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Abstract

Glycerol metabolism has been well studied biochemically. However, the means by which glycerol functions in plant
development is not well understood. This study aimed to investigate the mechanism underlying the effects of glycerol on
root development in Arabidopsis thaliana. Exogenous glycerol inhibited primary root growth and altered lateral root
development in wild-type plants. These phenotypes appeared concurrently with increased endogenous glycerol-3-
phosphate (G3P) and H,0, contents in seedlings, and decreased phosphate levels in roots. Upon glycerol treatment, G3P
level and root development did not change in glycerol kinase mutant gli7, but G3P level increased in gpdhc1 and fad-gpdh
mutants, which resulted in more severely impaired root development. Overexpression of the FAD-GPDH gene attenuated
the alterations in G3P, phosphate and H,0, levels, leading to increased tolerance to exogenous glycerol, which suggested
that FAD-GPDH plays an important role in modulating this response. Free indole-3-acetic acid (IAA) content increased by
46%, and DR5pro:GUS staining increased in the stele cells of the root meristem under glycerol treatment, suggesting that
glycerol likely alters normal auxin distribution. Decreases in PINT and PIN7 expression, f-glucuronidase (GUS) staining in
plants expressing PIN7pro:GUS and green fluorescent protein (GFP) fluorescence in plants expressing PIN7pro::PIN7-GFP
were observed, indicating that polar auxin transport in the root was downregulated under glycerol treatment. Analyses with
auxin-related mutants showed that TIR1 and ARF7 were involved in regulating root growth under glycerol treatment.
Glycerol-treated plants showed significant reductions in root meristem size and cell number as revealed by CYCBI,1pro:GUS
staining. Furthermore, the expression of CDKA and CYCBT decreased significantly in treated plants compared with control
plants, implying possible alterations in cell cycle progression. Our data demonstrated that glycerol treatment altered
endogenous levels of G3P, phosphate and ROS, affected auxin distribution and cell division in the root meristem, and

eventually resulted in modifications of root development.
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Introduction

Terrestrial plants have evolved effective and intricate mecha-
nisms to survive biotic and abiotic stress in soil. One good example
of such a mechanism is the plasticity of plant root development.
Root development involves cell division and elongation at the root
meristem, lateral root primordium (LRP) initiation and lateral root
(LR) formation. It has been well documented that hormones, such
as auxin, are involved in this highly complex and dynamic process
[1].

Asymmetric auxin distribution, which involves dynamic changes
in the auxin gradient [2], play a crucial role in root development.
Maintaining the correct auxin gradient is necessary for major root
developmental events, such as apical-basal axis formation and LR
development [3-5]. Asymmetric auxin distribution can be
modulated by intercellular polar auxin transport, which is a
specialized delivery system whereby plants transport indole-3-
acetic acid (IAA) from auxin sources in the shoot to sink tissues
such as roots. Polar auxin transport depends on the directional
cellular localization of auxin transport components, such as
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members of the auxin efflux carrier PIN-FROMER (PIN) protein
family [6], the auxin influx carrier AUXI/LIKE-AUXIN
(AUX1/LAX) family [7], and the of ATP-dependent multi-drug
resistance/P-glycoprotein  (MDR/PGP)-type ABC  transporters
family [8]. Environmental and/or genetic interference with auxin
transport can alter root meristem activity, thus affecting root
development [6,9,10].

LRs originate exclusively from the pericycle cell layer, where the
LRP is initiated and emerges from the primary root (PR) [11].
Exogenous application or endogenous overproduction of auxin
induces LR initiation [12]. Mutations in genes involved in auxin
homeostasis, signaling and transport cause defects in the develop-
ment of LRs [5]. TIRI encodes an auxin receptor that interacts
with Aux/IAA transcriptional repressor proteins, such as SLR/
IAA14, and mediates their degradation [13-15]. The degradation
of Aux/IAA repressors allow ARFs, a large class of transcriptional
regulators involved in plant growth responses to auxin (such as
ARF7 and ARF19), to activate the transcription of auxin-
responsive genes [16].
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In addition to plant hormones, other factors such as reactive
oxygen species (ROS) and nutrients are also important in root
development. ROS acts as important second messengers in the
perception of stresses [17-19]. ROS produced by NADPH
oxidase/RHD2 regulate plant root cell elongation [20]. Recent
studies have shown that ROS homeostasis at least partially
regulates root cell proliferation and elongation at the transcrip-
tional level [21]. The levels of nutrients such as nitrogen and
phosphate also affect root development [22—26], for example, low
phosphate availability alters lateral root development in Arabi-
dopsis by modulating auxin sensitivity [19].

Glycerol is a common metabolite. In microorganisms and
mvertebrates, glycerol protects against stress, especially anaero-
bic and osmotic stresses [27-29]. Although high level of glycerol
have been found in a few species, such as Candida glycerolgenesis
and Dunaliella parva [30,31], only trace amounts can be detected
in higher plants [32]. Exogenous glycerol can have dramatic
effects on plant growth [33-35]. For example, the application of
glycerol to barley and spinach leaves affects photosynthetic
carbon assimilation [34]. The addition of 50 mM glycerol to
medium without sucrose imposes sequential physiological and
biochemical effects on sycamore cells, such as a rapid
accumulation of glycerol-3-phosphate (G3P) at the expense of
cytoplasmic phosphate (Pi), inhibition of glucose-6-phosphate
isomerase activity and prevention of triose phosphate recycling
back to hexose phosphate, which resulted in the arrest of
cytosolic and plastidial pentose phosphate pathways [33].
Supplying glycerol stimulated triacylglycerol synthesis in devel-
oping Brassica napus seeds [36]. The application of 50 mM
glycerol resulted in reduced oleic acid content, increased
salicylic acid content and increased Pathogenesis-related (PR-1)
gene expression in wild-type Arabidopsis [37,38]. Glycerol
affects cytoskeletal rearrangements during the induction of
somatic embryogenesis [39] and represses the catabolism of
the major phospholipid phosphatidylcholine while facilitating its
synthesis [40]. The information above suggests that glycerol
may exert several different effects through various pathways.

Glycerol is a precursor of G3P, which is a key metabolite that
carries reducing equivalents from the cytosol to the mitochondria
for oxidative phosphorylation and acts as the backbone of
glycerolipids. Glycerol and G3P metabolism involves several key
enzymes: glycerol kinase, mitochondrial FAD-G3P dehydrogenase
(FAD-GPDH) and NAD"-dependent G3P dehydrogenase
(GPDH) presented in both cytosol and chloroplasts [29,41-43].
Specifically, glycerol kinase phosphorylates glycerol to G3P and
consumes ATP simultaneously. G3P is oxidized to dihydroxyl-
acetone phosphate (DHAP) by FAD-GPDH, which converts FAD
to FADH,. Both of GPDH isoforms regenerates G3P by
consuming DHAP and NADH. The Arabidopsis mutant sdp6
overaccumulates G3P and exhibits seedling developmental arrest
after germination [44]. Disruption of the GPDHcl gene in the
gpdhel mutant results in impaired glycerol metabolism and
increased cellular ROS [45]. The manipulation of G3P content
has been explored as a mechanism for regulating plant metabo-
lism. Heterologous expression of glycerol metabolism-related
genes from yeast and Escherichia coli has been found to increase
G3P and lipid content in Brassica napus seeds and to alter
glycerolipid flux in Arabidopsis leaves, respectively [46,47], but
overexpression of endogenous native GPDH isoforms does not
alter basal G3P or fatty acid levels in Arabidopsis [42,43]. It has
been reported that G3P level is important for basal resistance to
the fungus Colletotrichum higginsianum in Arabidopsis [42] and that
G3P serves as an inducer of systemic acquired resistance at a very
early time point [43]. G3P contributes to systemic acquired
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resistance against stripe rust in wheat [48]. Very recently, it was
showed that normal G3P pool is required for stability of defense
proteins [49]. G3P is also relevant to mitochondrial respiration
through G3P shuttle and plays an important role in modulating
the NADH/NAD" ratio and cellular redox state in plant cells [45].
However, it 1s unclear how these factors affect root system growth
from a cellular and developmental perspective.

This study aimed to investigate the mechanisms underlying the
effects of glycerol on root development in Arabidopsis. Mutant
analysis combined with biochemical assays demonstrated that the
alterations of G3P and ROS levels in seedlings and phosphate
level in roots are associated with root growth modifications under
glycerol treatment. The effects on root architecture were further
linked to altered auxin transport and distribution using auxin
signaling-related mutants and to decreased cell cycle progression
in the root meristem.

Results

Exogenous Glycerol Inhibits Primary Root Length and
Alters Lateral Root Primordium Development

When wild-type Arabidopsis plants were grown on 0.5 xMur-
ashige and Skoog (MS) media containing various concentrations of
glycerol ranging from 0 to 20 mM, the primary root (PR) length of
the plants grown on media containing less than 100 pM glycerol
was not significantly different from the root length on the control
medium (without glycerol); however, the PR length of plants
grown on medium containing 1 mM glycerol was significantly
shorter than the root length on the control medium (Figure S1).
The inhibitory effect of glycerol on PR length was observable at 4
days post-germination (dpg) (Figure 1A). Furthermore, the
inhibition became more significant with longer treatment times
(Figure 1B).

The effect of glycerol treatment on the number of lateral root
primordium (LRP) was also examined at the same time points used
for PR length observations, following the four developmental
stages proposed by Zhang et al. [50]: Stage A includes primordia of
up to three cell layers; Stage B includes unemerged LRs that have
more than three cell layers; Stage C includes emerged LRs
<0.5 mm in length; and Stage D includes LRs longer than
0.5 mm. In the present study, the number of LRP at Stage A per
plant under glycerol treatment was significantly higher than that
under the control treatment at 2 dpg; however, this trend was
reversed at 4-8 dpg (Figure 1C). The numbers of LRP at Stage B
were similar between the treatment and control groups at 24 dpg,
although the number of LRP in the treatment group was
significantly reduced compared with that of the controls at 6-8
dpg (Figure 1C). The number of LRP at Stage C per plant in the
treatment group was significantly increased compared with the
control at 4 dpg but decreased at 6 and 8 dpg. The number of
LRP at Stage D was similar between the control and the treatment
groups at 2-4 dpg; however, glycerol-treated plants had signifi-
cantly more LRP than the control plants at 6-8 dpg (Figure 1C).
When the glycerol treatment was extended, the inhibition of PR
growth was accompanied by an alteration in LRP development.
The number of second-order LRP under glycerol treatment was
increased compared with the control (Table S1). Furthermore,
exogenous glycerol inhibited PR growth and modified LR
development under dark conditions (Figure S2), suggesting that
the effect of glycerol treatment on root development was not
affected by light.
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Figure 1. Exogenous glycerol inhibits Arabidopsis primary root growth and has variable effects on lateral root primordia. Wild-type
seedlings were grown on plates containing 0.5 xMurashige and Skoog (MS) medium with 1 mM glycerol for the indicated number of days. (A) Root
development of seedlings grown on control (left) and 1 mM glycerol media (right) at 2-8 days post germination (dpg). Bar=0.5 cm. (B)
Quantification of the primary root (PR) lengths of the seedlings grown under the conditions described in (A). (C) Quantification of the lateral root
primordia (LRPs) of the seedlings grown under the conditions described in (A). The developmental stage of each LRP was classified according to
Zhang et al. (1999): Stage A, up to three cell layers; Stage B, unemerged LR, but more than three cell layers; Stage C, emerged LR <0.5 mm in length;
Stage D, LR longer than 0.5 mm. The data are presented as the mean * SE (n=10). Asterisks indicate a significant difference at p<<0.05 (*) or p<<0.01

(**) by Student’s t-test.
doi:10.1371/journal.pone.0086269.g001

Glycerol Metabolism-related Genes are Involved in
Modulating Root Growth in Response to Exogenous
Glycerol

To test the hypothesis that the inhibition of root growth in
glycerol-containing media was caused by modified glycerol
catabolism in plants, we examined the root growth of several
mutants defective in glycerol catabolism (gli/, ghdhcl and fad-gpdh)
grown on media containing 0 pM, 250 uM or 1 mM glycerol.
Reverse transcription polymerase chain reaction (RT-PCR)
showed that the expression of the corresponding genes in these
mutants was disrupted (Figure 2A). GLII encodes a glycerol kinase
that catalyzes the conversion of glycerol into G3P, and disruption
of GLII leads to a glycerol-insensitive phenotype [33]. Consistent
with previous observations [33], gli/ plants exhibited no difference
in PR length under normal and glycerol treatment conditions
(Figure 2B and C). The disruption of GPDH(I, which encodes a
protein that catalyzes the conversion of dihydroxyl-acetone
phosphate (DHAP) into G3P [45], had a relatively weak influence
on root growth under normal conditions; however, the effect of
glycerol on the root growth of gpdhcl plants was stronger compared
with its effect on wild-type (WT) plants (Figure 2B and C). FAD-
GPDH is a key enzyme involved in the reaction chain that
converts glycerol to DHAP and is responsible for catalyzing the
conversion of G3P to DHAP [51]. The fad-ghdh mutant is unable
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to survive when seeds are sown directly onto soil; however, it can
survive in soil and grow well when it is germinated on half-strength
MS medium containing sucrose and later transferred into soil after
producing green cotyledons (data not shown). These results agree
with the pervious findings [44]. The mutation in FAD-GPDH
caused severe retardation of root growth, even under normal MS
conditions, and the retarded growth was significantly exacerbated
by 250 uM glycerol (Figure 2B and C). The fad-gpdh plants
eventually lost the ability to germinate at 1 mM glycerol
(Figure 2B).

The numbers of LRP in WT and mutant plants were further
examined. Unlike WT plants, which showed a significant increase
in the number of LRP at Stage D in response to an increase in
glycerol in the media (Figure 2D), the numbers of LRP at each
stage in glil plants were stable under different glycerol concentra-
tions and did not significantly differ from what was observed under
normal conditions (Figure 2D). The gpdhc! mutant showed a
significant decrease in the number of LRP at Stages A and B and
an increase in the number of LRP at Stage D with an increase in
glycerol concentration (Figure 2D). The LRP development of fad-
gpdh plants was completely abolished under glycerol treatment due
to severely retarded PR growth (data not shown).

Given that all the genes discussed above are involved in G3P
homeostasis, the effect of glycerol on root development in the
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Figure 2. Responses of mutants with glycerol metabolism defects to exogenous glycerol. (A) Detection of GL/1, GPDHc1 and FAD-GPDH
transcripts by RT-PCR in wild-type, gli1, gpdhc1 and fad-gpdh seedlings. Total RNA was prepared from 3-day-old seedlings. Actin07 was used as an
internal control. Wild-type and gli1, gpdhc1 and fad-gpdh mutant seedlings were grown for 6 days on vertically oriented agar plates. (B) Seedlings
growing on media containing various concentrations of glycerol (0, 250 uM and 1 mM) are shown. Bar=1 cm. (C) The primary root (PR) lengths of WT
and gli1, gpdhc1 and fad-gpdh mutant seedlings were recorded. (D) Data on the number of lateral root primordia (LRP) per plant were statistically
analyzed. The data are presented as the mean of 30-40 seedlings = SE. Asterisks indicate significant differences between the treatment (250 uM and
1 mM glycerol) and control (0) (*, p<0.05; **, p<0.01) by Student’s t-test.

doi:10.1371/journal.pone.0086269.g002

mutants may be due to altered G3P production. Thus, the above
data strongly suggest that the effects of glycerol on PR length may
have resulted from an imbalance in G3P levels in the plants.

Impaired Root Growth under Glycerol Treatment is
Associated with Increased G3P Accumulation

The production of G3P from glycerol is the first step in glycerol
catabolism in plants. Because glycerol catabolism-related mutants
exhibited different responses to glycerol with respect to root
development, the endogenous G3P level may be altered under
glycerol treatment. To test this hypothesis, we examined the G3P
level in WT plants under glycerol treatment from 1-5 dpg. At 1
dpg, The G3P level of seedlings grown on medium containing
1 mM glycerol was approximately two times higher than that in
seedlings grown on control medium (Figure 3A). Although the
G3P levels of the plants in both treatment and control groups
decreased from 2-5 dpg, the G3P level of plants in the treatment
group was significantly higher than that of the control plants at
each time point (Figure 3A).

The G3P content in seedlings was further analyzed in gli/,
gpdhel and fad-gpdh mutants as well as in WT in the absence or
presence of glycerol. In the absence of glycerol, the G3P content in
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all plants except the fad-ghdh mutant remained at a relatively low
level, which is consistent with previous studies [45]. In addition, a
high level of G3P in the fad-gpdh mutant (Figure 3B) was detected;
this is due to a defect in G3P metabolism, as demonstrated
previously [44]. Under glycerol treatment, the G3P content of WT
secedling was significantly increased by more than 80% (from
60.3%£5.5 to 112.6*16.7 nmol/g.FW; Figure 3B), which was
consistent with a previous study [42]. The G3P contents remained
stable in gh/ seedlings while increased by 35% and 100% in fad-
gpdh  (from 854.2+51.2 to 1157.6%24.0) and gpdhcl (from
40.5+3.8 to 82.3%8.3) mutants seedlings under glycerol treat-
ment, respectively (Figure 3B).

To monitor changes in other related metabolites, we also
measured the contents of DHAP and glycerol in WT and gli/
seedlings after glycerol treatment. From 1 to 5 dpg, the change in
the glycerol level in WT seedlings showed a similar pattern to the
change in G3P levels (Figure S3A). The glycerol level in gli/
seedlings was significantly higher than that in WT in normal
condition, agreed with previous study [33], and further increased
significantly under glycerol treatment (Figure S3B). On the other
hand, the DHAP levels in wild-type seedlings did not significantly
differ between the treatment and control groups from 1 to 5 dpg
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Figure 3. G3P levels in seedlings treated with glycerol (nmol
g~ ' FW). (A) Wild-type seedlings were grown on agar plates containing
0.5 xMurashige and Skoog (MS) medium plus 1% (w/v) sucrose in the
absence or presence of 1 mM glycerol from 1-5 days post-germination
(dpg). The G3P levels of the seedlings were examined. The data are
presented as the mean = SE (n=3-4). The asterisks indicate significant
differences between the means as determined by Student’s t-test
(control versus 1 mM glycerol: *, p<<0.05; **, p<<0.01). (B) Wild-type, gli1,
gpdhcl, fad-gpdh, OE #16 and OE #22 seedlings were grown on agar
plates containing 0.5 xMS medium plus 1% (w/v) sucrose in the absence
or presence of 1 mM glycerol for 4 days. The G3P levels were assayed.
The data are presented as the mean * SE (n=3-6). The symbols
indicate significant differences between the means (*: control versus
1 mM glycerol; #: WT versus mutants and OE lines. *, #: p<0.05;
** 44 p<0.01).

doi:10.1371/journal.pone.0086269.g003

(Figure S3C), and the DHAP level in glhi/ seedlings did not
significantly differ compared with WT (Figure S3D). These data
suggest that exogenously supplied glycerol can enhance the
accumulation of endogenous G3P but does not affect DHAP
levels in WT plants. Taken together, these results provide evidence
that the modulation of root growth observed under glycerol
treatment was likely the result of glycerol catabolism in plants.

Overexpression of the FAD-GPDH Gene Ameliorates the
Effect of Glycerol on Root Growth

Given that the G3P level in glycerol-treated plants is associated
with modifications in root development and both the gpdhcl and
fad-gpdh mutants are more sensitive to glycerol as compared with
wild-type plant, we asked whether the overexpression of genes
encoding glycerol-3-phosphate dehydrogenase would enhance the
tolerance to exogenous glycerol. We produced a large number of
transgenic plants expressing a 358pro::FAD-GPDH (FAD-GPDH®")

PLOS ONE | www.plosone.org

Glycerol Catabolism and Root Development

construct and four other genes (GPDHpl, GPDHp2/GLYI,
GPDHcl and GPDHc2) encoding GPDH were used in the
experiment for comparison purposes. After a verification of
transgenic plants from each construct, at least four transgenic
lines with obviously increased transgenic expression were assayed
for their primary root growth performance under glycerol
treatment. Except the transgenic plants expressing 35Spro::FAD-
GPDH (Figure 4), none of other transgenic lines showed a
significant difference in their glycerol tolerance compared with
WT (Figure S4). Therefore, in the subsequent analysis, four stable
FAD-GPDH®" T, lines (#16, 22, 19 and 28) that exhibited an
obvious increase in FAD-GPDH expression were selected for
further analysis (Figure 4A).

The inhibitory effects of a 7-day glycerol treatment on PR
length in the FAD-GPDH" lines were completely reversed (OE
#19 and OE #22) or significantly weakened (OE #16 and OE
#28) when compared with WT (Figure 4B and C), suggesting that
much elevated FAD-GPDH expression in the transgenic plants
(Figure 4A) can significantly increase the tolerance to glycerol. We
noticed that there were some variations in the PR length among
the transgenic lines, which is understandable as the transgenic
expression levels may not be exactly same among the different
transgenic lines (Figure 4A). After glycerol treatment, smaller
increases in the numbers of LRs in the transgenic lines were
consistently observed (0.25- to 0.8-fold) compared with WT, in
which the number of LRs nearly doubled (Figure 4D). This finding
clearly demonstrated that the overexpression of FAD-GPDH can
minimize the effect of glycerol on root growth and development.

We also measured the G3P contents of two FAD-GPDH?" lines
(OE#16 and OE#22). Coinciding with the increased glycerol
tolerance, the level of G3P in two FAD-GPDHOF lines was not
significantly different from the untreated plants (Figure 3B),
suggesting that the overexpression of FAD-GPDH have reduced the
accumulation of endogenous G3P and ameliorated the effect of
glycerol on root growth. On the other hand, the levels of DHAP
and glycerol in the two FAD-GPDHF lines were significantly
increased compared with WT (Figure S3C-D). We also tested the
effect of exogenous application of 1 mM G3P on WT, the mutants
and the FAD-GPDH®" lines. The PR length of WT was reduced
under exogenous G3P treatment; however, the PR lengths of the
glil mutant and the FAD-GPDH®” lines did not change or
decreased slightly (Figure S5). Taken together, these data suggest
that increased tolerance to glycerol and G3P in the FAD-GPDH"
lines may be due to the consumption of G3P as a result of the
elevated FAD-GPDH level.

Quantitative RT-PCR (qRT-PCR) analysis of FAD-GPDH
expression in WT plants exposed to 1 mM glycerol revealed a
22% decrease, which did not reach statistical significance
(Figure 4L), suggesting that the expression level of FAD-GPDH
could be important for root development under glycerol
treatment. To investigate the expression pattern of the FAD-
GPDH gene, a 1350-bp promoter region upstream of the start
codon of FAD-GPDH was fused with the f-glucuronidase (GUS)
reporter gene. Germinating seeds from independent transgenic
Arabidopsis lines were analyzed. Strong GUS staining was
observed in the root cap as well as the hypocotyl and the
cotyledon (Figure 4F), which was consistent with previous
observations [51]. Interestingly, the only predominant staining
observed in the root occurred at the root tip (marked with arrows
and a black box in Figure 4G), which coincided with FAD-GPDH
abundance at root tip (based on data from the eI’P browser
database; Figure S6).
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Figure 4. The overexpression of AtFAD-GPDH in Arabidopsis ameliorates the effect of glycerol on root development. (A) Transgene
expression levels in different transgenic lines. Reverse transcription PCR (RT-PCR) was performed on cDNA made from total RNA extracted from 7-day-
old wild-type and 35Spro:AtFAD-GPDH seedlings. Actin07 is shown as an internal control. (B) Seven-day-old wild-type seedlings and four
35Spro:AtFAD-GPDH lines were grown on agar plates containing 0.5 xMS medium plus 1% (w/v) sucrose in the presence or absence of T mM glycerol.
Bar=0.5 cm. (C and D) Primary root (PR) length (C) and lateral root (LR) number (D) of 7-day-old wild-type and transgenic seedlings described in (B)
were recorded. The data are presented as the mean = SE (n=20). (E) The relative expression of FAD-GPDH in the 8-day-old wild-type seedling roots
under 1 mM glycerol treatment compared with untreated control. (F and G) The expression pattern of FAD-GPDHpro:GUS in germinating seeds (F);
Bar=100 um, and 3-day-old seedlings (G) under normal growth conditions; Bar=500 pum. At least five transgenic plants were observed at each stage,

and representative images are presented. The arrows in (F) and (G) show GUS staining in the root cap.

doi:10.1371/journal.pone.0086269.g004

Overexpression of FAD-GPDH Prevented the Reduction of
Pi Levels in Roots under Glycerol Treatment

Previous studies have shown that the application of glycerol can
reduce the phosphate pool [35] and that a low level of available
phosphate inhibits PR length and promotes LR development
[22,52]. To test the effect of glycerol on phosphate availability, we
examined the cellular Pi content in plants treated with 1 mM
glycerol. The Pi content in the roots of glycerol-treated WT plants
was significantly lower than that in untreated controls at most time
points examined (Figure 5A), while the Pi level in the shoots of
glycerol-treated W'T plants was significantly higher than the
control from 3 to 6 dpg (Figure 5B). On the other hand, the Pi
content in the roots of the glycerol-treated gli/ mutant and the
FAD-GPDH®" lines (OF. #16 and OFE #22) appeared similar to
that of the untreated control (Figure 5C). Furthermore, the Pi
levels in the glycerol-treated shoots of gli/ and the two transgenic
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lines were increased with more significant changes in OE #16
than in OE #22 (Figure 5D). The difference between the two
transgenic lines may be due to different FAD-GPDH transgenic
expression levels or some possible physiological variations.
Interestingly, the root Pi level in ghi/ was lower compared with
wild-type plants in normal conditions (Figure 5C), while the shoot
Pi level in gli/ was higher as compared with wild-type plant
(Figure 5D). On the other hand, the root Pi levels of WT and gli/
plants after glycerol treatment were similar, but the shoot Pi level
in glil plants was higher than in WT plants, indicating that the
root phenotype might be not similar to the shoot under glycerol
treatment.

We next tested the effect of exogenous low phosphate
availability on PR length and found that the PR length of the
seedlings did not significantly differ when the Pi level was reduced
from 1.5 mM to 1 mM; however the PR lengths of OE #16, OE
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Figure 5. Pi and H,0, levels in seedlings treated with glycerol. Wild-type seedlings were grown on agar plates containing 0.5xMS medium
plus 1% (w/v) sucrose in the absence or presence of 1 mM glycerol from 2-6 days post-germination (dpg). (A-B) The cellular Pi level (umol g~' FW)
was analyzed in wild-type roots (A) and shoots (B) for the indicated number of days. The data are presented as the mean = SE (n=4-6). (C-D) The
cellular Pi level in the roots (C) and shoots (D) of the gliT mutant, OE #16, OE #22 and wild-type seedlings grown on 0 or 1 mM glycerol medium was
assayed at 4 dpg. Values are expressed as the mean = SE (n=4). (E) The effect of phosphate availability on the primary root (PR) length in wild-type
and FAD-GPDH®* lines. Arabidopsis wild-type (Col-0), OE #16 and OE #22 seedlings were grown on the surface of agar plates containing various
concentrations of phosphate for 6 days, and the PR length was measured. (F) Quantification of H,0, in gli1, gpdhc1 and fad-gpdh mutants, OE #16,
OE #22 and wild-type seedlings grown on 0 or T mM glycerol medium was performed at 5 dpg. The values are expressed as the mean =+ SE (n=4).
(G) The effect of exogenous H,0, on PR length. PR lengths of 5-day-old gli1 mutants, OE #16, OE #22 and wild-type seedlings in the presence of 0,
250 uM and 1T mM H,0, were recorded. Values are expressed as the means * SE (n=18-20). Different symbols indicate that the means differ
significantly by Student’s t-test (*: control versus 1 mM glycerol or other treatment; #: WT versus mutants or OE lines. *, #: p<<0.05; **, ##: p<<0.01).
doi:10.1371/journal.pone.0086269.g005
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#22 and WT were significantly reduced when the Pi availability
was decreased to 250 uM or below (Figure 5E). The above data
suggested that glycerol treatment affected the Pi availability in WT
plants and resulted in a reduction of cellular Pi in roots, which may
contribute to the altered development of roots under the treatment
together with other factors. Taken together, the data from above
experiments suggested that there may have a relationship between
the endogenous G3P metabolism and phosphorous availability.

The Glycerol-induced Increase in H,0, Content was
Abolished in FAD-GPDH®® Seedlings

Because impaired glycerol metabolism results in elevated ROS
levels in plant cells [45], it is possible that ROS homeostasis
regulated by the G3P shuttle might contribute to root develop-
ment. To understand the relationship between root development
and the altered ROS levels induced by exogenous glycerol, we
investigated the potential role of HyOy in glycerol-dependent
inhibition of root growth because HyOy, as a ROS, has been
found to be associated with the alteration of plant growth under
various stresses [17-19]. Compared with WT, the basal levels of
HyOy in the gpdhcl, fad-gpdh and glil mutant were increased
significantly by 43%, 69% and 84%, respectively (Figure 5F),
which is consistent with findings from previous studies [45]. The
basal HyO, levels in both FAD-GPDH®" lines were increased with
a higher level in OE#22 line (Figure 5F). After glycerol treatment,
the HyoOy level in W, gpdhel and fad-gpdh plants was elevated
significantly (by 21%, 20% and 94%, respectively) compared with
that in untreated plants (Figure 5F). The HyO, levels in the gli/
mutant, OE#16 and OE #22 remained unchanged significantly
as compared with the untreated plants (Figure 5F). The above data
thus suggest that the inhibition of PR length under glycerol
treatment may be partially related to the increased HyOy level.
However, treatment of WT, gli and OE lines #16 and #22 with
exogenous HyOy had similar inhibitory effects on PR length
(Figure 5G); this result implies that the glycerol-induced increase in
endogenous HyOy might elicit a different response compared with
that induced by exogenous HyOy stress.

Glycerol Exerted Similar Inhibitory Effects on the PR
Growth of WT and act! Mutant Plants

Previous studies have shown that exogenous application of
50 mM glycerol lowers oleic acid levels in a G3P acyltransferase
(ACT1)-dependent manner [37,38] and induces nitric oxide (NO)
accumulation in Arabidopsis plants [53]. We therefore tested the
possibility that glycerol application induces defense responses by
lowering oleic acid levels, which could be responsible for the
altered root phenotype in glycerol-treated plants [37,38]. To
accomplish this, we compared the responses of WT and act/
mutant (Salk_069657 and CS200) plants to exogenous glycerol by
examining their fatty acid levels and PR lengths. As in previous
reports [54,55], both Salk_069657 and CS200 mutants showed
obviously reduced hexadecatrienoic acid levels and increased oleic
acid levels (Figure S7A). Interestingly, the fatty acid levels of both
WT and the mutants did not change significantly between the
control and the 1 mM glycerol treatment (Figure S7A). Both act/
and WT plants showed an obvious reduction in PR length after
the application of 1 mM glycerol (Figure S7B). The above results
suggest that the effects of glycerol on root growth may not be
related to the oleic acid-mediated signaling pathway and perhaps
the effect of glycerol on fatty acid level could be concentration
dependent.
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Glycerol Affects Endogenous IAA Content and Auxin

Distribution at the Root Tip

Because we observed that exogenous glycerol triggered root
architecture remodeling, we questioned how this effect might be
perceived during root development. Auxin has been shown to
exert major effects on root development; therefore, we measured
the free IAA content in WT roots treated with 1 mM glycerol to
investigate whether root growth is mediated by an auxin-related
pathway under this treatment. We found that the free IAA level in
roots under glycerol treatment was significantly increased by 46%
(from 7.2 to 10.5 ng/g fresh weight [FW]; Figure 6A).

Given that the accumulation of TAA under glycerol treatment
may be caused by alterations in auxin biosynthesis or auxin
transport, we monitored the expression of the synthetic auxin-
responsive element DRS [56]. Normally, the expression of DR5-
GUS can be observed in the quiescent center (QC) and the root
cap (Figure 6B and F) [56]. An increased level of GUS staining was
observed in the stele cells of the root meristem under glycerol
treatment (Figure 6C-E and G), indicating that normal auxin
distribution was altered.

N-naphthylphthalamic acid (NPA), an auxin efflux inhibitor,
inhibits polar auxin transport from shoots to roots and impairs
root growth [57]. The increased expression of DR5-GUS in stele
cells under glycerol treatment was inhibited by 2 uM NPA
(Figure 6H-I). NPA alone inhibited root growth; however, this
inhibition was less dramatic compared with that observed when
glycerol was applied alone (Figure 7A and B). When both NPA
and glycerol were included in the medium, the inhibition of root
growth was more severe than that observed with NPA or glycerol
alone (Figure 7A and B), suggesting that glycerol and auxin might
exert overlapping and/or different effects on PR length.

Furthermore, the effect of NPA on LRP was investigated at two
stages (A and D). Compared with the untreated control, LRP
formation was severely inhibited in the presence of glycerol or
NPA alone (Figure 7C), which was consistent with previous reports
[22]. No significant difference was observed between the single
and combined treatments (Figure 7C). Stage D LRs were reduced
by 95% in the presence of 2 uM NPA. Additionally, the glycerol-
induced increase in the number of LRs was reversed by the
addition of NPA (from 4.2 to 0.3 LRs per plant). Taken together,
these data indicate that glycerol likely induces LR formation
through the regulation of polar auxin transport.

The FAD-GPDH®" lines were found to tolerate glycerol
(Figure 4). This characteristic was further evaluated under NPA
treatment with one representative transgenic line (OE #16).
Exposure to NPA alone caused a reduction in root length that was
similar between OE #16 and WT seedlings, although a further
decrease was not observed with a combination of glycerol and
NPA (Figure 7D), indicating that the FAD-GPDH®" plant is
tolerant to glycerol, but not NPA.

Glycerol Treatment Alters the Expression of PINT and
PIN7

Polar auxin flow is extremely important for the establishment
and maintenance of auxin gradients, and this process requires
transport facilitators of the PIN family that exhibit polar
localization [6]. To understand whether the changes in auxin
flow under glycerol treatment were mediated by PIN proteins, we
observed the expression patterns of PINIpro::GUS and PIN7pro::
GUS, which are two marker genes for auxin gradient patterning
[68]. The intensity of PINIpro::GUS staining was reduced at the
root apical meristem and the root cap upon exposure to high
concentrations of glycerol, and the reduction in PIN7pro::GUS
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staining upon glycerol treatment was even more obvious
(Figure 8A). The addition of 1 mM glycerol appeared to reduce
the intensities of PINIpro::GUS and PIN7pro::GUS staining in the
presence or absence of sucrose, and the addition of 1% sucrose
appeared to increase expression levels of PINs to various extents in
the presence or absence of glycerol (Figure 8B). Consistent with
the PIN7pro::GUS staining, glycerol treatment caused a significant
reduction in PIN7pro::PIN7-GFP expression (Figure 8C), suggesting
that PIN7 distribution was likely modified under glycerol
treatment. The expression levels of PIN7 and PIN7 under glycerol
treatment were significantly decreased to 61% and 45% of the
untreated control, respectively (Figure 8D). Thus, our data suggest
that glycerol affects polar auxin flow in roots.

TIR1T and ARF7 are Important for Controlling LR
Development in Response to Glycerol

To understand whether the promotion of LRs is dependent on
PR inhibition under glycerol treatment, we next analyzed several
mutants with disruptions in genes involved in auxin signaling and
LR development. Under treatment with 1 mM glycerol, tirl, arf7,
arf19 and sir plants showed similar reductions in PR length (43%—
52%) compared with WT (47%) (Figure 9A). However, the LR
development of the mutants varied greatly. The number of LRs in
tirl did not change significantly (Figure 9B), suggesting that TIR1
could play a role in modulating root architecture in response to
glycerol. The number of LRs in arf79 increased significantly under
glycerol treatment, as it did in WT plants; however, the LR
number in arf7 only marginally increased (Figure 9B), and the PR
length of arf7 was reduced dramatically under glycerol treatment
(Figure 9A). Moreover, no LR formation was observed in the
arf7arf19 double mutant or the sir mutant (Figure 9B). Taken
together, these data suggest that 7/RI and ARF7 are involved in
the establishment of root architecture, including increased LR
formation, in response to glycerol.

Exogenous Glycerol Decreases the Meristem Cell Number
and Downregulates Cell Cycle Gene Expression

To understand the cytological basis of altered root development
under glycerol treatment, we examined the size and cell number of
the root meristem by surveying the cells in the cortex layer from
the QC to the start of the elongation zone (Figure 10A). The root
meristem size of glycerol-treated seedlings was significantly smaller
compared with that of the seedlings grown under control
conditions at 2 dpg (Figure 10B). This difference became more
significant with extended treatment, and a 1:3 ratio for meristem
size between treated and untreated plants was reached at 8 dpg
(Figure 10A and B). Similarly, the number of meristem cells also
decreased significantly under glycerol treatment at all the time
points examined (Figure 10C).

The root meristem sizes and meristem cell numbers of glil,
gpdhel and fad-ghdh roots in media containing different concentra-
tions of glycerol were quantified. In general, both the meristem
size and meristem cell number decreased gradually with increasing
concentrations of glycerol; however, the extent of the reduction
varied depending on the genotype of the plant (Figure 10D and E).
For example, the changes in meristem size and cell number in gli/
mutants were less dramatic than those observed in WT and gpdhe!
plants. fad-ghdh exhibited abnormal growth even under control
conditions; however, the changes in root meristem size and cell
numbers in this mutant under 250 pM glycerol treatment were
relatively small compared with the changes observed in plants of
the other genotypes (Figure 10D). Furthermore, Lugol staining
analysis revealed that the number of columella cell layers was
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reduced under glycerol treatment in WT, gpdhc! and fad-gpdh, as
indicated by the starch granule accumulation pattern (Figure 10F).
Taken together, these data suggest that the glycerol-dependent
inhibition of root length may be attributed to a decrease in
meristem size and cell number.

Changes in meristem cell number under glycerol treatment
(Figure 10B and C) indicate that exogenous glycerol stress might
influence cell cycle progression. To test this hypothesis, we
analyzed the expression of CYCBI;I and CDKA, two important
marker genes involved in cell cycle control. gRT-PCR analysis
revealed that both genes were significantly downregulated under
glycerol treatment (p<<0.05) (Figure 10G), suggesting that the cell
cycle may be inhibited under this condition. This finding was
further supported by CYCBI;1pro::GUS staining, which revealed a
decrease in the number of root meristem cells under glycerol
treatment (Figure 10H).

Discussion

The exogenous application of glycerol to plants has multiple
effects on several important cellular processes. The biochemical
reactions that occur during glycerol metabolism are well known;
however, the details regarding how glycerol affects plant growth
from a developmental point of view are poorly understood. The
root is a critical organ of higher plants and is also useful as a model
system for developmental biology studies. The current study
showed that root system architecture was modified under
exogenous glycerol treatment in Arabidopsis. Overexpression of
the FAD-GPDH gene increased the ability of transgenic plants to
tolerate exogenous glycerol stress. We showed that several factors,
such G3P, phosphate, ROS and auxin, may contribute to the
effects of glycerol on root growth.

G3P levels are maintained by glycerol kinase and FAD-GPDH.
Glycerol kinase, which phosphorylates glycerol to generate G3P
and consumes ATP simultaneously (Figure 11), plays an essential
role in the utilization of glycerol in plant cells. A mutant with a
disruption in the GLII gene (ghl) is unable to catalyze the
conversion of glycerol to G3P [33,59]. We consistently failed to
observe a glycerol-induced increase in the G3P level in the ghi/
mutant in this study (Figure 3B). As a result, there was no
difference in the PR length or the LR number in gli/ mutant plants
under glycerol treatment (Figure 2). FAD-GPDH oxidizes G3P to
generate DHAP (Figure 11) [51]. The G3P level in fad-gpdh plants
was increased significantly under glycerol treatment, which in turn
resulted in a more dramatic reduction of the PR length in the fad-
gpdh mutant compared with wild-type and other glycerol
metabolism-related mutants (Figure 2). In contrast, there was no
significant increase in G3P in FAD-GPDH®™ plants grown on
medium containing glycerol versus control medium, suggesting
that the increased FAD-GPDH in cells may convert glycerol to
DHAP more rapidly (Figure 3B, Figure S3C). Through this
conversion, the effect of glycerol on root growth and development
was largely alleviated or reversed (Figure 4C and D). Furthermore,
exogenous G3P or glycerol treatment affected PR length similarly
in WT, glil and FAD-GPDH®" lines (Figure S5). These results thus
illustrate that the G3P level in plant cells has the potential to
influence the development of Arabidopsis roots, and increased
tolerance to exogenous glycerol can be achieved through the
overexpression of FAD-GPDH.

A study on sycamore cells revealed that the application of
50 mM glycerol results in a decrease in the orthophosphate level
[35]. The phosphate factor can significantly alter root architecture
in Arabidopsis [26,52]. In our study, the Pilevel in glycerol-treated
root of WT plants from 2 to 6 dpg was significantly reduced
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various concentrations of glycerol (0, 250 uM, T mM and 5 mM) for 6 days and subjected to GUS staining. The micrographs are representative of at
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glycerol treatment compared to the untreated control. Asterisks (*) indicate significant differences at P<<0.05 by Student’s t-test.
doi:10.1371/journal.pone.0086269.g008

compared with the untreated control (Figure 5A), while the Pi formation was mainly affected by ARF7 rather than ARFI19
levels in the glycerol-treated shoots of WT plants were increased (Figure 9B). Additionally, the PR length reduction was similar
from 3 to 6 dpg compared with the control (Figure 5B), suggesting between the FAD-GPDH " lines and WT in the presence of 3 uM
that the root and shoot phenotypes of glycerol might not be to 1.5 mM phosphate (Figure 5E). It is possible that the
similar. A previous study suggested that the alterations in the overexpression of FAD-GPDH restores the reduced phosphate

pattern of LR emergence and formation in response to Pi pool under glycerol treatment through effects on the G3P shuttle,
availability are mediated by changes in auxin sensitivity and the which may regulate oxidative phosphorylation and ATP produc-
modulation of auxin sensitivity by Pi was found to be dependent tion. However, this metabolic signaling pathway may be different
on TIRI and ARFI19 [22]. In the current study, the root IAA from the one that is triggered in response to low exogenous
content increased under glycerol treatment (Figure 6A), and LR phosphate.
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Figure 9. Comparison of the root growth of auxin-related
mutants grown in the presence of glycerol. Primary root (PR)
length (A) and lateral root (LR) number per plant (B) are shown for WT,
tirl, arf7, arf19, arf7 arf19 and sir plants. All the plants were grown on
0.5x Murashige and Skoog (MS) medium containing 1% sucrose for 4
days and subsequently transferred to media with or without 1 mM
glycerol for 4 days. The values shown are the mean of 9 seedlings.
Asterisks indicate significant differences from the control based on
Student'’s t-test (¥, P<<0.05; **, p<<0.01).

doi:10.1371/journal.pone.0086269.g009

Glycerol-3-phosphate (G3P) transporter is a member of organic
phosphate/inorganic phosphate (Pi) anti-porters, which has a
higher affinity with G3P than Pi [60,61]. Differential expression of
glycerol-3-phosphate permease (G3Pps) between roots and leaves
is observed, implying these transports may involve Pi mobilization
from root to leaves [62]. It is possible that Pi distribution works
differently in g/i/ mutant and OE lines between shoot versus root.
First, root Pi content was low in gli/ mutants and high in FAD-
GPDH®™ lines compared with WT (Figure 5C). Second, shoot Pi
content was high in gh/ mutants and low in two OE lines
compared with WT (Figure 5D). Third, the effect of glycerol on
root Pi content was abolished in g/i/ mutants and both OE lines
(Figure 5C). However, the effect of glycerol on shoot Pi content in
the gli] mutant and the two transgenic lines exhibited a similar
trend to WT with more significant changes in OE #16 than in OE
#22 (Figure 5D). Overall, the main finding here is that the effect
of glycerol on root Pi content in WT is obviously affected by the
alteration of GLII and FAD-GPDH. The expression level of GLII
increases significantly during seed germination and leaf senescence
[33]. Thus, phosphate could potentially be recycled from older
leaves to new ones via the sequential action of GLIl and FAD-
GPDH. Furthermore, the expression of FAD-GPDH in cotyledons
appeared more abundant than that in the root base on the GUS
staining (Figure 4F-G). It is possible that glycerol metabolism
functions differently in the shoot versus the root. Further studies
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are needed to have a better understanding of such possible
difference.

Glucose affects nearly all aspects of root development such as
primary root growth, lateral root development and root hair
formation [23]. It is well known that both DHAP and glucose-6-
phosphate (G6P) are important intermediates in glucose metab-
olism. In this work, accumulated G3P could not be converted to
more DHAP in WT seedlings (Figure S3A). The gene expression
of FAD-GPDH was not increased under glycerol treatment
(Figure 3E). Other studies have reported that G3P dehydrogenase
activity in chicory leaf tissue was not significantly different in the
presence or absence of glycerol [39]. It is known that G3P
converted by GLI1 from glycerol is widely utilized in plant cell
metabolism. On the other hand, accumulated G3P would impair
several pathways. It is possible that the generation of DHAP via
FAD-GPDH is converted to G3P via a glycerol intermediate. In
the G3P shuttle, GPDHcl consumes DHAP to generate G3P, but
it is still unclear how G3P is converted to glycerol. Recently, GPP!
and GPP2 were found to encode glycerol-3-phosphatases, which
were thought to dephosphorylate G3P to glycerol in Arabidopsis and
yeast [63,64]. A high level of G3P competitively inhibits the
activity of the glycolytic enzyme phosphoglucose isomerase,
preventing gluconeogenic flux to sugars by blocking fructose-6-
phosphate conversion to glucose-6-phosphate [44]. However, the
addition of glycerol to low-sucrose medium also inhibited PR
growth and promoted LR development (Table S2). Furthermore,
the GUS staining of plants expressing PINIpro::GUS and
PIN7pro::GUS grown in media without sucrose was also reduced
under glycerol treatment compared with the untreated control
(Figure 8B). These results suggest that the mechanism by which
glycerol alters root architecture could be partially independent of
sucrose.

Cellular redox homeostasis has been shown to affect root
growth [20,21]. Shen et al. reported that the G3P shuttle adjusts
the intracellular redox state and the NADH/NAD™" ratio, which
involves the combined actions of cytosolic NAD'-dependent
GPDH and FAD-GPDH [45]. In this study, we showed that
accumulated G3P may impair redox exchange and increase HyOq
production in WT plants under glycerol treatment. The basal
HyOy levels in the gpdhel, fad-ghdh and ghl mutants were
significantly higher than that in WT, and the highest one is gli/
mutant (Figure 5F), suggesting that the basal G3P levels may not
be associated with the alteration of HyOy levels in these plants
(Figure 3B). The HyOy levels in wild-type, gpdhel and fad-gpdh were
significantly increased under glycerol treatment, while the HyO,
level in glil was not increased (Figure 5F). In the FAD-GPDHC*®
lines, the additional G3P was consumed, maintaining cellular
redox homeostasis and a normal HyOy level under glycerol
treatment. Therefore, the ROS level could not be ruled out as a
factor in the effects of glycerol on root growth. Interestingly, the
PR length was similarly reduced in FAD-GPDH®" lines and WT
upon exposure to exogenous HyOy (Figure 5G). Further studies
are required to determine how redox homeostasis regulated by the
G3P shuttle contributes to root growth and development.

Auxin signaling is hypothesized to affect root growth in response
to environmental stimuli such as salt, ethylene, nitric oxide and
phosphate [22,25,65]. For example, SOS3 mediates LR develop-
ment by regulating auxin redistribution under salt stress [66].
Ethylene increases IAA transport and the expression of PIN3 and
PIN7, thereby inhibiting LR growth [67]. Nitric oxide regulates
root meristem growth and reduces PINIl-dependent auxin
transport [68]. Low phosphate alters root development by
regulating auxin sensitivity via TIR1 [22]. Several lines of
evidence in our study support the notion that glycerol-induced
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Figure 10. Root meristem cell and cell cycle gene expression in glycerol-treated seedlings of wild-type and mutants. The seedlings
were grown on 0.5 xMS medium plus 1% sucrose with or without 1 mM glycerol. (A) Nomarski images showed the meristems of wild-type seedlings
gown on 0.5xMS medium in the absence (left) or presence (right) of 1 mM glycerol at 8 dpg. Arrows mark the boundaries of the meristem region.
Bars =100 um. The meristem size (B) and meristem cell number (C) of wild-type plants grown on media with or without glycerol at different
developmental stages were investigated. Meristem size (D) and meristem cell number (E) of wild-type, gpdhci, gli1 and fad-gpdh seedlings grown for
7 days on 0, 250 uM and 1 mM glycerol media were recorded. The data are presented as the mean of 30-40 seedlings = SE. (F) Starch granules in
wild-type, gli1, gpdhc1 and fad-gpdh seedlings were visualized by Lugol staining in the presence or absence of 1 mM glycerol. Four-day-old seedlings
were first fixed in FAA at 4°C overnight and subsequently washed once in 50% ethanol. The samples were then placed in Lugol solution (0.37% iodine
and 0.71% potassium iodide) for 1 min and transferred to a chloral hydrate solution for 2 min. The micrographs are representative of at least 10
seedlings for each genotype. Bars =20 um. (G) The expression levels of CycB1 and CDKA in the root tip at 8 dpg were analyzed under glycerol
treatment. (H) Seedlings expressing CycB1;1-GUS were grown on media in the presence or absence of 1 mM glycerol for 6 days and subjected to GUS
staining. Bar=10 pum. Asterisks indicate that the means differ significantly from the control by Student’s t-test (¥, p<<0.05; **, p<<0.01).
doi:10.1371/journal.pone.0086269.g010

variations in the PR length and LR abundance may be due to the decreased to the point that they were nearly completely depleted

modification of auxin distribution. First, we found that the auxin (Figure 10A) under glycerol treatment. Interestingly, g/l also
distribution pattern was modified in the meristem in response to exhibited a slight decrease in root meristem size and cell number
glycerol treatment using the DR5 marker line. There was an in the presence of glycerol (Figure 10D and E). As a polyalcohol
obvious increase in DR) in the stele cells in the presence of and osmotic protectant, glycerol may impose osmotic stress on
exogenous glycerol (Figure 6C-E and G). In addition, NPA cells [69]; however, the effect of osmotic stress on the meristem
treatment eliminated DR5 accumulation in the stele cells was minimal. We found that glycerol application reduced the
(Figure 6I) and weakened the effect of glycerol on LR formation frequency of cell division in the root meristem as determined by

(Figure 7C). Second, glycerol treatment reduced PIN7pro:GUS the expression of CyeBI;1pro::GUS (Figure 10H). However, the QC
staining and the expression of the PIN7pro::PIN7-GFP protein marker genes WOX)5 and QC25 were not significantly altered
(Figure 8A and C). The expression of PIN/ and PIN7 under under glycerol treatment (Figure S8). These data indicate that

exogenous glycerol treatment was also reduced (Figure 8D). Third, exogenous glycerol reduces mitotic activity in the root meristem.
auxin signaling mutants, including #r/ and af7, responded to In conclusion, our results showed that exogenous glycerol
glycerol treatment differently than WT (Figure 9B), indicating that treatment alters root architecture by inhibiting PR growth and
root architecture remodeling in response to glycerol might be altering LR development in Arabidopsis. Genetic and biochemical
coordinated by auxin redistribution. analyses demonstrated that the modified root architecture was due

Microscopy analysis confirmed that the size and the number of to glycerol dissimilation and possibly impairment of the G3P
root meristems were dramatically altered under glycerol treatment shuttle. Furthermore, analyses with mutants and marker genes
(Figure 10), which resulted from a decrease in dividing cells in the revealed that auxin distribution and root meristematic activity
meristem. At the seedling stage, the number of meristem cells were modified under glycerol treatment as a result of polar auxin
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Figure 11. A model illustrating glycerol-triggered modulation of root development. The diagram shows the different root patterns in the
absence (left) or the presence (right) of glycerol. The middle section shows a condensed schematic of plant glycerol metabolism and three important
genes in this study (red). Glycerol is phosphorylated to G3P by GLI1 and can also be generated by GPDHc1 via the reduction of DHAP. G3P is oxidized
to DHAP by FAD-GPDH or dephosphorylate to glycerol by GPP. Exogenous glycerol treatment can cause modifications of multiple pathways,
including increased G3P and reactive oxygen species (ROS) levels, reduced the phosphate level and expression of PINT and PIN?7. It also affected polar
auxin transport and the root meristem activity, thus resulting in modified root growth and development. Abbreviations: GLI1, glycerol kinase;
GPDHc1, cytosolic glycerol-3-phosphate dehydrogenase; FAD-GPDH, flavin adenine dinucleotide-dependent glycerol-3-phosphate dehydrogenase;
GPP, glycerol-3-phosphatase; G3P, glycerol-3-phosphate; DHAP, dihydroxyacetone phosphate; ATP, adenosine triphosphate; FAD, flavin adenine
dinucleotide; NADH, the reduced form of nicotinamide adenine dinucleotide. For the sake of clarity, some co-substrates and/or co-products have
been omitted in some reactions.

doi:10.1371/journal.pone.0086269.g011

transport inhibition. Our study has thus established a link between MgSO,-7H,0, 27.8 mg L' FeSO,-7H,0, 37.3 mg L' Na,ED-
glycerol dissimilation, auxin transport and root remodeling. TA-2H,0, 0.83 mg L' KI, 6.2 mg L' H3BOg, 22.3 mg L.™'
Additionally, we identified several important genes involved in MnSO,4-HyO, 8.6 mg L™" ZnSO,7H,0, 0.25 mg L™" Nay-
the regulation of root development in response to glycerol stress MoO4-2H0, 0.025 mg L~! CuSO,-5H,0 and 0.025 mg L!
(Figure 11). A full understanding of the effect of glycerol CoCly-6H50. Glycerol, the IAA transport inhibitor NPA and IAA
metabolism on root growth has the potential to contribute to the were purchased from Sigma-Aldrich (St. Louis, MO, USA).
existing knowledge of genes and mechanistic processes that trigger

root remodeling under stress. Vector Construction and Plant Transformation
To prepare the 358pro::AtFAD-GPDH plasmid, the coding
Materials and Methods sequence of FAD-GPDH was amplified from Arabidopsis cDNA
. . using the primers HJp45 and HJp46 (Table S3). The PCR product
Plant Materials and Growth Conditions was cloned into pMDC83 [72]. For the AtFAD-GPDHpro:GUS

Al Arabidopsis lines. usec.i in this St.udy were i Columbia promoter fusion construct, a 1.35 kb promoter sequence upstream
background. The Arabidopsis T-DNA insertion mutants gpdhcl of the start codon of FAD-GPDH was amplified from WT
(SALK_020444),  fad-gpdh/sdp6-3 (SALK_080169),  ghil genomic DNA using the primers HJp55 and HJp56 (Table S3).
(SALK_067205) and act/ (SALK_069657 and (S200/actl-1 The PCR product was then cloned into the pBI121 vector. The
[55]) were obtained from the Arabidopsis Biological Resource sequences were verified by sequencing analysis at BGI (Shenzhen,
Center (ABRC) and identiﬁe‘d using a gene-specific and a T-DNA China). The resulting plasmid was introduced into the Agrobacterium
border primer (Table S3). w1 [70], ayf7, aif19, af7arf19 [16], sl strain GV3101 and used for transformation of Arabidopsis plants
[15], DR5pro::GUS [56], PINIpro::GUS, PIN7pro::GUS [58], PIN7- using the floral dip method [73].
proz:PIN7-GFP [6] and CYCBI;1pro::GUS [71] were kindly provided
by Dr. Jian Xu.

Arabidopsis seeds were sterilized in 50% commercial bleach and
plated on 0.5xMurashige and Skoog (MS) medium with 1%
sucrose and 0.8% agar (pH 5.8). Seedlings were grown on vertical
plates at 22*2°C with humidity ranging from 50% to 60% under
long-day (16 h light period) conditions. For growth observations
under culture conditions with or without glycerol, the seeds were
usually sown directly on the supplemented media; alternatively,
the seeds were germinated and grown for 4-5 days on control

Microscopy and Phenotypic Analyses

For root growth analysis, seedlings at various developmental
stages were imaged with a digital camera (Canon Powershot s95).
PR length, meristem size and cell number were analyzed using
Image] software (National Institutes of Health, USA). To obtain
Nomarski differential interference contrast (DIC) images, the
seedlings were cleared and mounted in a chloral hydrate clearing
solution (chloral hydrate:water:glycerol, 8:2:1, w/v/v) and imaged
using a Nikon-Eclipse80i differential interference contrast micro-

mCd‘ﬁ and Sulbscqucngl‘/ ;ra‘;jf““d t(;lpéavt}‘l’s containing glycerol  pe equipped with a Nikon-DS-RIL CCD camera with DIC
or other supplements for further growth. en the seedlings were optics. Confocal imaging was performed using a Leica TGS SP2

grown on low levels of phosphate, the KHyPO, was replaced with confocal laser scanning microscope. Propidium iodide (Sigma-

KClI to rrilamtam. the potas.smm ion cpncentratlon m_tlhe medium. Aldrich; 10 pg mL " in distilled water) was used to stain the cell
The basic modified medium contained 1.65 ¢ L " NH4NOs, . R
walls (red signal in Figure 8C).

19¢ L' KNOj, 044g L' CaCly-2H,O, 037 g L™
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Histochemical Analysis of GUS Activity

Histochemical analysis of GUS activity was performed accord-
ing to a previously described protocol [74]. Stained samples were
cleared for 24 h in 70% ethanol to remove the chlorophyll.
Nomarski DIC images of the GUS staining were obtained as
described above.

Semi-quantitative RT-PCR and Real-time qRT-PCR
Analysis

Total RNA samples were isolated from the roots of seedlings
grown for the indicated number of days using Trizol reagent
(Invitrogen). The RNA samples were treated with DNAse I
(Fermentas MBI), and reverse transcription was performed using
the First Strand cDNA Synthesis Kit (Fermentas MBI) according
to the manufacturer’s protocol. Information regarding the primers
used for semi-quantitative RT-PCR is provided in Table S3.
Actin07 was used as an internal control. For the qRT-PCR
analysis, the primers were designed to amplify DNA fragments at
an annealing temperature of approximately 60°C using the
Integrated DNA Technologies (IDT) DNA real-time PCR primer
design tool. The primer sequences were obtained with the
SIGnAL Gene iSect Tool (Table S3). Real-time gRT-PCR was
performed with 2XxBestar Real-Time PCR Master Mix (DBI
Bioscience). The reactions were performed and analyzed on a
CFX Manager (Bio-Rad) according to the manufacturer’s
instructions. PCR was carried out using the following program:
3 min at 95°C, followed by 45 cycles of denaturation for 20 s at
95°C, annealing for 20 s at 56°C and extension for 30 s at 72°C.
All transcript levels were normalized to UBQI0. All quantitative
PCR reactions were performed with at least three biological
samples.

Measurement of Free IAA Content

WT seedlings were treated with 1 mM glycerol for 6 days.
Seedling root tips (50 mg) were used for IAA extraction. The
extraction and measurement of IAA were performed with some
modifications [75]. Each frozen sample was ground to a fine
powder in liquid nitrogen and weighed in a 2-mL tube prior to
mixing with 1.2 mL of cold extraction buffer (methanol:water,
80:20, v/v). The samples were vigorously shaken on a shaking bed
for 16 h at 4°C in the dark and subsequently centrifuged at
13,000 rpm for 15 min at 4°C. The supernatant was carefully
transferred to a new 2-mL tube, and the pellet was resuspended in
400 pL extraction buffer, shaken for 4 h at 4°C and centrifuged.
The supernatant was dried by evaporation under the flow of
nitrogen gas for approximately 4 h at room temperature and
subsequently dissolved in 300 uL. methanol. The two supernatants
were combined and syringe filtered using a nylon filter (13 mm
diameter, 0.22 pm pore size). The free IAA content was assayed
with an external standard. Assays were performed by liquid
chromatography-mass spectrometry (LC-MS) with four biological
replications.

Measurement of the Cellular Pi Level

The cellular Pi content was determined using the method
described by Ames et al. [76]. Briefly, fresh tissue (ca. 50 mg) was
frozen and ground into a fine powder in liquid nitrogen. After
adding 2 mL of 1% glacial acetic acid, the samples were
centrifuged at 8,000 g for 5 min at 4°C, and 100 pL of extract
was mixed with 200 pL of water and 700 pL of Pi reaction buffer
mixture, which contains solution A (0.42% NH4MoO, and 2.86%
v/v HySOy) and solution B (10% w/v L-ascorbic acid) in a ratio of
6:1. The reaction was allowed to proceed at 37°C for 60 min, and
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the Pi concentration was calculated as umol g~ ' FW based on the
OD values at Agyp using a Pi standard curve.

Quantification of H,0,

WT, gpdhcl, fad-gpdh, glil, OE #16 and OE #22 seedlings
(approximately 50 mg FW) were sampled at 5 dpg for HyOq
measurement. The HyOy content was determined according to
the production of HyTiO, using TiCly as the substrate [77]. The
concentration was expressed as nm g ' FW.

G3P, DHAP and Glycerol Analysis

G3P content in perchloric acid extracts was measured in a
reaction mixture containing 1 M glycine, 0.4 M hydrazine buffer
(pH 9.5), 1 mM NAD", and 0.75 unit of GPDH (Sigma) as
described by Wet ¢t al. [78]. The DHAP content was assayed in
reaction buffer (50 mM HEPES-NaOH, 1 mM MgCl, and
10 uM NADH) containing 0.75 units of G3P dehydrogenase
(Sigma) [79]. The glycerol content in the plant extracts was
measured as described [80]. Twenty-five microliters of 50 mM
ATP, 25 uL. 20 mM B-NAD™" and plant extracts (250 uL aliquots)
were added successively to a 700 puL glycerol determination
reaction buffer containing 137 mM glycine, 686 mM hydrazine,
1.37 mM MgCl, and 17 kU GPDH. The changes in Asyy were
determined using a spectrophotometer (DU730, Beckman Coul-
ter) at 25°C.

Fatty Acid Analysis

Fatty acid analysis was carried out by placing 7-day-old
seedlings in 2 mL of 3% HySO, in methanol [42]. After 60 min
incubation at 90°C, 500 uL of hexane containing 0.01% butylated
hydroxytoluene was added. The hexane phase was then
transferred to vials for gas chromatography (GC). The samples
were analyzed using an Agilent 7890 series gas chromatograph
with (HP-INNOWax 19091N-133;
30 mx250 umx0.25 pm) and quantified with flame ionization
detection.

column

Supporting Information

Figure S1 The effect of exogenous glycerol on PR length
at different time points after germination. Wild-type (Col-
0) seedlings were grown on the surface of agar plates containing
0.5xMS medium plus 1% (w/v) sucrose with different concen-
trations of glycerol for the indicated number of days after
germination. The PR lengths at different time points after
germination are presented (n = 15).

(TTF)

Figure S2 The effect of exogenous glycerol on PR length
and LR number under dark conditions. (A) Wild-type
seedlings were grown on 0.5 XxMurashige and Skoog (MS) medium
plus 1% (w/v) sucrose for 3 days post-germination and
subsequently transferred to 0.5xXMS media containing 0,
250 uM, 1 mM and 5 mM glycerol for 10 days of growth in dark
conditions. Black dots indicated the starting growth positions of
the PR tip after shift. (B) The root extension length and (C) lateral
root number per plant were recorded. Values are presented as the
mean * SE (n=24). Asterisks indicate significant differences
(control versus treatment: *, p<0.05; ** p<<0.01) based on
Student’s t-test.

(TIF)

Figure S3 Dihydroxyacetone phosphate (DHAP) and
glycerol levels in seedlings under glycerol treatment.

Wild-type, glil, OE #16 and OE #22 seedlings were grown on
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agar plates containing 0.5 xMurashige and Skoog (MS) medium
plus 1% (w/v) sucrose in the absence or presence of 1 mM glycerol
for examining glycerol and dihydroxyacetone phosphate (DHAP)
levels at the indicated days post-germination (dpg). (A) Glycerol
levels of the wild-type seedlings were analyzed from 1-5 dpg and
(B) glycerol levels in ghil, OE #16, OE #22 and wild-type
seedlings at 4 dpg were assayed. The data are presented as the
mean = SE (n=3-4). (C) DHAP levels of the wild-type seedlings
from 1-5 dpg were analyzed. (D) DHAP levels in glil, OE #16,
OE #22 and wild-type seedlings at 4 dpg were assayed. The
values are expressed as the mean £ SE (n=4). Different symbols
indicate that the means differ significantly by Student’s t-test (*:
control versus 1 mM glycerol; #: WT versus mutants or OE lines.
*, #: p<<0.05; ¥, ##: p<<0.01).

(TIF)

Figure S4 Exogenous glycerol effects on primary root
(PR) length in glycerol-3-phosphate dehydrogenase
(GPDH) overexpression lines. 35S:BnGPDHp, (A),
35S:BnGPDHc;  (B), 35S:AiGLY1 (C) and  35S:GPDHc,
(At3g07690) (D) seedlings were grown on the surface of agar
plates containing 0.5 xMurashige and Skoog (MS) medium for 4
days and subsequently transferred to medium with or without
1 mM glycerol for an additional 3 days. The root lengths were
then recorded. Relative PR lengths (%) are shown (A-D), and the
values represent the mean * SE (n >9). Asterisks indicate
significant differences (control versus 1 mM glycerol: p<0.05 [*],
p<<0.01 [*¥]) by Student’s t-test. The coding sequences of
BnGPDHp; and BnGPDHc¢; were amplified from Brassica napus
cDNA; these genes show high identity with their corresponding
genes AtGPDHp; (Atbg40610) and AtGPDHc; (At2g41540) in
Arabidopsis.

(TIF)

Figure S5 The effect of exogenous glycerol-3-phosphate
(G3P) on primary root (PR) length. (A) Arabidopsis wild-type
(Col-0), glil, ghdhcl, fad-ghdh, OE #16 and OE #22 seedlings
grown on media containing 0, 1 mM MgCl, or 1 mM G3P for 5
days are shown. Bar =0.5 cm. (B) The PR lengths of the seedlings
were recorded. The values shown are the means of at least 20
seedlings for each genotype. Asterisks indicate significant differ-
ences (*: control versus 1 mM glycerol; #: WT versus mutants or
OE lines. *, #: p<0.05; **, #4: p<<0.01) by Student’s t-test.
(TIF)

Figure S6 Expression pattern of the Arabidopsis FAD-
GPDH gene. The gene expression pattern was obtained from the
Arabidopsis e-FP Browser website (http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgl). The figure shows the relative FAD-GPDH
expression in the root meristem and columella cells.

(TIF)

Figure S7 Fatty acid levels and root growth of actl
mutant and wild-type under glycerol treatment. (A) The
fatty acid levels in 7-day-old wild-type and the act/ mutants
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Table S1 Effects of glycerol on the number of second-
order LRP in plants. Wild-type seedlings were grown on the
surface of agar plates containing 0.5 X Murashige and Skoog (MS)
medium and 1 mM glycerol for the indicated number of days. The
numbers of second-order LRP per plant are presented as the
means of 30 seedlings = SE.

(DOC)

Table S2 Effects of glycerol on PR length and LR
number per plant in 0.1% sucrose. Wild-type seedlings
were grown on the surface of agar plates containing 0.5x
Murashige and Skoog (MS) medium with 0.1% sucrose in the
presence of different concentrations of glycerol for 7 days. The PR
length and the LR number per plant were determined. The values
shown represent the means of 12 seedlings = SE.

(DOC)

Table 83 Primers used in this study.
(DOC)
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