies have shown
that Suc regulates auxin biosynthesis, transport, and
metabolism (Meir et al., 1985, 1989; Leclere et al., 2010;
Lilley et al., 2012). Furthermore, our previous studies
showed that elevated atmospheric carbon dioxide
(CO2), which facilitates increased Suc production, sig-
nificantly enhanced FCR activity and expression of
FER, LeFRO1, and LeIRT1 in roots of Fe-deficient to-
mato plants compared with ambient CO2 (Jin et al.,
2009). From these results, it is reasonable to assume that
Suc may act as an upstream signal of auxins in modu-
lating Fe deficiency responses in Strategy I plants.

In this study, we used Arabidopsis plants as a model
system to investigate the above hypothesis. Our results
revealed that increased Suc accumulation is required
for the regulation of Fe deficiency responses in roots,
with auxins acting downstream in transmitting the Fe
deficiency information.

RESULTS

Suc Level in Roots Increased under Fe Deficiency and
Exogenous Suc Enhanced Fe Deficiency Responses

To study the role of Suc in Fe nutrition in plants, we
first investigated the effect of Fe deficiency on the level
of Suc in roots of Columbia ecotype (Col-0) Arabidopsis
plants. As shown in Figure 1A, 12 h of treatment of Fe
deficiency resulted in a clear increase in Suc levels in
roots. After 12 h of treatment, this increase became
progressively more pronounced. Another two sugars,
Glc and Fru, are also often suggested to be signaling
molecules and may also have an association with
auxins in the regulation of various physiological pro-
cesses in plants (Sairanen et al., 2012; Sheen, 2014; Yuan
et al., 2014). However, the levels of Fru and Glc in roots
were decreased after 48 h and 12 h of Fe deficiency
treatment, respectively (Fig. 1, B and C), which indi-
cated that Fe deficiency increased Suc accumulation in a
relatively specific manner.

We then investigated the possible role of Suc in the
regulation of Fe deficiency responses by studying the
effect of exogenous Suc on root FCR activity. FCR is one

of the most typical responses to Fe-deficient conditions
in plants, and its activity is often used as a biomarker for
Fe deficiency in plants (Chen et al., 2010b; Li et al.,
2013). We found that 2 mM of Suc treatment was suffi-
cient to significantly increase the FCR activity in Fe-
deficient roots (Fig. 2A). A similar result was observed
by using in vivo staining of Fe (II)-ferrozine complex in
agarmedium (Fig. 2C).However, application of Sucwith
concentrations.2mM did not result in a further increase
in FCR activity (Fig. 2A). Since Suc is an osmoticum for
plant cells, we also investigated the effect of another
well-known osmoticum, mannitol, on Fe deficiency-
induced FCR activity. However, neither 4 mM nor 8
mM mannitol resulted in a significant effect on the FCR
activity of roots during Fe deficiency (Supplemental
Fig. S1). The result suggests that the Suc-increased FCR
activity is not associated with an osmotic effect.

Figure 1. Effect of Fe deficiency on sugar concentration in the roots of
Col-0 in Arabidopsis. Five-week-old plants were grown in either com-
plete (+ Fe) or Fe-free (-Fe) nutrient solutions. A, Concentrations of Suc,
Fru (B), and Glc (C) in the roots were analyzed at 8, 12, 24, 48, and 96 h
after each treatment. Data are expressed as mean 6 SD (n = 4). An as-
terisk indicates significant differences between two treatments at each
time point (one-way ANOVA, P , 0.05).

908 Plant Physiol. Vol. 170, 2016

Lin et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.01598/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01598/DC1


Besides being a signaling molecule, Suc also serves as
an energy source in plant metabolism. In addition, it
was proposed that activation of Fe deficiency responses
may necessitate an increased demand for energy to
keep these responses working at the necessary rates
(Espen et al., 2000; Zocchi, 2006). Therefore, a question
arises as to whether the Suc-mediated enhancement of
FCR activity is attributed to an alteration in the sig-
naling process or due to an increase in energy genera-
tion. Accordingly, we also examined the effects of other
carbon metabolites, including Glc, Fru, and malic acid,
on root FCR activity. Glc and Fru are hydrolysis pro-
ducts of Suc, while malic acid is one of the metabolites
of Suc. These three compounds also serve as carbon
resources to provide energy in plants. However, none
of the above compounds was able to noticeably en-
hance the root FCR activity under Fe-deficient condi-
tions (Fig. 2B). The above results indicate that the
enhancement of root FCR activity by exogenous Suc in
Fe-deficient plants is probably attributed to the signal-
ing function of Suc rather than its energy function.
Therefore, we examined the effect of a nonmetabolizable
Suc analog, turanose, on root FCR activity. Treatment
with 2 mM turanose also significantly increased root
FCR activity under Fe deficiency, although this increase
was less pronounced than that of the Suc treatment
(Supplemental Fig. S1), providing evidence that
the signaling function of Suc helps to enhance Fe
deficiency-induced root FCR activity.
The effect of exogenous Suc on the expression of

genes encoding FCR (AtFRO2) and the high-affinity
ferrous Fe transporter (AtIRT1) were also measured.
As shown in Supplemental Fig. S2, the transcript levels
of the above two genes in roots were significantly up-
regulated in the 2 mM Suc treatment under Fe-deficient
conditions. This result, combined with the observation
that exogenous Suc enhances root FCR activity in Fe-

deficient plants, suggests that Fe deficiency responses
may be integratively regulated by Suc.

Decreased Endogenous Suc by Dark Treatment or SUC2
Mutation Repressed Fe Deficiency Responses

Given that exogenous Suc enhances Fe deficiency
responses, it is of interest to test the effect of decreased
endogenous Suc on Fe deficiency responses. Dark
treatment has been widely used to decrease endoge-
nous Suc in studies investigating Suc signaling behav-
iors in plants (Uemura and Steponkus, 2003; Price et al.,
2004; Kozuka et al., 2005; Liu et al., 2005; Karthikeyan
et al., 2007). Here we found that 24 h of dark growth
resulted in a significant Suc decrease in roots of Fe-
deficient plants (Supplemental Fig. S3). Consequently,
following the dark treatment, root FCR activity and
expression ofAtIRT1 andAtFRO2 in Fe-deficient plants
after 24 h of dark growth, were repressed to levels
similar to or even lower than those in Fe-sufficient
plants (Fig. 3). These repressions were partially re-
versed by exogenous Suc application (Fig. 3), which
increased the root Suc level in the dark-grown plants
under Fe deficiency (Supplemental Fig. S3). These re-
sults indicate that an increased level of endogenous Suc
is required for the regulation of Fe deficiency responses.

Previous studies showed that mutation of SUC2, a
gene encoding a phloem-specific Suc transporter that
controls the export of Suc from leaves to roots, results in
a significant decrease in the Suc level in roots (Gottwald
et al., 2000; Lei et al., 2011). Therefore, we also used the
suc2 mutant to examine the effect of a decrease in en-
dogenous Suc on Fe deficiency responses. Consistent
with previous reports, the root Suc levels in T-DNA
insertion mutant suc2-5 were significantly lower than
those in Col-0 plants under both Fe-sufficient and

Figure 2. Effects of carbon metabolites on the activity of root FCR in Col-0 Arabidopsis. The 5-week-old plants were grown in
either complete (+ Fe) or Fe-free (- Fe) nutrient solutions. On day 3, the above nutrient solutions were supplied with or without
various carbon metabolites, and the plants were continuously grown for 24 h. A, Relative root FCR activity of the plants in re-
sponse to varying doses of exogenous Suc. B, Relative FCR activity in roots of the plants in response to various carbonmetabolites.
C, Visualization of FCR activity in roots with ferrozine in the agar medium. The concentrations of carbon metabolites used in
experiments A and B are indicated in the figures. The concentration of Suc used in experiment C is 2 mM. Data are means6 SD

(n = 5). Different letters indicate significant differences among treatments (one-way ANOVA, P , 0.05).
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Fe-deficient conditions (Supplemental Fig. S4). Although
Fe deficiency also significantly up-regulated root FCR
activity and expression of AtIRT1 and AtFRO2 in the
suc2-5 mutant, these Fe deficiency responses were
greatly compromised compared with the Col-0 plants.
Nevertheless, exogenous application of 2 mM Suc to the
suc2-5 mutant increased its root FCR activity and ex-
pression of AtIRT1 and AtFRO2 to levels comparable
with or even more than those in Col-0 plants under Fe
deficiency (Fig. 4, A–C). These results further support
the notion that the elevation of endogenous Suc is re-
quired for the induction of Fe deficiency responses.

Increased Endogenous Suc in 35S::SUC2 Transgenic Plants
Lead to Intensified Fe Deficiency Responses

We then asked whether an increase in endogenous
Suc had a positive effect on Fe deficiency responses in
roots. Therefore, we used 35S::SUC2 transgenic plants
that overexpress the SUC2 gene to address the above
question. A significantly higher accumulation of Suc in
roots was observed in 35S::SUC2 transgenic plants
comparedwith theCol-0 plants under both Fe-sufficient

and Fe-deficient conditions (Supplemental Fig. S5). As a
result, root FCR activity and expression of AtIRT1 and
AtFRO2 in 35S::SUC2 transgenic plants were signifi-
cantly higher than those inCol-0 plants in response to Fe
deficiency (Fig. 5), suggesting that increase in endoge-
nous Suc facilitates the up-regulation of Fe deficiency
responses. Nevertheless, in Fe-sufficient conditions, the
35S::SUC2 transgenic plant did not show higher FCR
activity or increased expression of AtIRT1 and AtFRO2
in roots compared with the Col-0 plants (Fig. 5). These
results provided further evidence that an Fe-deficient
condition of plants is a prerequisite for Suc regulating
the Fe deficiency responses in roots.

Regulation of Fe Deficiency Tolerance by Suc

As already mentioned above, the iron uptake of
strategy I plants primarily depends on the reduction of
ferric iron chelates by FCR and the subsequent acqui-
sition of the resulting Fe2+ into root cells by the IRT1
transporter (Robinson et al., 1999; Vert et al., 2002).
Accordingly, the regulatory role of Suc in up-regulation
of Fe deficiency responses indicates that the increase in

Figure 3. Effects of dark treatment and exogenous Suc application on Fe deficiency responses in roots of Col-0 Arabidopsis. The
5-week-old plants were cultured in either complete (+ Fe) or Fe-free (- Fe) nutrient solutions. On day 3, a part of the plants was
covered using a black box, and the above nutrient solutions were supplied with or without 2 mM Suc and the plants were con-
tinuously grown for 24 h. A, Relative FCR activity. B, Expression of FRO2. C, Expression of IRT1. Gene expressionwas analyzed by
real-time qPCR. Transcript level ofUBQ10was used as an internal control. Data are means6 SD (n = 7). Different letters indicate
significant differences among treatments (one-way ANOVA, P , 0.05).

Figure 4. Comparison of Fe deficiency responses in roots between Col-0 plants and the suc2-5 mutants. The plants were
precultured as described in “Materials andMethods.” Then the 20-d-old plantswere transferred to either complete (+Fe) or Fe-free
(- Fe) agar medium supplied with or without 2 mM Suc for 5 d. A, Relative FCR activity. B, Expression of FRO2. C, Expression of
IRT1. Gene expression was analyzed by real-time qPCR. Transcript level of UBQ10 was used as an internal control. Data are
means6 SD (n= 5-7). Different letters indicate significant differences among treatmentswith in a genotype (one-way ANOVA, P,
0.05). An asterisk shows a significant genotype by treatment interaction (two-way ANOVA, P , 0.05).
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endogenous Suc may also be required for regulating Fe
deficiency tolerance in Arabidopsis plants. We com-
pared chlorosis symptoms of leaves between Col-0
plants and the Suc low-accumulating mutant suc2-5. As
shown in Figure 6A, after 8-d growth in Fe-deficient

medium, the leaves of suc2-5 plants exhibited more
severe chlorosis symptoms than those of the Col-0
plants; consistent with this result, the chlorophyll con-
centration in leaves of the suc2-5 plants was signifi-
cantly lower than that of the Col-0 plants (Fig. 6B). In

Figure 5. Comparison of Fe deficiency responses in roots between Col-0 plants and the 35S::SUC2 transgenic plants. The in-
dicated plants were treated as in Figure 1. A, Relative FCR activity. B, Expression of FRO2. C, Expression of IRT1. Gene expression
was analyzed by real-time qPCR. Transcript level of UBQ10 was used as an internal control. Data are means 6 SD (n = 5-7).
Different letters indicate significant differences between two genotypes with in a treatment (one-way ANOVA, P , 0.05). An
asterisk shows a significant genotype by treatment interaction (two-way ANOVA, P , 0.05).

Figure 6. Fe deficiency tolerance of Col-0
plants and the suc2-5 mutants. The indicated
plants were treated as in Figure 4. A, Photo-
graphs of shoots. B, Chlorophyll concentration
of leaves. C, Fe level of plants.Data aremeans6
SD (n = 5). Different letters indicate significant
differences between two genotypes with in a
treatment (one-way ANOVA, P , 0.05). Aster-
isk and ns indicate that the genotype by treat-
ment interactions are significant and not
significant, respectively (two-way ANOVA,
P , 0.05).
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addition, Fe concentration in suc2-5 plants was also
lower, although not statistically significant, than that
in Col-0 plants under Fe deficiency (Fig. 6C). However,
in Fe-sufficient conditions, the leaf chlorophyll con-
centrations and Fe level were similar between Col-0 and
suc2-5 plants (Fig. 6A). Application of Suc to the Fe-
deficient growth medium increased the Fe concentra-
tion in suc2-5 plants (Fig. 6C). As a result, leaf chlorosis
in Fe-deficient suc2-5 plants was clearly ameliorated by
the Suc application (Fig. 6, A and B). These results in-
dicate that the Fe deficiency tolerance of plants is reg-
ulated by Suc.

We also examined the Fe deficiency tolerance in the
Suc high-accumulating transgenic plant 35S::SUC2.
After 10-d growth in Fe-limited growth conditions
(1 mM), both Col-0 and 35S::SUC2 plants developed
chlorotic symptom in leaves, whereas the symptoms in
the 35S::SUC2 plants were less pronounced than those
in the Col-0 plants (Fig. 7A). This result was confirmed
by the measurement of chlorophyll concentration (Fig.
7B). In accordance with the chlorotic phenotype, the Fe
concentration in shoots and roots was also higher in
35S::SUC2 plants than in Col-0 plants in the Fe-limited
growth condition, although the root Fe concentration
did not show any statistically significant difference
between these two plants (Fig. 7C). However, when the
plants were grown with Fe-sufficient medium, the

chlorophyll concentrations in both Col-0 and 35S::SUC2
plants were higher and were also nearly the same be-
tween the two plants (Fig. 7B). Collectively, the above
results further confirmed that Suc plays an important
role in the regulation of Fe deficiency tolerance in plants.

Suc-Regulating Induction of Fe Deficiency Responses
Required the FIT Protein

Since the bHLH transcription factor FIT is a master
regulator of Fe deficiency responses in Arabidopsis
(Colangelo and Guerinot 2004; Jakoby et al., 2004), it is
important to understand the linkage between Suc and
FIT in regulating Fe deficiency responses. We investi-
gated the role of Suc in regulation of AtFIT expression.
As shown in Supplemental Figure S2C, Fe deficiency
significantly elevated the AtFIT expression in roots of
Col-0 plants compared with plants under Fe-sufficient
conditions, and this elevation was further increased
by the application of 2 mM Suc. In addition, the Fe
deficiency-induced AtFIT expression in roots was also
higher in Suc high-accumulating transgenic plants
35S::SUC2 than in Col-0 plants (Fig. 8A). On the con-
trary, the AtFIT expression in Fe-deficient Col-0 plant
was inhibited by the 24-h dark treatment (Fig. 8B). Fur-
thermore, although Fe deficiency also increased the

Figure 7. Fe deficiency tolerance of Col-0 plants
and the 35S::SUC2 transgenic plants. The 5-week-
old plants were grown in nutrient solutions con-
taining either 50 mM (+Fe) or 1 mM Fe-EDTA for
10 d. A, Photographs of leaves. B, Chlorophyll
concentration of leaves. C, Fe level in roots and
shoots. Data are means 6 SD (n = 5). Different
letters indicate significant differences between
two genotypes with in a treatment (one-way
ANOVA, P , 0.05). An asterisk shows a sig-
nificant genotype by treatment interaction
(two-way ANOVA, P , 0.05).
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AtFIT expression in the Suc low-accumulating mutant
suc2-5, the increase was clearly less than that in Col-0
plants (Fig. 8C). The application of 2 mM Suc to the
dark-grown Col-0 plants and the suc2-5 mutants sig-
nificantly increased the AtFIT expression in their roots
under Fe deficiency (Fig. 8B). These results suggest that
Suc also plays an important role in regulating AtFIT
expression under Fe deficiency. However, under Fe-
sufficient conditions, application of 2 mM Suc had little
effect on the expression of AtFIT expression in roots of
Col-0 plants (Supplemental Fig. S2C).
We then investigated the role of FIT in the process of

Suc regulation of root FCR activity and expression of
AtIRT1 andAtFRO2 under Fe deficiency. The fitmutant
was used to address this issue. In agreement with pre-
vious reports (Séguéla et al., 2008; Maurer et al., 2011),
induction of root FCR activity and expression ofAtIRT1
and AtFRO2 by Fe deficiency were severely compro-
mised in the fit mutant compared with those in Col-0
plants (Fig. 8, D-F). The application of 2 mM Suc failed to
increase root FCR activity and expression of AtIRT1 and
AtFRO2 in the fitmutant under Fe deficiency, whichwas
different from the results observed inCol-0 plants (Fig. 8,
D-F), indicating that the process of Suc regulation of the
Fe deficiency response depends on the FIT function.
Another bHLH transcription factor, POPEYE (PYE),

has been previously characterized as a key regulator in
controlling iron homeostasis in plants (Long et al.,
2010). Therefore, it is interesting to clarifywhether there
is a link between Suc and PYE in the regulation of Fe
deficiency responses. As shown in Supplemental Figure
S6, although Fe deficiency increased the expression of
PYE in roots of Col-0 plants compared with the Fe-
sufficient treatment, this increase was not affected by
the application of Suc. Furthermore, the Suc treatment

significantly enhanced the activity of FCR and the
expression of AtIRT1 and AtFRO2 in the roots of
pye-1 mutants under Fe-deficient conditions, which is
similar to patterns observed inCol-0plants (Supplemental
Fig. S7). Therefore, the Suc-mediated regulation of Fe
deficiency responses is probably independent of PYE.
We also investigated the effect of Suc application on the
expression of three PYE-regulated genes, FRO3, NAS4,
and ZIF1, which are known to encode for proteins in-
volved in metal ion homeostasis (Long et al., 2010). The
expression of these three genes was induced by Fe de-
ficiency, but Suc application did not affect induction
(Supplemental Fig. S6), indicating that the Suc-
conferred tolerance of Fe deficiency may not be re-
lated to PYE.

Suc-Modulated Fe Deficiency Responses Depend on the
Auxin Signaling Process

Studies have shown that Suc positively regulates
auxin accumulation in plants in normal growth condi-
tions (Meir et al., 1985, 1989; LeClere et al., 2010; Lilley
et al., 2012). Auxin-inducible reporter DR5-GUS trans-
genic plants are frequently used to indicate the level of
auxins in plant tissues (Chen et al., 2010a; Song et al.,
2013). We found that the GUS staining in roots was
more intense in Fe-deficient conditions than in Fe-
sufficient conditions, indicating that Fe deficiency in-
creases auxin levels in roots (Supplemental Fig. S8). The
result is consistent with previous reports (Chen et al.,
2010b; Jin et al., 2011). Application of 2 mM Suc further
increased the GUS staining in roots of Fe-deficient
plants. These results suggest that Suc may also have a
positive effect on auxin accumulation in plants under

Figure 8. The role of FIT in exogenous Suc
regulation of Fe deficiency responses in
roots. A, Comparison of FIT expression
between Col-0 plant and the 35S::SUC2
transgenic plants. B, Effects dark treatment
on FIT expression in Col-0 plant. C, Com-
parison of FIT expression between Col-0
plants and the suc2-5mutants. D-F, Effects
of exogenous Suc on FCR activity and the
expression of FRO2 and IRT1 in Col-0
plants and the fit mutants. For the experi-
ments in A-C, the plants were treated as in
Figures 5, 3, and 4, respectively. For the
experiments in D-F, the plants were treated
as in Figure 2C. Gene expression was an-
alyzed by real-time qPCR. Transcript level
ofUBQ10was used as an internal control.
Data are means 6 SD (n = 5-7). Different
letters indicate significant differences
among treatments with in a genotype (one-
way ANOVA, P, 0.05). An asterisk shows
a significant genotype by treatment inter-
action (two-way ANOVA, P , 0.05).
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Fe-deficient growth conditions. Since previous studies
have shown that auxins play a critical role in the reg-
ulation of Fe deficiency responses (Chen et al., 2010b;
Jin et al., 2011; Wu et al., 2012b), it is therefore necessary
to clarify whether auxins have an association with Suc
in the regulation of Fe deficiency responses. As shown
in Figure 9, in the presence of the auxin transport in-
hibitor NPA, the stimulating effect of Suc on root FCR
activity and expression of IRT1, FRO2, and FIT in Fe-
deficient Col-0 plants were completely terminated.
Furthermore, in two auxin transport mutants, aux1-7
and pin1-1, application of 2 mM had little effect on root
FCR activity and expression of AtFRO2, AtIRT1, and
AtFIT under Fe-deficient conditions (Fig. 10). This re-
sult is in contrast with the results from the Col-0 plants
and suggests that the regulation of Fe deficiency re-
sponses by Suc requires the signaling function of
auxins. However, in the Fe-deficient suc2-5 mutant,
application of the auxin analog 1-naphthylacetic acid
could increase the FCR activity (Supplemental Fig. S9).
This effect is similar with the results obtained in Col-0
plants, indicating that the regulation of Fe deficiency
responses by auxins does not depend on Suc. Collec-
tively, we conclude that Suc acts upstream of auxins to
regulate Fe deficiency responses.

DISCUSSION

Identification of regulators to bridge the gap between
the Fe-deficient status and the induction of specific root

responses is crucial if we wish to improve growth of
crops in marginal soils, where Fe deficiency frequently
limits crop growth (Walker and Connolly, 2008).
Therefore, in recent decades, plant nutritionists have
made great efforts to understand the signaling process
in transmitting Fe deficiency information. As already
mentioned, several bHLH proteins and chemical mol-
ecules have been identified to be the components in-
volved in the above process. In this study, we revealed
that Suc is also a regulator involved in the regulation of
Fe deficiency responses in roots, namely that Fe defi-
ciency results in an increase in Suc accumulation in
roots, which consequently up-regulates the FCR activ-
ity and the expression of Fe acquisition-related genes
through an auxin-dependent manner.

Suc is a carbohydrate compound and was originally
recognized as an energy source for metabolism in
plants. However, recently, several studies showed that
Suc also functions as a signaling molecule involved in
regulation of various physiological processes in plants
such as root growth, fruit development and ripening,
and hypocotyl elongation (Kircher and Schopfer, 2012;
Lilley et al., 2012; Jia et al., 2013; Ruan, 2014). In this
study, we found that Fe deficiency-induced root FCR
activity and expression of FRO2 and IRT1 were signif-
icantly further up-regulated by exogenous Suc (Fig. 2;
Supplemental Fig. S2). In addition, elevation of en-
dogenous Suc levels in roots by overexpression of SUC2
also increased the above Fe deficiency responses,
whereas a decrease in endogenous Suc by dark treatment

Figure 9. Effects of exogenous Suc on Fe defi-
ciency responses in roots of Col-0 plant treated
with auxin transport inhibitor. The 5-week-old
plants were cultured in either complete (+ Fe) or
Fe-free (- Fe) nutrient solution with or without
addition of auxin transport inhibitor NPA (5 mM).
On day 3, the above nutrient solutions were sup-
plied with or without 2 mM Suc, and the plants
were continuously grown for 24 h. A, Relative FCR
activity. B-D, Expression of FRO2, IRT1, and FIT.
Gene expression was analyzed by real-time qPCR.
Transcript level of UBQ10 was used as an internal
control. Data are means 6 SD (n = 5-7). Different
letters indicate significant differences among
treatments (one-way ANOVA, P , 0.05).
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or by mutation of SUC2 repressed the Fe deficiency
responses (Fig. 4 and Fig. 5). Rhizosphere acidification
mediated by proton ATPase AHA2 is another impor-
tant Fe deficiency response (Santi and Schmidt, 2009).
Interestingly, exogenous Suc treatment significantly
stimulated the activity of proton ATPase by inducing
the phosphorylation of AHA2 proteins (Niittylä et al.,
2007). Therefore, we conclude that Suc plays a critical
role in the regulation of Fe deficiency responses. Since
Suc is the major sugar that plants assimilate in photo-
synthesis and transport to various nonphotosynthetic
tissues, its accumulation in plant tissues could be af-
fected by stress conditions. Interestingly, several recent
studies have suggested that Suc could also act in reg-
ulation of stress responses of some other nutrients (Liu
et al., 2009). For instance, increased accumulation of Suc
in roots with deficiency of either nitrate or phosphate is
a critical requirement for the adaptation of plants to
these stresses (Hermans et al., 2006; Hammond and
White, 2008). In addition, exogenous Suc not only up-
regulates the expression of genes involved in nitrate
and phosphate uptake in plants but also increases the
uptake of the corresponding nutrients (Lejay et al.,
2003; Karthikeyan et al., 2007). These results, combined
with our present finding, demonstrate that the re-
quirement of Suc in response to nutrient deficiencies to

coordinate the nutrient uptake activity in roots is likely
shared by different nutrients (Lejay et al., 2003; Liu
et al., 2009).

As already mentioned, Suc not only acts as an energy
source in metabolism but also functions as a signaling
molecule (Dasgupta et al., 2014). However, it seems that
the signaling function rather than the energy function
is the mechanism for Suc regulating Fe deficiency re-
sponses, on the basis of the following five findings:
(1) exogenous application of Glc, Fru, and malic acid,
which are downstream metabolites of Suc and could
also serve as carbon resources to provide energy, failed
to have a noticeable increase in root FCR activity under
Fe deficiency; (2) Fe deficiency relatively specifically
increased the Suc level in roots but decreased the levels
of Glc and Fru, which is consistent with the findings of
Rellán-Álvarez et al. (2010) and Jiménez et al. (2011)
in Adesoto (Prunus insititia) and Beta vulgaris plants;
(3) the time-course expression of FIT, FRO2, and IRT1
correlated well with the time-course accumulation of
Suc in roots during Fe-deficient treatment (Fig. 1A;
Supplemental Fig. S10); (4) exogenous Suc application
.2 mM did not result in a further increase in the root
FCR activity of Fe-deficient plants compared with the
2-mM Suc treatment (Fig. 2A); and (5) application of the
nonmetabolizable Suc analog, turanose, also increased
root FCR activity under conditions of Fe deficiency
(Supplemental Fig. S1), although this increase was less
pronounced than that of the Suc treatment, which
most likely owes to the fact that Suc enters plant tissues
more efficiently than turanose via Suc transporters
(Chandran et al., 2003). In fact, Suc-specific signaling
has already been suggested to play a critical role in
various physiological processes (Chiou and Bush, 1998;
Nagaraj et al., 2001; Solfanelli et al., 2006; Tognetti et al,
2013). For instance, it was demonstrated that the starch
synthase was specifically induced by Suc and not by its
downstream metabolites in sweet potato (Wang et al.,
2001). Likewise, sugar-dependent up-regulation of the
anthocyanin and fructan synthesis pathway is Suc
specific, as the efficiency of Glc or Fru on the synthesis
of these compounds is much lower than that of Suc
(Nagaraj et al., 2001; Solfanelli et al., 2006). It is worth
noting that since the disaccharide turanose could
increase the Fe deficiency-induced FCR activity
(Supplemental Fig. S1), other disaccharides that are
structurally similar to Suc may also have a role in the
regulation of Fe deficiency responses. It is necessary to
clarify this assumption in future studies.

The up-regulation of root FCR activity and expres-
sion of FRO2 and IRT1 might be expected to increase
the Fe acquisition of roots, thus strengthening the
plant tolerance to Fe deficiency. The fact that there was
more leaf chlorosis in the Suc low-accumulatingmutant
suc2-5 (Fig. 6A), but less leaf chlorosis in the Suc high-
accumulating transgenic plant 35S::SUC2 than in the
wild-type plant under Fe-limited growth conditions
(Fig. 7A), provided evidence that increases in endoge-
nous Suc in roots facilitates plant tolerance to Fe
deficiency. Nevertheless, although there is a distinct

Figure 10. Effect of exogenous Suc on Fe deficiency responses in roots
of Col-0 plant and the aux1-7 and pin1-1 mutants. The 5-week-old
plantswere grown in Fe-free (- Fe) nutrient solution.On day 3, the above
nutrient solution was supplied with or without 2 mM Suc, and the plants
were continuously grown for 24 h. A, Relative FCR activity. B-D, Ex-
pression of FRO2, IRT1, and FIT. Gene expressionwas analyzed by real-
time qPCR. Transcript level of UBQ10 was used as an internal control.
Data are means 6 SD (n = 5-7). Different letters indicate significant
differences between two treatments with in a genotype (one-way
ANOVA, P , 0.05). An asterisk shows a significant genotype by treat-
ment interaction (two-way ANOVA, P , 0.05).
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difference in Fe deficiency-induced leaf chlorosis
among the above three plants, the Fe levels in these
plants did not differ noticeably. One explanation is that
the Fe level used in this study is very low and can be
quickly depleted from the growth medium. This may
be somewhat similar to the phenomenon observed in
the study of Graziano and Lamattina (2007) where the
increased NO in roots of tomato plants by GSNO (a NO
donor) clearly enhanced both FCR activity and LeFRO1
and LeIRT1 expression and thus alleviated leaf chlorosis
under extremely low Fe conditions (0.1 mM Fe-EDTA)
but did not contribute to a noticeable increase in the Fe
level in plant tissues. However, in our previous study,
also in tomato plants, the increased root NO levels
under elevated CO2 not only enhanced the Fe defi-
ciency responses but also resulted in a clear increase in
Fe levels in plants tissues when the plants were grown
with a hydrous Fe(III)-oxide medium that could con-
tinuously release low levels of soluble Fe for plant
growth (Jin et al., 2009). Therefore, if the above expla-
nation is correct, then the Suc-regulated Fe deficiency
response may also significantly confer a noticeable
improvement in Fe nutrition in plants grown in cal-
careous soils that have low levels of soluble Fe that
could also be continuously released from the Fe (III)-
oxide minerals.

A question arises as to how Suc regulates the Fe
deficiency responses. Thus far, several components
have been proposed to be involved in various Suc sig-
naling processes. For instance, the protein kinase Suc
nonfermenting related kinase-1 (SnRK1) is required for
Suc signal transduction, leading to starch synthesis and
Suc synthase induction in potato (Tiessen et al., 2003);
the REDUCED SUC RESPONSE 1 (RSR1) was identi-
fied as a critical factor for Suc signaling during seed
germination and early seedling development (Funck
et al., 2012); the SUC UNCOUPLED 6 (SUN6) is
involved in the Suc-mediated down-regulation of
photosynthesis genes (Dijkwel et al., 1997); and the
IMPAIRED SUC INDUCTION 4 (ISI4) is required for
Suc-mediated growth inhibition (Laby et al., 2000).
Here, we investigated whether the regulation of Fe
deficiency responses by Suc was associated with the
aforementioned Suc signaling components by using
snrk1.1, snrk1.2, rsr1, sun6, and isi4 mutants. However,
the results showed that in the latter four mutants, FCR
activity and the expression of Fe uptake-related genes
were induced by Fe deficiency and were further en-
hanced by exogenous Suc, similar to the results ob-
served in Col-0 plants (Supplemental Fig. S11). This
indicates that the Suc-mediated regulation of Fe defi-
ciency responses may not be associated with SnRK1.2,
RSR1, SUN6, and ISI4. Interestingly, we found that the
Fe-deficient treatment induced less FCR activity and Fe
uptake-related gene expression in snrk1.1 mutants
compared with those in Col-0 plants. Therefore, it is
possible that SnRK1.1 may be involved in the regula-
tion of Fe deficiency responses. Nevertheless, the effects
of exogenous Suc on the above Fe deficiency responses
in snrk1.1mutants were not significantly different from

those in Col-0 plants, suggesting that the Suc-mediated
regulation of Fe deficiency responses may be indepen-
dent of SnRK1.1.

It is worth noting that the activation of Fe deficiency
responses by Suc requires a low level of Fe to be effec-
tive, because neither the exogenous Suc nor the in-
crease of endogenous Suc by overexpression of SUC2
could affect root FCR activity and expression of FRO2
and IRT1 under Fe-sufficient conditions (Fig. 5;
Supplemental Fig. S2). This regulation manner is simi-
lar to that of auxins and NO, both of which also require
an Fe-deficient status to up-regulate the FCR activity
and expression of FRO2 and IRT1 (Graziano and
Lamattina, 2007; Chen et al., 2010b). In addition, by
measuring the effects of exogenous Suc, darkness
treatment, and modulations of SUC2 expression on the
expression of FIT in roots, we showed that Suc is also
required for the up-regulation of FIT under Fe-deficient
conditions (Fig. 8A-C). Nevertheless, exogenous Suc
had little effect on root FCR activity and expression of
FRO2 and IRT1 in Fe-deficient fit mutants (Fig. 8D-F),
indicating that Suc-mediated enhancement of Fe defi-
ciency responses was FIT dependent. This regulation
pattern is also similar to those of auxins andNO, neither
of which had a stimulation effect on the Fe deficiency
responses in fitmutants (Graziano and Lamattina, 2007;
Chen et al., 2010b). The above two similarities indicate
that Suc, auxins, and NO may have synergistic effects
on the regulation of Fe deficiency responses. As stated
above, several studies have shown that Suc has positive
effects on auxin accumulation. For instance, Suc stim-
ulated the degradation of auxin conjugates, which lead
to an increase in the auxin level (Meir et al., 1985; Meir
et al., 1989); Suc positively regulated the expression of

Figure 11. Schematic model of Suc in the regulation of Fe deficiency
responses.
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auxin biosynthesis gene YUCCA, consequently increas-
ing auxin synthesis (LeClere et al., 2010; Lilley et al.,
2012); Suc also enhanced root-ward auxin transport
(Lilley et al., 2012). Therefore, we intended to demon-
strate a clear association between Suc and auxins in the
regulation of Fe deficiency responses. We found that
exogenous Suc elevated the root auxin level under Fe
deficiency (Supplemental Fig. S8). However, when the
root-ward auxin transport was impaired by pharma-
cologicalmethods ormutation of auxin transport genes,
the exogenous Suc failed to increase FCR activity and
expression of IRT1 and FRO2 in roots under Fe-
deficient conditions (Fig. 9 and Fig. 10). These results
indicate that the process of Suc regulation of Fe defi-
ciency responses depends on the auxin signaling, i.e.
Suc acts upstream of auxins to regulate the Fe defi-
ciency responses.
The question of how the Fe deficiency increases the

Suc level in roots remains open. Theoretically, the level
of Suc in roots should be controlled by Suc translocation
from shoots to roots and by enzymatic reactions re-
sponsible for Suc metabolism in roots. The Suc sym-
porter, SUC2, is necessary for efficient transport of Suc
from mature leaves (source) to sink tissues (roots and
young leaves) in Arabidopsis (Lalonde et al.., 2004).
Interestingly, real-time quantitative PCR (qPCR) anal-
ysis showed that the expression of SUC2 in mature
leaves was continuously induced by Fe deficiency
(Supplemental Fig. S12), indicating that Fe deficiency
may elevate the SUC2-mediated transport of Suc from
mature leaves to sink tissues. This assumption was
supported by the observation that Fe deficiency de-
creased Suc concentration in mature leaves and in-
creased Suc concentration in young leaves and roots
(Supplemental Fig. S1 and Supplemental Fig. S13B). In
addition, we observed that Fe deficiency increased the
intensity of GUS staining in the young leaves and roots
of DR5::GUS transgenic plants (Supplemental Fig. S8
and Supplemental Fig. S13A). These observations are
consistent with the previous finding that Suc facilitates
auxin accumulation (Lilley et al., 2012). Therefore,
we suggested that Fe deficiency increased the SUC2-
mediated transport of Suc frommature leaves to young
leaves and roots, thus resulting in an increase of auxin
levels in roots, which ultimately enhanced the Fe defi-
ciency responses in the epidermis of the root. We also
investigated the effects of Fe deficiency on the activities
of Suc synthase and neutral cytosolic invertase, which
have been reported to play an important role in regu-
lating Suc fluxes in sink tissues (Koch, 2004; Qazi et al.,
2012). However, Fe deficiency had little effect on the
activities of these two enzymes, suggesting that neither
Suc synthase nor neutral cytosolic invertase confer Fe
deficiency-induced Suc accumulation in roots.
In conclusion, although previous studies have iden-

tified an auxin→NO→FIT signaling cascade in trans-
mitting Fe deficiency information (Chen et al., 2010b),
the upstream signal that controls auxins remains un-
known. Our results indicate that Suc acts upstream of
auxins in regulating Fe deficiency responses in a FIT-

dependent manner. By combining the results of this
study and previous studies, we proposed the following
model: Fe deficiency increases Suc in roots, which ele-
vates auxin levels in roots and subsequent induction of
NO accumulation, thereby activating reduction-based
Fe uptake via the FIT-mediated transcriptional regula-
tion of FRO2 and IRT1 (Fig. 11)

MATERIALS AND METHODS

Plant Material

Themutants suc2-5 (SALK_087046), fit, pin1-1 and aux1-7, snrk1.1 (CS86777),
snrk1.2 (SALK_139618C), rsr1, isi4 (CS6147), sun6 (CS8104) and the transgenic
plant lines 35S::SUC2 and DR5::GUS were on the Col-0 background. The
SALK_087046, SALK_139618C, CS86777, CS6147, and CS8104 seeds were
purchased from the Arabidopsis Biological Resource Center (ARBC). The in-
sertion in SALK lines were verified using the primers listed in Supplemental
Table S1. The pin1-1, rsr1, pye-1 and 35S::SUC2 seeds were, respectively, a kind
gift from Dr. Yong Song Zhang (Zhejiang University, China), Dr. Dietmar
Funck (University Konstanz, Germany), Dr. Terri A. Long (NC State Univer-
sity) and Dr. Dong Liu (Tsinghua University, China). The aux1-7 andDR5::GUS
seeds were kindly provided by Dr. Philippe Nacry (Biochimie et Physiologie
Moléculaire des Plantes, France).

Plant Culture

The seeds were germinated on a nylon net that was suspended in a one-half
strength nutrient solution. The nutrient solution had the following composition:
NaH2PO4 750 mM, MgSO4 500 mM, KNO3 3,000 mM, CaCl2 1,000 mM, H3BO3
10 mM, MnSO4 0.5 mM, ZnSO4 0.5 mM, CuSO4 0.1 mM, (NH4)6Mo7O24 0.1 mM,
and Fe-EDTA 50 mM, pH 5.5. On day 7, uniform seedlings were transferred to
sand supplemented with complete nutrient solution. After 10 d, batches of four
seedlings were transplanted into 0.3-L pots filled with complete nutrient so-
lution, which was renewed daily. At 5 weeks, these plants were used in studies
and treated as indicated in the figure legends. For all experiments involving the
supply of carbon metabolites, 50 mg/L ampicillin was added to the nutrient
solution as described by Lejay et al., 2003, and control plants (Col-0) were
transferred to the nutrient solution supplemented with the antibiotic only.

Because the suc2-5 mutants grow poorly in the nutrient solution, all exper-
iments comparing Col-0 and suc2-5 were performed on agar medium. Briefly,
seeds were germinated and grown on agar medium containing 1% Suc. The
composition of nutrients was identical to the above complete nutrient solution.
On day 12, the seedlings were transferred to either complete or Fe-free agar
medium lacking Suc for an additional 8 d to minimize the accumulation of Suc,
which was previously acquired from the agar medium containing Suc. Then,
various treatments were initiated as indicated in the figure legends.

Root FCR Activity Determination

FCR activity was determined according to (Grusak, 1995). Briefly, the
whole excised roots were placed in 5 mL assay solution (pH 5.5) consisting of
0.5 mM CaSO4, 0.1 mM 4-morpho-lineethanesulfonic acid, 0.1 mM ferrozine, and
100 mM Fe-EDTA. Reduction activity was measured by following the changes
in A562. Reduction rates were calculated using an extinction coefficient of
27.9 mm21 cm21. Data were expressed as the means of relative root FCR ac-
tivity, which was calculated as the percentage of FCR activity of different lines
with various treatments to that of thewild typewith sufficient Fe supply, unless
otherwise indicated. Images of FCR activity were taken by embedding the roots
in an agar (0.7%, w/v) medium containing the assay solution (Schmidt et al.,
2000). Photographs were taken after 60 min.

Real-Time Reverse Transcription-PCR Analysis

Total RNA in roots was extracted using RNAisoPlus (Takara, Otsu, Shiga,
Japan). All RNA samples were checked for DNA contamination before cDNA
synthesis. Then, the real-time reverse transcription-PCR analyses were per-
formed as described previously (Jin et al., 2009).
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Quantitative Analysis of Sugar Concentrations

Sugar concentrations were determined according to Guignard et al., 2005.
Briefly, the roots were ground in liquid nitrogen. Sugar was extracted with 80%
(v/v) ethanol twice for 1 h. After centrifugation at 10,000g at 4°C for 10 min, the
supernatant was pooled and dried by vacuum centrifugation at 40°C. Samples
were resuspended in water and filtered through a 0.45-mm-pore size filter prior
to the analysis. Ion chromatography with Pulsed Amperometric Detection
analyses were carried out on a Dionex DX-SC3000 chromatograph (Dionex)
consisting of a Spark Midas auto-sampler, a GP-50 gradient pump, and an ED-
50 electrochemical detector. Two different sets of columns and precolumns
were used for carbohydrate separation. A first set, combining a Carbopac PA10
(4 mm id3 250 mm) and Carbopac PA10 (4 mm id3 50mm; Dionex) was used
for the separation of Suc, Glc, and Fru. Then the elution was performed as
described previously (Guignard et al., 2005).

Fe Level Determination

For Fe determination, roots were desorbed in a 50-mM CaCl2 solution for
30 min and were subsequently rinsed with ultrapure water. The shoots were
directly rinsed with ultrapure water. After that, plant samples were blot-dried
andweighted and then dried at 80°C for 48 h. The sampleswerewet-digested as
described previously (Jin et al., 2009), the digests diluted with ultrapure water,
and the concentration of iron was measured using inductively coupled plasma-
mass spectrometry (Agilent 7500a, Agilent, Santa Clara, CA).

Chlorophyll Quantification and GUS Staining Assay

Chlorophyll of leaves (0.1 g fresh weight) was extracted with 2 mL of
80% (v/v) acetone until complete bleachingwas achieved. The total chlorophyll
concentrationwas quantified by absorbances at 663 nmand 645 nmaccording to
the method described previously (Arnon, 1949).

Histochemical assay ofGUSgene expression in roots ofDR5::GUS transgenic
plants was performed as described in our previous study (Mao et al., 2014), and
the distribution and intensity of the blue product observed under a microscope
(Nikon Eclipse E600, Nikon).

Measurements of Activities of Suc Synthase and
Neutral Invertase

Suc synthase was extracted according to Jiang et al. (2012). Briefly, ap-
proximately 200 mg of fresh roots was ground to a fine powder in liquid N2.
Grinding continued for 5 min in cold extraction buffer (25 mM HEPES–KOH,
pH 7.3, 5 mM EDTA, 1 mM dithiothreitol, 0.1% soluble polyvinylpyrrolidone,
20 mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, and 0.01 mM

leupeptin). The homogenate was separated by centrifugation (10,000g for 5 min
at 4°C), and the supernatant was used as the crude extract for assays. The ac-
tivity of Suc synthase was then assayed according to Ruan et al. (2003).

Neutral invertase was extracted and determined according to Nägele et al.
(2010). Briefly, approximately 100 mg of fresh roots was ground to fine powder
in liquid N2 and then homogenized in 50 mM HEPES-KOH (pH 7.4), 5 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 5 mM

dithiothreitol, 0.1% Triton X-100, and 10% glycerin. Suspensions were centri-
fuged at 6,000 rpm for 25min at 4°C. Neutral invertase activitywasmeasured in
20 mM HEPES-KOH (pH 7.5) using 100 mM Suc as a substrate. Controls for each
assay were boiled for 3 min after the addition of the enzyme extract. Reactions
were incubated for 60 min at 30°C and stopped by boiling for 3 min. The con-
centration of Glc was determined spectrophotometrically.

Statistical Analysis

The data were subjected to ANOVA, and the Duncan’s test was employed to
determine differences among the treatments at P , 0.05 levels.

Accession Numbers

The sequences of genes examined in this study can be found in The
Arabidopsis Information Resource (TAIR) data library under the following
accession numbers: SUC2 (At1g22710), FIT (At2g28160), FRO2 (At1g01580),
IRT1 (At4g19690), PYE (At3g47640), FRO3 (At1g23020), NAS4 (At1g56430),
and ZIF1 (At5g13710).

Supplemental Data
Supplemental Figure S1. Effects of Suc, mannitol, and turanose on the

activity of root FCR in Col-0 Arabidopsis.

Supplemental Figure S2. Effect of exogenous Suc on expression of FRO2
(A), IRT1 (B), and FIT (C) in the roots of Col-0 plants.

Supplemental Figure S3. Effects of dark treatment and exogenous Suc
application on the Suc concentration in roots of Col-0 Arabidopsis plants.

Supplemental Figure S4. Effect of exogenous Suc application on the Suc
concentration in roots of Col-0 plants and the suc2-5 mutants.

Supplemental Figure S5. Effect of Fe deficiency on the Suc concentration
in roots of Col-0 and 35S::SUC2 transgenic plants.

Supplemental Figure S6. Effects of exogenous Suc on expression of PYE,
FRO3, NAS4, and ZIF1 in the roots of Col-0 plants.

Supplemental Figure S7. Effects of Suc on Fe deficiency responses in roots
of Col-0 plants and pye-1 mutants.

Supplemental Figure S8. Effects of Fe deficiency and exogenous Suc ap-
plication on GUS staining in roots of DR5-GUS transgenic plants.

Supplemental Figure S9. Effect of the 1-naphthylacetic acid treatment on
root FCR activity in Col-0 plants and the suc2-5 mutants.

Supplemental Figure S10. Time-course expression of Fe deficiency-
responsive genes in the roots of Col-0 plants.

Supplemental Figure S11. Effects of Suc on Fe deficiency responses in the
roots of Col-0 plants and Suc signaling mutants.

Supplemental Figure S12. Time-course effect of Fe deficiency on AtSUC2
expression in the leaves of Col-0 plants.

Supplemental Figure S13. Effects of Fe deficiency on GUS staining and Suc
concentration in DR5-GUS transgenic plants.

Supplemental Figure S14. Effects of Fe deficiency on the activities of Suc
synthase and neutral invertase in the roots of Col-0 plants

Supplemental Table S1. Primers used in this work.
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