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Abstract

Background: Sinapic acid and its esters have broad functions in different stages of seed germination and plant
development and are thought to play a role in protecting against ultraviolet irradiation. To better understand the
interactions between sinapic acid esters and seed germination processes in response to various stresses, we
analyzed the role of the plant hormone abscisic acid (ABA) in the regulation of sinapic acid esters involved in

seed germination and early seedling growth.

Results: We found that exogenous sinapic acid promotes seed germination in a dose-dependent manner in
Arabidopsis thaliana. High-performance liquid chromatography mass spectrometry analysis showed that exogenous
sinapic acid increased the sinapoylcholine content of imbibed seeds. Furthermore, sinapic acid affected ABA
catabolism, resulting in reduced ABA levels and increased levels of the ABA-glucose ester. Using mutants deficient
in the synthesis of sinapate esters, we showed that the germination of mutant sinapoylglucose accumulator 2
(sng2) and bright trichomes 1 (brt1) seeds was more sensitive to ABA than the wild-type. Moreover, Arabidopsis
mutants deficient in either abscisic acid deficient 2 (ABA2) or abscisic acid insensitive 3 (ABI3) displayed increased
expression of the sinapoylglucose:choline sinapoyltransferase (SCT) and sinapoylcholine esterase (SCE) genes with
sinapic acid treatment. This treatment also affected the accumulation of sinapoylcholine and free choline during

seed germination.

Conclusions: We demonstrated that sinapoylcholine, which constitutes the major phenolic component in seeds
among various minor sinapate esters, affected ABA homeostasis during seed germination and early seedling
growth in Arabidopsis. Our findings provide insights into the role of sinapic acid and its esters in regulating
ABA-mediated inhibition of Arabidopsis seed germination in response to drought stress.
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Background

Phenylpropanoid metabolism leads to a diverse group of
compounds that are derived from the carbon skeleton of
phenylalanine and are involved in plant defense, struc-
tural support, and survival [1]. Sinapic acid is a small,
naturally occurring member of the phenylpropanoid
family that serves as a common precursor for soluble
secondary metabolites [2]. In brassicaceous plants, in-
cluding Arabidopsis thaliana, sinapic acid is converted
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into a broad spectrum of O-ester conjugates. These
abundant soluble sinapic acid esters reflect a well-known
metabolic network and are produced at different stages
of plant development. The accumulation of these sinapic
acid esters and soluble phenylpropanoids also provides
protection against ultraviolet (UV)-B stress and functions
in the defense response to pathogens such as Verticillium
longisporum in Arabidopsis [3, 4].

It has been reported that three major sinapic acid
esters, sinapoylglucose, sinapoylmalate, and sinapoylcho-
line, accumulate in Arabidopsis and other members of
the Brassicaceae family (Fig. 1) [5, 6]. Sinapoylglucose,
which is the immediate precursor of sinapoylcholine and
sinapoylmalate that accumulate in seeds and leaves, is
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produced by a UDP-glucose: sinapic acid glucosyltrans-
ferase (SGT) that transfers the glucose moiety of UDP-
glucose to the carboxyl group of sinapic acid [5]. The
resulting 1-O-sinapoylglucose is a -acetal ester that acts
as an energy-rich acyl donor [7]; this donor provides the
necessary free energy for the transacylation reaction
catalyzed by sinapoylglucose:malate sinapoyltransferase
(SMT) that generates sinapoylmalate in vegetative tis-
sues [8]. In developing seeds, sinapoylglucose is also
converted to sinapoylcholine by sinapoylglucose:choline
sinapoyltransferase (SCT) [9-11]. Sinapoylcholine plays
an important role during seed germination [12]. When
the seeds start to germinate, the sinapoylcholine is hy-
drolyzed by sinapoylcholine esterase (SCE) to liberate
sinapic acid and choline [12], and subsequently, the cho-
line is oxidized to glycine betaine that functions as a
stress-protecting agent by stabilizing proteins and mem-
branes [13]. Thus, sinapoylcholine may serve as an im-
portant seed storage form of choline for the subsequent
synthesis of phosphatidylcholine in developing seedlings.
Currently, several Arabidopsis mutants have been identi-
fied to dissect the effects of sinapic acid ester accumula-
tion at various stages of development on plant growth
and yield (Fig. 1). For example, the bright trichomes 1
(brtl) mutant, defective in SGT, showed a reduced epi-
dermal fluorescence phenotype [9, 14]. The Arabidopsis
mutant sinapoylglucose accumulator 1 (sngl), defective
in the gene encoding SMT, accumulated sinapoylglucose
instead of sinapoylmalate in its leaves. Interestingly, the
Arabidopsis loss-of-function mutant for SCT (sng2) was

found to have increased sinapoylglucose content in the
seeds and a corresponding decrease in the level of sina-
poylcholine [5, 15, 16]. Additionally, the FERULIC ACID
HYDROXYLASE1 (fahl) and REDUCED EPIDERMAL
FLUORESCENCEI1 (refl) mutations lack sinapic acid
and sinapate ester synthesis, respectively [9, 17-19].

It is well known that various stresses trigger the activa-
tion of the phenylpropanoid pathway in plants [20-22].
The phytohormone abscisic acid (ABA) is a major regu-
lator of plant development and stress responses, includ-
ing seed dormancy, germination, and drought resistance
responses [23-25]. It is generally believed that both
phenolic compounds and ABA act as inhibitors of plant
growth and development, and they are involved in plant
growth regulation [26]. In addition to their individual in-
hibitory actions, phenolic compounds have been demon-
strated to antagonize some effects of ABA, for instance,
reversing ABA-induced abscission, hypocotyl growth,
and seed germination [27-29]. Earlier studies revealed
that phenolic compounds such as ¢-cinnamic acid and p-
coumaric acid reverse ABA-induced stomatal closure
[30]. Furthermore, ABA also causes an increase in sto-
matal diffusive resistance that is recovered by ¢-cinnamic
acid and p-coumaric acid [31]. Moreover, some phenolic
compounds such as scopoletin and umbelliferone were
found to be associated with substantial retention of K*
in guard cells, antagonizing the effect of ABA and ABA-
mediated increases in epidermal diffusive resistance [32].
Conversely, hydrophenolic compounds were completely
inactive [32]. Recently, the use of microarrays and
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quantitative proteomics has found that treatment with
ABA alters the transcript levels of phenylpropanoid
pathway genes in Arabidopsis suspension cells [20]. ABA
also can activate the expression of MYBIO0, a transcrip-
tion factor that plays a major role in the regulation of
flavonoid/phenylpropanoid metabolism during ripening
in Fragaria x ananassa fruit [33]. Together, these studies
suggest that phenylpropanoid metabolism plays an im-
portant role in the response to ABA. It is possible, there-
fore, that phenolics affect plant growth and development
by inhibiting ABA synthesis and signaling processes.
However, direct biochemical and genetic evidence for
this is lacking.

In this study, we investigated the roles of sinapic acid
during seed germination in Arabidopsis. Our results
show that sinapic acid is involved in regulating ABA-
mediated inhibition of seed germination. To test the
contribution of sinapic acid esters to the interaction with
ABA, sinapic acid ester-accumulating Arabidopsis mu-
tants were analyzed. Our findings suggest a novel model
for the involvement of sinapic acid esters in ABA
homeostasis during seed germination.

Results

Effects of sinapic acid on seed germination and early
seedling growth

As previously reported, sinapic acid esters are involved
in protection against UV radiation, seed germination,
and seedling development in brassicaceous plants [34];
it is, however, unclear how sinapic acid esters regulate
seed germination. We, therefore, examined the role of
sinapic acid in plant seed germination and early seed-
ling development. First, we compared the germination
rates of wild-type Arabidopsis seeds on Murashige and
Skoog (MS) [35] medium containing different concen-
trations of sinapic acid. As shown in Fig. 2a, wild-type
seed germination was promoted by sinapic acid concen-
trations ranging from 0.1 to 1 mM, with the germin-
ation rate of wild-type seeds in MS medium containing
0.5 mM sinapic acid increased by ~9.2% compared with
the control (Fig. 2a, b). Next, we observed the effect of
sinapic acid on root growth and early seedling develop-
ment (Fig. 2c, d). Sinapic acid promoted root growth,
causing an ~44% increase in root length compared with
the mock (dimethyl sulfoxide was added, as the same
volume of sinapic acid) treatment at 8 d after seed im-
bibition (Fig. 2c, e). Treatment with 0.5 mM sinapic
acid for 20 d increased fresh seedling weight by ~20%
compared with the mock treatment (Fig. 2f). To re-
move the effects of any trace of chemicals in the MS
medium that could interfere with seed germination we
also performed the germination assay on water medium.
Freshly harvested Arabidopsis seeds were used in this
study. The rate of seed germination increased by ~9%
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with 0.5 mM sinapic acid compared with the control,
indicating that sinapic acid significantly promoted early
seedling growth (Additional file 1: Figure S1). These
findings are consistent with the seed germination re-
sults using MS medium. Together, these data suggest
that sinapic acid is involved in seed germination and
early plant development.

To test whether exogenous sinapic acid is converted
into sinapic acid esters during seed germination in
Arabidopsis, we analyzed sinapoylglucose and sina-
poylcholine production using high-performance liquid
chromatography (HPLC) mass spectrometry. Arabidop-
sis seeds were germinated on MS medium containing
0.5 mM sinapic acid. As shown in Fig. 2g, wild-type
seeds, after imbibition with 0.5 mM sinapic acid for 2 d,
accumulated ~36 pmol g™ dry weight (DW) sinapoyl-
choline, while the control accumulated only ~17 pmol g™*
DW. When soluble phenolic compounds were extracted
from seedlings after 20 d of growth, the levels of sina-
poylglucose and sinapoylmalate following 0.5 mM sina-
pic acid treatment were two to three times higher than
in the mock-treated seedlings (Fig. 2h). These results
suggest that exogenous sinapic acid may be channeled
into the phenylpropanoid pathway where it is subse-
quently converted into the corresponding sinapic acid
esters by sinapoyltransferase. This could potentially
support seed germination and increase the develop-
ment of young seedlings.

Effect of sinapic acid on ABA homeostasis

ABA is the key hormone associated with seed germin-
ation and vegetative growth and is known to interact
with phenolic compound synthesis during plant devel-
opment [20, 23-25]. To examine whether exogenous
sinapic acid affects ABA homeostasis during seed ger-
mination, we first analyzed the expression of genes en-
coding UDP-glycosyltransferases (UGTs) and hydroxylases
using real-time quantitative reverse transcriptase PCR
(qQRT-PCR). Previously reported UGTs UGT71C5,
UGT71B6, UGT71B7, and UGT71B8, which displayed
in vitro glucosylation activity toward ABA, belong to
UGT subfamily 1 in Arabidopsis [36—38]. Under sina-
pic acid treatment, the transcript levels of UGT71CS5,
UGT71B6, UGT71B7, and UGT71B8 were upregulated
compared with the control (Fig. 3a). UGT71B7 expres-
sion was upregulated more than 3-fold in seeds pre-
treated with sinapic acid for 12 h compared with the
mock treatment. To further study whether sinapic acid
affects ABA catabolism, we analyzed the expression
of members of the Arabidopsis cytochrome P450
CYP707A gene family that encode proteins with ABA
8-hydroxylase activity [39, 40]. There were no signifi-
cant differences in the expression of CYP707A1, 2, 3,
and 4 (Additional file 2: Figure S2a).
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Fig. 2 Sinapic acid promotes seed germination and early seedling growth in Arabidopsis. a Comparison of the germination rates of Arabidopsis
seeds after exposure to different concentrations of sinapic acid for 2 d. Seeds were germinated and grown on MS medium with sinapic acid or
mock-treatment (dimethyl sulfoxide, DMSO) as a control. b—d Seeds were germinated and grown on MS medium with 0.5 mM sinapic acid. The
photographs were taken at 2 d (b), 8 d (c), and 20 d (d) after seed imbibition. e Quantitative analysis of root length after 0.5 mM sinapic acid
treatment for 8 d. f Fresh weight (FW) biomass per five plants at different times for seedlings grown on MS medium with 0.5 mM sinapic acid.
g Quantification of sinapoylcholine released from the wild-type seeds. After 2 d of treatment with 0.5 mM sinapic acid, sinapic acid esters were
extracted from germinating seeds and sinapoylcholine was quantified by HPLC; DW, dry weight. h Sinapoylglucose and sinapoylmalate analyses
in seedlings grown for 10 d after exogenous 0.5 mM sinapic acid treatment. Values are means + SD of three independent experiments. Asterisks
indicate significant changes compared with the mock (P < 0.05) calculated using Student's t-test
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In addition to de novo ABA biosynthesis, it has been
shown that the p-glucosidase (BG) homologs in Arabi-
dopsis, p-glucosidase 1 (BG1) and BG2, generate ABA
from ABA- glucose ester (GE) in the endoplasmic
reticulum and vacuole, respectively [41, 42]. To deter-
mine whether sinapic acid affects hydroxylation of ABA-
GE to ABA by the BGs, we analyzed the expression of
BG1 and 2 under sinapic acid treatment. As shown in
Additional file 2: Figure S2B, there was no significant
difference in the expression of BGI and 2 with sinapic
acid, suggesting that exogenous sinapic acid mainly par-
ticipates in the regulation of the endogenous level of free

ABA by glucosylation, but does not affect ABA catabolism
or hydroxylation of ABA-GE during seed germination.

To further demonstrate that sinapic acid affects ABA
glucosylation, we examined the levels of free ABA and
ABA-GE using reversed-phase HPLC in Arabidopsis
seeds pretreated with sinapic acid for 48 h. We found
that the level of ABA in the imbibed seeds was ~560
pmol g™ after pretreatment with sinapic acid, compared
with ~620 pmol g™ after mock pretreatment. However,
the level of ABA-GE in the seeds with sinapic acid
pretreatment was ~190 pmol g, compared with ~60
pmol g”! in the mock-treated seeds (Fig. 3b).
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Fig. 3 Analysis of the endogenous ABA and ABA- glucose ester (GE) levels following sinapic acid pretreatment of seeds in Arabidopsis. a gRT-PCR
analyses of ABA UDP-glucosyltransferase genes after pretreatment of seeds with sinapic acid or DMSO (mock-treated control). The seeds were
incubated with 0.5 mM sinapic acid or DMSO for 36 h at 4 °C in the dark and then germinated on MS agar medium for 1 d. Total RNAs were
isolated from the treated and mock-treated seeds; Actin2 primers were used in PCR as an internal control. b Analysis of endogenous ABA and
ABA-GE levels using HPLC-mass spectrometry. Seeds were immersed in 0.5 mM sinapic acid or DMSO (mock) for 36 h at 4 °C in the dark and
then transferred to MS medium for 1 d of germination. Data are based on three independent replicates (+ SD). ¢ Analysis of endogenous ABA
and ABA-GE levels in fah1-1 Arabidopsis plants. Seeds were immersed in water for 36 h at 4 °C in the dark and then transferred to MS medium
for 1 d of germination. Data are based on three independent replicates (+ SD). Asterisks indicate significant changes compared with the control
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In Arabidopsis, FAHI encodes ferulate-5-hydroxylase,
an enzyme in the phenylpropanoid pathway responsible
for sinapic acid ester synthesis. The fah1 mutant fails to
accumulate sinapic acid esters [9]. To further confirm
the degree of sinapic acid regulation of endogenous
ABA and ABA-GE, free ABA and ABA-GE was mea-
sured in the null fahI-1 mutant with decreased sinapic
acid levels (Additional file 3: Figure S3). Consistently,
the level of ABA reached ~680 pmol g™" in fahI-1 mu-
tant seeds without sinapic acid treatment, compared
with ~620 pmol g in the wild-type seeds. Addition-
ally, the level of ABA-GE was ~30 pmol g ' in fahl-I
compared with ~36 pmol g in wild-type (Fig. 3c).
Hence, our work provides genetic evidence that sinapic
acid functions in ABA glucosylation during seed ger-
mination in Arabidopsis. Taken together, these findings
suggest that sinapic acid influences ABA homeostasis
by regulating ABA glucosylation in plants.

Sinapic acid partly reversed ABA-mediated inhibition of
Arabidopsis seed germination

To further investigate the function of sinapic acid in
the regulation of ABA homeostasis, we sowed Arabi-
dopsis seeds onto a plate and soaked them in mock
(dimethyl sulfoxide was added, as the same volume of
sinapic acid) or 0.5 mM sinapic acid solutions at 4 °C
in the dark. After 36 h incubation, the seeds were ger-
minated in MS medium with 0.2 uM ABA. As shown
in Fig. 4, a greater percentage of the seeds pretreated
with sinapic acid germinated in MS medium contain-
ing ABA compared with the control; and 2 d after
sowing, the germination percentage of seeds soaked in
0.5 mM sinapic acid was ~65%, while only ~40.5% of

the mock-pretreated seeds had germinated. At 4 d, no
significant differences were observed in germination
percentage between sinapic acid-incubated seeds and
mock-treated seeds (Fig. 4). These findings are con-
sistent with sinapic acid affecting the balance between
ABA and ABA-GE during seed germination, and fur-
ther confirm that exogenous sinapic acid might be the
primary phenolic compound that is channeled into
seeds and converted into sinapic acid esters to regu-
late ABA homeostasis.

120 -
B mock

M sinapic acid

I ferulic acid

M cinnamic acid
M p-coumaric acid
caffeic acid z

100

80

Germination rate (%)

60
40
20
0 -
1d 2d 3d 4d
Time (days)

Fig. 4 Sinapic acid decreased ABA-induced inhibition of seed
germination in Arabidopsis. Wild-type Arabidopsis seeds were incubated
with 0.5 mM sinapic acid, ferulic acid, cinnamic acid, p-coumaric acid,
or caffeic acid for 36 h at 4 °C in the dark, and then germinated on
MS agar medium with 0.2 uM ABA. Values are means + SD of three
independent experiments (>100 seeds per data point). Asterisks
indicate significant changes compared with the control (P < 0.05)
calculated using Student’s t-test
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To evaluate whether the accumulation of phenyl-
propanoids has the same function as sinapic acid on
seed germination in response to ABA, we examined
the effects of cinnamic acid and its hydroxylated de-
rivatives (caffeic acid, ferulic acid, p-coumaric acid,
and t-cinnamic acid) on seed germination. As shown
in Fig. 4, the pretreatment of seeds with caffeic acid,
ferulic acid, or cinnamic acid did not result in antag-
onistic effects upon ABA-mediated inhibition of seed
germination; conversely, these compounds slightly
enhanced ABA inhibition of seed germination compared
with the mock treatment. However, p-coumaric acid
slightly increased seed germination upon ABA treatment.

Loss of sinapic acid esters enhances susceptibility to ABA
To provide further genetic evidence that sinapic acid in-
teracts with ABA during seed germination and early
plant growth, we analyzed mutants with impaired func-
tion of different enzymes involved in sinapic acid ester
biosynthesis. First, the seed germination rate was deter-
mined in sng2, the null mutant for SCT [16]. Compared
with the wild-type, seed germination of the sng2 mutant
was more sensitive to ABA, and its germination rate was
reduced by 50% at 2 d (Fig. 5a, b). Additionally, the
number of green cotyledons for sng2 was reduced 4-fold
compared with the wild-type at 8 d (Fig. 5a, c). brtl-1
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mutants, which are defective in SGT production, are
responsible for the production of the sinapoyl donor
sinapoylglucose [14]. Consistent with the role of sng2,
brtl-1 also reduced the rate of seed germination and
the number of green cotyledons (Fig. 5). We also tested
the seed germination rate in smgl-1 mutants that are
defective in SMT [15]. Interestingly, the seed germin-
ation rate of sngl-1 was insensitive to ABA compared
with the wild-type (Fig. 5b); moreover, there were no
significant differences in the number of green cotyle-
dons in sngl-1 when compared with wild-type after 8 d
of seedling growth (Fig. 5c¢).

To further investigate the relationship between
sinapic acid ester biosynthesis and the ABA response
during seed germination, we examined the sinapoyl-
choline level in sugl-1, sng2, and brtl-1 mutants
under ABA treatment. As shown in Fig. 5d, the level
of sinapoylcholine in sngl-1 and wild-type seeds was
significantly higher following exposure to ABA than
with the mock treatment. Almost no sinapoylcholine
was found in sng2, however, and there were no sig-
nificant differences between brti-1 and the wild-type.
These findings suggest that the loss of SCT and SGT
function resulted in a decrease in the levels of sina-
poylcholine that might enhance susceptibility to ABA
during seed germination.
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Fig. 5 Effect of ABA on seed germination and early seedling growth in sinapic acid ester-accumulating mutants of Arabidopsis. a Eight-day-old
wild-type, sngi-1, sng2, and brt1-1 seedlings were grown in MS medium with or without 0.2 uM ABA. b Seed germination rates of wild-type (WT),
sngi-1,sng2, and brt1-1 in the presence of 0.2 uM ABA. ¢ The number of green cotyledons was recorded for plants grown as in (a). d Quantification of
sinapoylcholine released from 0.2 uM ABA pretreated seeds of wild-type and sinapic acid ester-accumulating mutants of Arabidopsis. Values
are means + SD of three independent experiments (>120 seeds per data point)
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Sinapoylcholine might be a key sinapic acid ester in
antagonizing the effect of ABA during seed germination
Mutants defective in ABA biosynthesis or catabolism
have been shown to have reduced or increased seed
dormancy. ABSCISIC ACID DEFICIENT2 (ABA2) en-
codes a short-chain dehydrogenase/reductase family
member in Arabidopsis that plays a unique and spe-
cific role in ABA biosynthesis [43]. The ABA2-defi-
cient mutant aba2-1 [44] was used to determine the
link between sinapic acid and the ABA pathway during
seed germination. The germination rate of aba2-1 on
MS medium lacking sinapic acid was ~27% at 1 d after
imbibition. However, when the seeds were placed on
MS medium containing 0.5 mM sinapic acid, the ger-
mination rate of aba2-1 increased by ~15% compared
with the mock treatment. For wild-type seeds, almost
no germination had occurred at 1 d (Fig. 6a). To de-
termine whether sinapic acid interferes with seed-
specific ABA signal transduction, the role of ABSCI-
SIC ACID INSENSITIVE3 (ABI3) [45], a major regula-
tor of seed maturation in Arabidopsis, was analyzed.
As shown in Fig. 6a, the seed germination rate of the
Arabidopsis loss of function mutant of abi3-1 was also
increased with 0.5 mM sinapic acid, compared with
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the greater insensitivity to sinapic acid shown by the
aba2-1 mutant (Fig. 6a).

To test whether sinapoylcholine is involved in ABA-
mediated inhibition of seed germination, we performed
qRT-PCR to examine SCT expression. With sinapic acid
treatment, SCT expression was higher in the aba2-1 and
abi3-1 mutants than in the wild-type (Fig. 6b). More-
over, SCT enzymatic activity, measured using extracts of
sinapic acid-treated wild-type, aba2-1, and abi3-1 seeds,
was 27.02 + 1.35, 34.22 + 1.65, and 35.2 + 2.1 pKat mg™*
protein, respectively (Fig. 6¢). These data are consistent
with the increased expression of SCT in aba2-1 and
abi3-1 mutants.

Having found that sinapic acid led to the produc-
tion of sinapoylcholine in pretreated seeds (Fig. 1g),
we determined the sinapoylcholine content of the
aba2-1 and abi3-1 mutants. When the seeds of wild-
type, aba2-1, and abi3-1 were pretreated in 0.5 mM
sinapic acid for 36 h before being germinated on MS
medium for 48 h, the sinapoylcholine content of
aba2-1 and abi3-1 had increased by ~2.58 and
~3.4 umol g™, respectively, compared with the wild-
type (Fig. 6d). Therefore, we conclude that sinapoyl-
choline is responsible for ABA-mediated inhibition of

the mock treatment. These data are consistent with seed germination.
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To further investigate the physiological relevance of
the interaction between sinapoylcholine and ABA, the
expression of SCE was assayed in aba2-1 and abi3-1
mutants. As shown in Fig. 6e, SCE expression increased
~29 and ~23% in aba2-1 and abi3-1, respectively, com-
pared with wild-type. Similarly, free choline accumula-
tion in germinating seeds also increased in the aba2-1
and abi3-1 mutants upon sinapic acid treatment (Fig.
6f). Next, we tested whether choline chloride increased
seed germination. Similar to sinapic acid, choline chlor-
ide also increased seed germination (Additional file 4:
Figure S4). These data suggest that sinapoylcholine me-
tabolism might regulate ABA-mediated inhibition of
Arabidopsis seed germination.

Discussion

In this study, we investigated the role of sinapic acid in
Arabidopsis seed germination and seedling growth using
the sng2 and brtI-1 mutants. Our results showed that
the sinapic acid ester metabolic pathways are involved in
regulating ABA-mediated inhibition of seed germination
and early seedling growth in Arabidopsis.

As mentioned above, phenylpropanoids suppress seed
germination, cause root growth disorders, and inhibit
plant growth [46]. Several known phenolic compounds
such as cinnamic acid, flavonoids, and coumarins have
been classified as natural inhibitors of plant growth
regulation [26]. Sinapoylcholine is a member or deriva-
tive of the phenylpropanoid family that specifically accu-
mulates in the seeds of cruciferous plants [34]. During
seed germination, sinapoylcholine is hydrolyzed by SCE
activity [47-50]. However, the physiological role of sina-
poylcholine as a seed-specific ester is still unknown. In
this study, we have shown that exogenous sinapic acid at
concentrations of between ~0.1 and 1 mM could in-
crease seed germination and the development of young
seedlings (Fig. 2). A higher concentration of sinapic acid
suppressed seed germination (Fig. 2a). When exogenous
sinapic acid (0.5 mM) was applied to the medium, wild-
type imbibed seeds and seedlings contained two to three
times more of the sinapic acid esters sinapoylcholine
and sinapoylglucose than did mock-treated control seed-
lings (Fig. 2g, h). Hence, we conclude that exogenous
sinapic acid might be channeled into seeds where it is
converted into sinapic acid esters, leading to the accu-
mulation of these compounds in imbibed Arabidopsis
seeds. This differs from the mechanisms of other phen-
olic compounds involved in the regulation of seed ger-
mination, root growth, and early seedling growth.

A number of phenolic compounds are known to
antagonize the effects of ABA by, for instance, reversing
ABA-induced abscission, hypocotyl growth, and seed
germination [27, 29]. Some phenolic compounds, such
as vanillic acid, gallic acid, salicylic acid, cinnamic acid,
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p-coumaric acid, ferulic acid, coumarin, chlorogenic
acid, rutin, and morin antagonize ABA-induced stomatal
closure [51]. Interestingly, all the benzoic acids, in-
cluding sinapic acid, resulted in the recovery of ABA-
induced stomatal closure [28]. These results suggest
that phenolic compounds might be involved in ABA
metabolism or ABA signaling in response to stress.
This hypothesis was confirmed in assays examining
the germination of wild-type seeds after pretreatment
with sinapic acid that found that sinapic acid partly re-
versed the ABA-mediated inhibition of Arabidopsis
seed germination (Fig. 4). However, pretreatment with
several simple phenolic compounds such as p-couma-
ric acid, caffeic acid, and ferulic acid did not recover
seed germination following ABA exposure (Fig. 4).
Our data, therefore, reveal an important role for sina-
pic acid in regulating seed germination together with
ABA, though other phenolic compounds do not mir-
ror this relationship. These results strongly support
the presence of a correlation between the accumula-
tion of sinapic acid esters and ABA homeostasis dur-
ing seed germination. Therefore, sinapic acid not only
enables the recovery of ABA-induced stomatal closure
[28] but may also antagonize ABA-mediated inhibition
of seed germination.

As the metabolism of sinapic acid esters in seeds is
controlled by the sinapoylglucose-dependent sinapoyl-
transferase UGT enzyme family that includes BRT1
(UGT84A2), it is possible that sinapic acid ester metab-
olism might be involved in ABA glucosylation. Indeed,
expression of BRTI was induced by sinapic acid (Fig.
3a). Interestingly, the transcript levels of UGT7IBS,
UGT71B6, UGT71B7, and UGT71B8 were apparently
upregulated by sinapic acid compared with mock-
treated samples (Fig. 3a). Conversely, the expression of
CYP707A genes and BG genes were less affected by
sinapic acid (Additional file 2: Figure S2). The endogen-
ous ABA and ABA-GE levels determined using LC-
mass spectrometry in this study confirm the hypothesis
that sinapic acid plays a major role in ABA glucosyla-
tion. Exogenous sinapic acid treatment led to dynamic
changes in endogenous ABA/ABA-GE concentrations
(Fig. 3b), suggesting that sinapic acid may influence
ABA homeostasis in germinating seeds. Accordingly, a
loss of function mutation in FAHI also led to increased
ABA-GE levels and reduced ABA levels (Fig. 3C). The
genetic analysis showed that seed germination de-
creased the sensitivity to sinapic acid in aba2 and abi3
mutants compared with wild-type seeds (Fig. 6a) and
that sinapic acid increased SCT gene expression and en-
zyme activity (Fig. 6b, c). Importantly, sinapic acid en-
hanced SCE gene expression and sinapoylcholine level.
When exogenous sinapic acid was added, the level free
choline increased along with seed germination (Fig. 6f).
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Hence, it is possible that exogenous sinapic acid is
channeled via sinapoylglucose (1-O-sinapoyl-glucose)
to sinapoylcholine, simultaneously enhancing free cho-
line levels in the germinating seeds of aba2-1 and abi3-
1 mutants, and antagonizing some effects of ABA-
mediated inhibition of seed germination.

The involvement of sinapic acid or its derivatives in
ABA-mediated inhibition of seed germination is also
confirmed by Arabidopsis lines with mutations in the
SGT, SCT, and SMT genes. As illustrated in Fig. 1, the
brtl-1 mutation impairs the gross metabolic flux to-
ward sinapoylmalate in leaves or sinapoylcholine in
seeds [52]. The sng2 mutant accumulated a high level
of sinapoylglucose in its seeds, corresponding to a de-
creased level of sinapoylcholine [5, 15, 16]. The fact
that sng2 and brtI-1 seed germination exhibited greater
sensitivity to ABA than seed germination in wild-type
suggests that sinapoylcholine plays an important role in
ABA-regulated seed germination (Fig. 5). Furthermore,
when the seeds were planted on MS medium contain-
ing 0.2 pM ABA, the sngl-1 mutant was found to be
less sensitive to ABA than the wild-type, sng2, or brti-1
(Fig. 5). One possibility is that the Arabidopsis sngl-1
mutant accumulated sinapoylglucose instead of sina-
poylmalate in the imbibed seeds, corresponding to an
increased level of sinapoylcholine and resulting in a
blocking of ABA synthesis and breaking of seed dor-
mancy. These results were also partly confirmed by an
assay of the sinapoylcholine content of the sngl-I mu-
tant (Fig. 5d). Consistently, defects in the ABA pathway
increased sinapic acid-induced seed germination and
SCT expression (Fig. 6a, c).

Overall, the accumulation of sinapoylcholine in the
seed is a typical characteristic of many members of the
Brassicaceae family. Once seeds begin to germinate,
sinapoylcholine is mobilized by SCE hydrolysis to liber-
ate sinapic acid and choline for germinating seedlings.
Therefore, it is possible that the accumulation of sinapic
acid and choline disturbs ABA homeostasis during seed
germination. However, the link between sinapic acid-
induced free choline accumulation and ABA-mediated
inhibition of seed germination is further strengthened by
our observations.

Conclusion

We demonstrate that sinapic acid esters might regulate
ABA-mediated inhibition of dormancy breakage, ger-
mination, and growth in Arabidopsis. Hence, our inves-
tigation highlights the importance of sinapic acid
metabolism in the conjugation cycle of ABA in ABA
homeostasis during seed germination. Further research
is needed to ascertain how sinapic acid esters regulate
seed germination through a negative feedback loop
modulating ABA homeostasis.
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Methods

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia was used in
this study. The sngl-1 [15], sng2 [16], and brtl-1 [14]
homozygous mutants (Col-0) were generously provided
by Clint Chapple (Purdue University, USA). fahl-2
(CS6172) and abi3-1 (CS24) were obtained from the
Arabidopsis Biological Resource Center (Ohio State
University). aba2-1/easl—1 was screened by chlorophyll
fluorescence imaging in our lab [44]. For seed germin-
ation, all seeds were sterilized and kept for 2 d at 4 °C
in the dark to break dormancy. The seeds were then
placed on 0.6% agar-containing MS medium (Phyto-
Tech) with different levels of phenolic compounds or
ABA as indicated, or the seeds were placed on wet filter
paper (water medium) with sinapic acid or water alone
as a control. The plates were incubated at 22 + 2 °C
with a 16-h-light photoperiod.

Pretreatment of Arabidopsis seeds

Freshly harvested Arabidopsis seeds were surface-
sterilized with 0.1% mercuric chloride for 3 min, washed
three times with sterile water before sowing, and then in-
cubated in 0.5 mM sinapic acid (50 mM sinapic acid stock
solution in 100% dimethyl sulfoxide) or the corresponding
control for 36 h in the dark at room temperature. For the
germination assay, the pre-treated seeds were then sown
on solid MS medium with or without 0.2 pM ABA at 4 °C
for 2 d in the dark before being transferred into a growth
chamber with a 16/8 h (24/18 °C) day/night cycle with a
light intensity of 150 umol m ™2 s, The number of germi-
nated seeds was recorded daily over 5 d. The experiment
was carried out with three replicates, each with a group of
100 seeds per treatment.

RNA extraction and qRT-PCR

Total RNA was extracted using the RNeasy plant mini
kit (Qiagen) according to the manufacturer’s instruc-
tions. RNA samples were quantified with a Nanodrop
spectrophotometer (ND-1000; Labtech). Reverse tran-
scription was performed with 3 pg of total RNA and M-
MLV (Promega) according to the manufacturer’s instruc-
tions. All gene expression experiments were repeated at
least three times (2 x SYBR Green Realtime Master Mix,
Novoprotein). PCR primer sequences are presented in
Additional file 5: Table S1.

Determination of ABA and ABA-GE content

Samples of imbibed seeds before solid-phase extraction
were treated as described previously [37]. Assays of ABA
and ABA-GE were performed essentially as described by
Liu [38]. Briefly, 1 ml of pretreated sample with 20 ml of
internal standard solution (chloromycetin, 14.426 ng ml™")
was loaded into a Kinetex 2.6 pm C18 Column
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(50 x 2.1 mm). Samples were eluted with 2 ml of buffer
containing methanol: distilled deionized water: acetic acid
(80:19:1, v/v/v). The eluent was dried at 40 °C under a
gentle stream of nitrogen. The residue was reconstituted
by the addition of 200 ml of methanol: water: acetic acid
(45:54:1, v/v/v); 10 ml aliquots of supernatant were analyzed
by LC-mass spectrometry (AB Sciex API QTRAP4000).

Analysis of sinapic acid esters

Rosette leaves and pretreated seeds of Arabidopsis were
ground into powder in liquid nitrogen and extracted
overnight at 4 °C with 80% methanol containing 25 pM
chrysin as an internal standard. Samples were ground
briefly and then centrifuged at 13,000xg for 10 min. The
imbibed seed extracts were prepared from 1 mg of seeds
suspended in 0.1 ml of 80% methanol. Sinapic acid ester
contents were determined by HPLC (Agilent). The
sample was resolved on a Kinetex 2.6 pum C18 Column
(50 x 2.1 mm) in 0.2% acetic acid (A) with an increas-
ing concentration gradient of acetonitrile containing
0.2% acetic acid (B) at a constant rate of 0.8 ml min
0-20 min, 30% B; 20—25 min, 100% B. UV absorption
was monitored at 330 nm using a multiple-wavelength
photodiode array detector (Agilent). Peaks were identi-
fied and quantified using commercially available stand-
ard substances.

Determination of SCT activity

Enzyme extraction and assay conditions were based on
those used previously to purify and assay SCT from
Arabidopsis [53]. To assay the crude seed extracts,
wild-type, aba2-1, and abi3-1 seeds were frozen in li-
quid nitrogen and each ground to a fine powder. This
powder was stirred for 20 min in five volumes of 100 mM
potassium phosphate buffer (pH 6.8) containing 20 mM
NaCl and 4% w/v insoluble polyvinylpolypyrrolidone. The
samples were filtered through Miracloth (Calbiochem, La
Jolla, CA, USA) and centrifuged for 20 min at 14,000xg.
The supernatant was added to 0.1% w/v protamine sulfate,
stirred for 20 min, and centrifuged for 20 min at 14,000xg.
The supernatant was again filtered through Miracloth
(Calbiochem), and the protein was precipitated by adding
ammonium sulfate to 85% saturation, followed by centri-
fugation at 14,000xg for 20 min. The pellet was resus-
pended in 100 mM potassium phosphate buffer (pH 7.0)
containing 50 mM NaCl, desalted into 100 mM potassium
phosphate buffer (pH 7.0) using PD-10 Sephadex G-25 M
columns (Supelco, Bellefonte, PA, USA), and used for the
determination of SCT activity. Each assay contained 50 ml
of 2.5 mM sinapoylglucose, 10 ml of 100 mM choline
chloride, and 30 ml of protein extract. The assays were
incubated for 60 min at 30 °C, stopped by the addition
of 400 ml of cold 50% methanol, and analyzed by
HPLC (Agilent).
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Choline assay

Free choline from germinating seeds was assayed using a
Choline Assay Kit (Abnova) in accordance with the
manufacturer’s instructions. For an assay of crude seed
extracts, wild-type, aba2-1, and abi3-1 seeds were frozen
in liquid nitrogen and each ground to a fine powder.
This powder was stirred in cold PBS buffer (pH 6.8) for
1 h. The samples were filtered through Miracloth (Cal-
biochem) and centrifuged for 5 min at 14,000xg. For
each sample, 300 pul of supernatant was transferred to a
clean tube and neutralized with 50 pl 6 M NaOH. The
neutralized supernatant was then assayed by spectro-
photometer (Thermo Fisher).

Additional files

Additional file 1: Figure S1. Sinapic acid promotes seed germination
and early seedling growth in Arabidopsis. a Comparison of germination
rates of Arabidopsis after exposure to different concentrations of sinapic
acid for 2 d. Fresh seeds were germinated and grown on wet filter paper
with 0.5 mM sinapic acid or water alone as a control. Values are means +
SD of three independent experiments. Asterisks indicate significant changes
compared with the mock (P < 0.05) calculated using Student’s t-test. b
Photographs taken 7 d after seed imbibition. Seeds were germinated and
grown on water alone, or water with 0.5 mM sinapic acid. (PPTM 396 kb)

Additional file 2: Figure S2. Expression of ABA metabolism genes in
response to sinapic acid. a Quantitative real-time RT-PCR (gRT-PCR) to
examine the expression of ABA catabolism genes (CYP707A1, CYP707A2,
CYP707A3, and CYP707A4) with sinapic acid. b gRT-PCR to examine the
expression of de novo ABA biosynthesis genes (BGT and BG2) with
sinapic acid. The seeds were incubated with 0.5 mM sinapic acid or
dimethyl sulfoxide (DMSO) for 36 h at 4 °C in the dark and then
germinated on MS agar medium for 1 d. Total RNA was isolated from
the treated and mock-treated seeds; Actin2 primers were used as an
internal control. (PPTM 107 kb)

Additional file 3: Figure S3. Quantification of sinapoylcholine released
from wild-type and fah1-T1 seeds pretreated with 0.5 mM sinapic acid.
After 2 d of treatment with 0.5 mM sinapic acid, sinapic acid esters were
extracted from seeds and sinapoylcholine was quantified by HPLC, DW,
dry weight. (PPTM 58 kb)

Additional file 4: Figure S4. Germination of aba2-1 and abi3-1 seeds in
the presence of 400 mg | choline chloride. (PPTM 69 kb)

Additional file 5: Table S1. List of primers used in this study. (DOCX 14 kb)

Acknowledgment
We thank Clint Chapple of Purdue University (USA) for kindly providing the
sngl-1, sng2, and brti-1 mutants.

Funding

This work was supported by the National Natural Science Foundation of
China (31370332), the Doctoral Program Foundation of Institutions of Higher
Education of China (20134103110001), and the Plan for Scientific Innovation
Talent of Henan Province (144200510017).

Authors’ contributions

YM conceived and designed the experiments. BB, JT, SH, and JG performed
the experiments. YM, BB, and JT analyzed the data. YM, BB, and JT
contributed reagents/materials/analytical tools. YM wrote the paper. All
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.


dx.doi.org/10.1186/s12870-017-1048-9
dx.doi.org/10.1186/s12870-017-1048-9
dx.doi.org/10.1186/s12870-017-1048-9
dx.doi.org/10.1186/s12870-017-1048-9
dx.doi.org/10.1186/s12870-017-1048-9

Bi et al. BMC Plant Biology (2017) 17:99

Accession numbers

Sequence data from this report can be found in the Arabidopsis Genome
Initiative or the GenBank/EMBL database under the following accession
numbers: SGT, At3g50310; SCT, At5g09640; SMT, At2g22990; UGT71C5,
At1g07240; UGT71B6, At3g21780; UGT71B7, At3g21790; UGT71BS8,
At3G21800; CYP707A2, At2g29090; ABA2, At1g52340; ABI3, At3g24650
and ACTIN2, At3g18780.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 18 December 2016 Accepted: 25 May 2017
Published online: 06 June 2017

References

1.
2.

3.

Vogt T. Phenylpropanoid biosynthesis. Mol Plant. 2010;3:2-20.

Shahidi F, Naczk M. Cereals, legumes, and nuts. In phenolics in food and
nutraceuticals, Ch, vol. 2. Boca Raton: CRC press; 2004. p. 17-166.

Konig S, Feussner K, Kaever A, Landesfeind M, Thurow C, Karlovsky P, et al.
Soluble phenylpropanoids are involved in the defense response of
Arabidopsis against Verticillium longisporum. New Phytol. 2014;202:823-37.
Landry LG, Chapple CCS, Last RL. Arabidopsis mutants lacking phenolic
sunscreens exhibit enhanced ultraviolet-B injury and oxidative damage.
Plant Physiol. 1995;109:1159-66.

Lorenzen M, Racicot V, Strack D, Chapple C. Sinapic acid ester metabolism
in wild type and a sinapoylglucose-accumulating mutant of Arabidopsis.
Plant Physiol. 1996;112:1625-30.

Mock H-P, Vogt T, Strack D. Sinapoylglucose:malate sinapoyltransferase
activity in Arabidopsis thaliana and Brassica napus. Z. Naturforsch. 1992,47¢:
680-2.

Mock H-P, Strack D. Energetics of the uridine 5-diphosphoglucose:
hydroxycinnamic acid acyl-glucosyltransferase reaction. Phytochemistry.
1993;32:575-9.

Sharma V, Strack D. Vacuolar localization of 1-sinapolglucose:-malate
sinapoyltransferase in protoplasts from cotyledons of Raphanus sativus.
Planta. 1985;163:563-8.

Chapple CCS, Vogt T, Ellis BE, Somerville CR. An Arabidopsis mutant defective in
the general phenylpropanoid pathway. Plant Cell. 1992;4:1413-24.

Shirley AM, Chapple C. Biochemical characterization of sinapoylglucose:
choline sinapoyltransferase, a serine carboxypeptidase-like protein that
functions as an acyltransferase in plant secondary metabolism. J Biol Chem.
2003;278:19870-7.

Strack D, Knogge W, Dahlbender B. Enzymatic synthesis of sinapine
from 1-O-sinapoyl-3-D-glucose and choline by a cell-free system from
developing seeds of red radish (Raphanus sativus L. var. sativus).

Z Naturforsch. 1983;38c:21-7.

Strack D. Sinapine as a supply of choline for the biosynthesis of
phosphatidylcholine in Raphanus sativus seedlings. Z Naturforsch.
1981;36¢:215-21.

Sakamoto A, Murata N. Genetic engineering of glycinebetaine synthesis in
plants: current status and implications for enhancement of stress tolerance.
J Exp Bot. 2000;,51:81-8.

Sinlapadech T, Stout J, Ruegger MO, Deak M, Chapple C. The hyper-
fluorescent trichome phenotype of the brt7 mutant of Arabidopsis the result
of a defect in a sinapic acid: UDPG glucosyltransferase. Plant J. 2007,49:655-
68.

Lehfeldt C, Shirley AM, Meyer K, Ruegger MO, Cusumano JC, Viitanen PV, et
al. Cloning of the SNGT gene of Arabidopsis reveals a role for a serine
carboxypeptidase-like protein as an acyltransferase in secondary
metabolism. Plant Cell. 2000;12:1295-306.

Shirley AM, McMichael CM, Chapple C. The sng2 mutant of Arabidopsis is
defective in the gene encoding the serine carboxypeptidase-like protein
sinapoylglucose:choline sinapoyltransferase. Plant J. 2001,28:83-94.

Meyer K, Cusumano JC, Somerville C, Chapple CCS. Ferulate-5-hydroxylase
from Arabidopsis thaliana defines a new family of cytochrome P450-
dependent monooxygenases. Proc Natl Acad Sci U S A. 1996,93:6869-74.
Nair RB, Bastress KL, Ruegger MO, Denault JW, Chapple C. The Arabidopsis
thaliana REDUCED EPIDERMAL FLUORESCENCET gene encodes an aldehyde
dehydrogenase involved in ferulic acid and sinapic acid biosynthesis. Plant
Cell. 2004;16:544-54.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

Ruegger M, Meyer K, Cusumano JC, Chapple C. Regulation of ferulate-5-
hydroxylase expression in Arabidopsis in the context of sinapate ester
biosynthesis. Plant Physiol. 1999;119:101-10.

Bohmer M, Schroeder JI. Quantitative transcriptomic analysis of abscisic
acid-induced and reactive oxygen species-dependent expression
changes and proteomic profiling in Arabidopsis suspension cells. Plant J.
2011,67:105-18.

Hura T, Grzesiak S, Hura K, Thiemt E, Tokarz K, Wedzony M. Physiological
and biochemical tools useful in drought-tolerance detection in genotypes
of winter triticale: accumulation of ferulic acid correlates with drought
tolerance. Ann Bot. 2007;100:767-75.

Santos-Filho PR, Vitor SC, Frungillo L, Saviani EE, Oliveira HC, Salgado .
Nitrate reductase- and nitric oxide-dependent activation of sinapoylglucose:
malate sinapoyltransferase in leaves of Arabidopsis thaliana. Plant Cell Physiol.
2012;53:1607-16.

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. Abscisic acid: emergence
of a core signaling network. Annu Rev Plant Biol. 2010,61:651-79.

Kim TH, Béhmer M, Hu H, Nishimura N, Schroeder JI. Guard cell signal
transduction network: advances in understanding abscisic acid, CO,, and
Ca’" signalling. Annu Rev Plant Biol. 2010,61:561-91.

Raghavendra AS, Gonugunta VK, Christmann A, Grill E. ABA perception and
signalling. Trends Plant Sci. 2010;15:395-401.

Kefeli VI, Kadyrov CC. Natural growth inhibitors, their chemical and
physiological properties. Annu Rev Plant Biol. 1971;22:185-96.

Apte PV, Laloraya MM. Inhibitory action of phenolic compounds on abscisic
acid-induced abscission. J Exp Bot. 1982,33:826-30.

Purohit S, Laloraya MM, Bharti S. Effect of phenolic compounds on abscisic
acid-induced stomatal movement: structure activity relationship. Physiol Plant.
1991,81:79-82.

Ray SD, Guruprasad KN, Laloraya MM. Antagonistic action of phenolic
compounds on abscisic acid-induced inhibition of hypocotyl growth.

J Exp Bot. 1980;31:1651-6.

Laloraya MM, Nozzolillo C, Purohit S, Lisa S. Reversal of abscisic acid-induced
closure by trans-cinnamic and p-coumaric acid. Plant Physiol. 1986;81:253-8.
Mittelheuser CJ, Van Steveninck RFM. Rapid action of abscisic acid on
photosynthesis and stomatal resistance. Planta. 1971,97:83-6.

Purohit S, Laloraya MM, Bharti S, Nozzolillo C. Effect of phenolic compounds on
ABA-induced changes in K* concentration of guard cells and in epidermal
diffusive resistance. J Exp Bot. 1992;43:103-10.

Medina-Puche L, Cumplido-Laso G, Amil-Ruiz F, et al. MYB10 plays a major
role in the regulation of flavonoid/phenylpropanoid metabolism during
ripening of Fragaria x ananassa fruits. J Exp Bot. 2014;65:401-17.

Milkowski C, Strack D. Sinapate esters in brassicaceous plants: biochemistry,
molecular biology, evolution and metabolic engineering. Planta. 2010;
232:19-35.

Murashige T, Skoog F. A revised medium for rapid growth and bioassays
with tobacco tissue culture. Physiol Plant. 1962;15:473-97.

Lim EK, Doucet CJ, Hou B, Jackson RG, Abrams SR, Bowles DJ. Resolution
of (+)-abscisic acid using an Arabidopsis glycosyltransferase. Tetrahedron
Asymmetry. 2005;16:143-7.

Priest DM, Ambrose SJ, Vaistij FE, Elias L, Higgins GS, Ross AR, et al. Use of
the glucosyltransferase UGT71B6 to disturb abscisic acid homeostasis in
Arabidopsis thaliana. Plant J. 2006;46:492-502.

Liu Z, Yan JP, Li DK, Luo Q, Yan Q, Liu ZB, et al. UDP-
glucosyltransferase71C5, a major glucosyltransferase, mediates abscisic acid
homeostasis in Arabidopsis. Plant Physiol. 2015;167:1659-70.

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, Asami T,
Hirai N, Koshiba T, Kamiya Y, Nambara E. The Arabidopsis cytochrome P450
CYP707A encodes ABA 8-hydroxylases: key enzymes in ABA catabolism.
EMBO J. 2004,23:1647-56.

Saito S, Hirai N, Matsumoto C, Ohigashi H, Ohta D, Sakata K, Mizutani
M. Arabidopsis CYP707As encode (+)-abscisic acid 8-hydroxylase, a key
enzyme in the oxidative catabolism of abscisic acid. Plant Physiol.
2004;134:1439-49.

Lee KH, Piao HL, Kim HY, Choi SM, Jiang F, Hartung W, Hwang |, Kwak JM,
Lee IJ, Hwang . Activation of glucosidase via stress-induced polymerization
rapidly increases active pools of abscisic acid. Cell. 2006;126:1109-20.

Xu ZY, Lee KH, Dong T, Jeong JG, Jin JB, Kanno Y, Kim DH, Kim SY, Seo M,
Bressan RA, et al. A vacuolar 3-glucosidase homolog that possesses
glucose-conjugated abscisic acid hydrolyzing activity plays an important
role in osmotic stress responses in Arabidopsis. Plant Cell. 2012;24:2184-99.



Bi et al. BMC Plant Biology (2017) 17:99

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Cheng WH, Endo A, Zhou L, Penney J, Chen HC, Arroyo A, Leon P, Nambara
E, Asami T, Seo M, Koshiba T, Sheen J. A unique short-chain
dehydrogenase/reductase in Arabidopsis glucose signaling and abscisic acid
biosynthesis and functions. Plant Cell. 2002;14:2723-43.

Song Y, Xiang F, Zhang G, Miao Y, Miao C, Song C-P. Abscisic acid as an
internal integrator of multiple physiological processes modulates leaf
senescence onset in Arabidopsis thaliana. Front. Plant Sci. 2016;7:181.
Giraudat J1, Hauge BM, Valon C, Smalle J, Parcy F, Goodman HM. Isolation of
the Arabidopsis ABI3 gene by positional cloning. Plant Cell. 1992:4:1251-61.
Weir TL, Park S-W, Vivanco JM. Biochemical and physiological mechanisms
mediated by allelochemicals. Curr Opin Plant Biol. 2004;7:472-9.

Nurmann G, Strack D. Sinapine esterase. Part |. Characterization of
sinapine esterase from cotyledons of Raphanus sativus. Z Naturforsch.
1979;34¢:715-20.

Strack D. Enzymatic synthesis of 1-sinapoylglucose from free sinapic acid
and UDP-glucose by a cell-free system from Raphanus sativus seedlings.
Z Naturforsch. 1980;35c:204-8.

Tzagolo VA. Metabolism of sinapine in mustard plants. I. Degradation of
sinapine into sinapic acid and choline. Plant Physiol. 1963;38:202-6.
Tzagolo VA. Metabolism of sinapine in mustard plants. Il. Purification and
some properties of sinapine esterase. Plant Physiol. 1963,;38:207-13.

Rai VK, Sharma SS, Sharma S. Reversal of ABA-induced stomatal closure by
phenolic compounds. J Exp Bot. 1986;37:129-34.

MeiBner D, Albert A, Bottcher C, Strack D, Milkowski C. The role of UDP-
glucose:hydroxycinnamate glucosyltransferases in phenylpropanoid
metabolism and the response to UV-B radiation in Arabidopsis thaliana.
Planta. 2008;228:663-74.

Vogt T, Aebershold R, Ellis B. Purification and characterization of sinapine
synthase from seeds of Brassica napus. Arch Biochem Biophys. 1993;300:622-8.

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Effects of sinapic acid on seed germination and early seedling growth
	Effect of sinapic acid on ABA homeostasis
	Sinapic acid partly reversed ABA-mediated inhibition of Arabidopsis seed germination
	Loss of sinapic acid esters enhances susceptibility to ABA
	Sinapoylcholine might be a key sinapic acid ester in antagonizing the effect of ABA during seed germination

	Discussion
	Conclusion
	Methods
	Plant material and growth conditions
	Pretreatment of Arabidopsis seeds
	RNA extraction and qRT-PCR
	Determination of ABA and ABA-GE content
	Analysis of sinapic acid esters
	Determination of SCT activity
	Choline assay

	Additional files
	Acknowledgment
	Funding
	Authors’ contributions
	Competing interests
	Accession numbers
	Publisher’s Note
	References

