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Abstract

In this work, we conducted functional analysis of Arabidopsis HRS1 gene in order to provide new insights into the
mechanisms governing seed germination. Compared with wild type (WT) control, HRST knockout mutant (hrs1-1) exhibited
significant germination delays on either normal medium or those supplemented with abscisic acid (ABA) or sodium chloride
(NaCl), with the magnitude of the delay being substantially larger on the latter media. The hypersensitivity of hrsi1-1
germination to ABA and NaCl required ABI3, ABI4 and ABI5, and was aggravated in the double mutant hrs7-7abi1-2 and triple
mutant hrs1-1hab1-1abiil-2, indicating that HRST acts as a negative regulator of ABA signaling during seed germination.
Consistent with this notion, HRST expression was found in the embryo axis, and was regulated both temporally and
spatially, during seed germination. Further analysis showed that the delay of hrs1-1 germination under normal conditions
was associated with reduction in the elongation of the cells located in the lower hypocotyl (LH) and transition zone (TZ) of
embryo axis. Interestingly, the germination rate of hrs1-1 was more severely reduced by the inhibitor of cell elongation, and
more significantly decreased by the suppressors of plasmalemma H*-ATPase activity, than that of WT control. The
plasmalemma H*-ATPase activity in the germinating seeds of hrs1-1 was substantially lower than that exhibited by WT
control, and fusicoccin, an activator of this pump, corrected the transient germination delay of hrs1-1. Together, our data
suggest that HRST may be needed for suppressing ABA signaling in germinating embryo axis, which promotes the timely
germination of Arabidopsis seeds probably by facilitating the proper function of plasmalemma H*-ATPase and the efficient
elongation of LH and TZ cells.
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Introduction germination, whereas debilitating mutations of the negative
regulators of ABA response are inclined to inhibit seed

Seed germination marks the beginning of a new growth cycle in germination [3,4,12-14]. Collectively, the available molecular
higher plants, and is thus subject to complex controls by both genetic data reinforce the repressive function of ABA in seed
internal and environmental cues [1,2]. Over the last few years, germination proposed in past physiological studies. When
considerable efforts have been devoted for studying the molecular germination begins under favorable conditions, the repression
genetic basis of seed germination. Using Arabidopsis thaliana as a mediated by ABA is decreased rapidly because of reductions in
model and molecular genetic approaches, a variety of genes both ABA content and the functionality of ABA signaling
functioning during seed germination have been identified [2—4]. components [8]. During germination, ABA content must be kept
Many of these genes encode enzymes involved in hormone low, and ABA signaling must be actively suppressed, because
biosynthesis or catabolism, or components acting in the signal artificial supply of ABA to the growth medium, or mutation of the
transduction chains of one or more hormones [4-8]. Owing to the key negative regulators of ABA signaling (such as ABI1 and several

fundamental importance of abscisic acid (ABA) in controlling plant structurally related type 2C protein phosphatases), can lead to

growth and development in the presence of environmental stresses, significant delays in germination [15-20]. Interestingly, immedi-

the genes that take part in ABA biosynthesis, turnover or signal ately after germination (i.e., after radicle emergence), ABA may

transduct.lon are frequenty found Hlv‘olved in the antrql of seed inhibit further growth of the young seedling root if abiotic stress is
germination [4-6,9-11]. In general, functional deﬁgenaes of the encountered in the environment. This postgermination arrest,
positive regulators of ABA response tend to stimulate seed requiring a functional ABA signal transduction chain, is likely to
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be an adaptive response of newly germinated seedlings to harmful
environments [21-23].

Despite the progress described above, our understanding of the
complex mechanisms governing seed germination remains frag-
mented, especially with respect to relationships among the genes
regulating seed germination, the hormone signaling pathways
active in germinating seeds, and the cell growth and physiological
events critical for timely germination in normal or abiotic stress
environments. In  Arabidopsis, seed germination is a tightly
coordinated process involving radicle growth and testa and
endosperm rupture [1,24,25], and a meticulous study has
demonstrated that radicle emergence, the hallmark of germination
completion, is primarily associated with cell elongation in the
lower hypocotyl (LH) and the hypocotyl-radicle transition zone
(TZ) of the embryo axis [26]. Although substantial progress has
been made in elucidating the molecular genetic and physiological
mechanisms of testa and endosperm rupture [24,25], those
regulating the elongation of LH and TZ cells prior to radicle
emergence in the germinating seeds are still poorly understood.
Past investigations have frequently observed the involvement of
plasmalemma H*-ATPase in the elongation of embryo axis and
germination completion, and the inhibition of embryo axis
elongation and seed germination by ABA through reducing
plasmalemma H*-ATPase activity [27-29]. But again the
molecular genetic and cell biological mechanisms behind these
physiological findings are still unclear. Although several genes, i.e.,
RACKT (encoding the receptor for activated C kinase 1), MFT
(specifying a phosphatidylethanolamine-binding protein) and
AZF? (coding for Arabidopsis zinc-finger protein 2), have recently
been found to act as negative regulators of ABA signaling during
Arabidopsis seed germination, and their expression was all detected
in the germinating embryo [30-32], it is not known if these genes
may affect cell elongation in LH and TZ and/or plasmalemma
H*-ATPase activity in germinating embryo axis during their
function in seed germination.

HRSI1 (At1g13500) is a member of a small gene family encoding
putative G2-like transcription factors in Arabidopsis [33]. Its
deduced protein is composed of 344 amino acid residues, and
contains a conserved G2-like DNA binding domain [33]. A
previous study has briefly noted that the knockout of HRS1 leads to
transient delay in Arabidopsis seed germination [34]. More recently,
it was suggested that the N-terminus of HRS1 contains a sequence
element similar to the EAR motif, and may act as a transcriptional
repressor in the response of Arabidopsis seedlings to salt stress [35].
However, neither the function of HRSI in seed germination nor
the possible interactions of HRSI with the signaling networks
mediating plant stress responses (such as the ABA signaling
pathway) have been well investigated in previous studies.
Consequently, the objective of this work was to study in more
detail the function of HRSI! in Arabidopsis germination by
combining molecular genetic, cell biological and physiological
approaches in order to provide new insights into the mechanisms
governing seed germination in higher plants.

Results

Germination defects of hrsi-1

The T-DNA insertion mutant of HRS1, designated hrsi-1, was
identified previously [33]. Three independent complementation
(CP) lines (CP6-13, CP19-1 and CP23-3), expressing WT HRSI
coding sequence under HRSI native promoter in /rsl-1 back-
ground, were developed in this work. The seeds of the three
genotypes, i.e., WT control, Ars/-1 and CP (represented by CP6-
13), were stratified at 4°C for 48 h, followed by transfer to 23°C to
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allow germination to start on different media. Similar to the
observation made in previous studies [24,25], at the seed level, the
germination process of WT control and /rs/-1 began by testa
rupture followed by endosperm rupture and radicle protrusion. To
simplify monitoring the germination time courses of WT control
and /frs1-1, the percentage of radicle emergence was recorded at
selected time times. On 1/2 MS medium, the percentage of radicle
emergence of WT' control reached maximum after 48 hours of
germination (HOG) at 23°C, with more than 90% of seeds
germinated during the main course of the assay (from 0 to 36
HOG, Figure 1A). Compared with WT control, the percentage of
radicle emergence of frs1-1 was significantly and consistently lower
at 18, 24, 30 and 36 HOG, with the difference between the two
genotypes becoming insignificant at 48 HOG (Figure 1A). By
contrast, CP6-13 germinated highly similarly as W'T' control on 1/
2 MS medium (Figure 1A). Compared to the transient defect
described above, the germination of /rs/-/ was more negatively
affected in the presence of ABA or sodium chloride (NaCl)
(Figure 1B and 1C). Although the germination of WT control and
hrs1-1 was both delayed on the media supplemented with 1 uM
ABA or 100 mM NaCl, the scale of the delay was generally and
substantially larger for /rs/-1 than for WT control. For example, at
48 HOG, the mean percentages of radicle emergence of WT
control and /rsi/-1 on 1/2 MS medium were 98% and 86%,
respectively (Figure 1A), whereas at the same time point but on
ABA containing medium, the corresponding values for the two
genotypes were about 48% and 20%, respectively (Figure 1B). At
48 HOG and on NaCl medium, the mean percentages of radicle
emergence of WT control and /rs/-1 were around 16% and 1%,
respectively (Figure 1C). The germination time course of CP6-13
resembled highly that of WT control on the media with exogenous
ABA or NaCl (Figure 1B and 1C).

The effects of different concentrations of ABA or NaCl on the
germination behavior of different genotypes were further investi-
gated. From Figure 2A and 2B, it is clear that the germination of
hrs1-1 was more strongly delayed by increasing concentrations of
ABA or NaCl relative to that of WT control and two CP lines. To
assess the effects of exogenous ABA and NaCl quantitatively,
mean germination rate, represented by Timson index (TT) and
reflecting the average velocity of germination [36], was calculated
for the individual genotypes. The germination rates of WT
control, frsI-1 and CP6-13 did not differ significantly from each
other in the absence of ABA or NaCl, and no significant
differences were found between the germination rates of WT
control and CP6-13 on either ABA or NaCl containing media
(Figure 2C and 2D). However, compared with WT control and
CP6-13, hrsi-1 was hypersensitive to the reduction of germination
rate by rising concentrations of ABA (Figure 2C). Similarly, the
germination rate of /frs/-I was more significantly lowered by
increasing concentrations of NaCl (75 to 150 mM) than those of
WT control and CP6-13 (Figure 2D).

Collectively, the data from the different sets of assays described
above indicated that /Ars/-I germination was transiently but
significantly delayed compared to that of WT control and CP
lines under normal conditions. The abnormality of /Arsi-/
germination could be severely exacerbated by ABA treatment or
salt stress conferred by NaCl. Restoring HRS! function in the CP
lines effectively corrected the defects of Ars/-I germination on
either normal medium or those supplemented with ABA or NaCl.

Molecular genetic analysis of hrs7-1 germination

Four sets of experiments were conducted in this investigation.
First, the requirement of ABI3, 4 and 5 genes, which encode
important positive regulators of ABA signaling pathway during
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Figure 1. Germination defects of HRS7 knockout mutant on different media. The seeds of wild type (WT) control, HRST knockout mutant
(hrs1-1) and complementation (CP) line (CP6-13) were stratified for 48 h at 4°C, followed by transfer to 23°C to allow germination to start on 1/2 MS
medium or those supplemented with the indicated concentrations of abscisic acid (ABA) or NaCl. (A-C) The germination time courses of WT, hrs1-1
and CP genotypes on 1/2 MS medium or those containing 1 uM ABA or 100 mM NaCl. The percentages of radicle emergence (means = SD) at the
indicated time points were each determined using the results from triplicate samples. The data shown are all typical of five separate germination
experiments, and the two additional CP lines (CP19-1 and CP23-3) behaved similarly as CP6-13 during the experiments. HOG, hours of germination at
23°C.

doi:10.1371/journal.pone.0035764.g001

seed germination [37-39], in the ABA hypersensitive germination labi4-1, hrs1-1abi5-7) and abi3-8, abi4-1 and abi5-7 all germinated
of hrs1-1 was examined. This was facilitated by the development of much faster than WT control, whereas /rs/-1 germination again
three double mutants lacking HRS! and ABI3, ABI4 or ABI5. On exhibited transient but significant delay (Figure S1). When
1/2 MS medium, the three double mutants (frsl-1abi3-8, hrsl- germinated in the presence of ABA, fhrsl-1abi3-8, hrsi-1abi4-1,
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Figure 2. Effects of different concentrations of exogenous abscisic acid and NaCl on Ars7-7 germination. (A, B) The more severe delay of
hrs1-1 germination, as compared to that of WT control and two CP lines (CP6-13 and CP23-3), conferred by increasing concentrations of abscisic acid
(ABA) or NaCl added to the media. The data shown were recorded after 4 days of germination at 23°C, and are representative of five separate assays.
(C, D) Comparisons of the germination rates among WT control, hrs1-1 and CP line (CP6-13) on the media with the indicated concentrations of ABA or
NaCl. Each germination rate value (Tl, mean = SD) was calculated using the measurements from triplicate samples after 6 days of germination at
23°C. The higher the value, the more rapid the germination proceeds. The data presented are all representative of three independent experiments,
with the additional CP lines (CP19-1 and CP23-3) performing similarly as CP6-13 during the experiments. The means are labeled by different letters or
letter combinations according to multiple statistical comparisons, and those labeled by one or more identical letters do not differ significantly from
each other (P=0.05).

doi:10.1371/journal.pone.0035764.g002
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Figure 3. Genetic analysis of hArs7-7 germination. Germination rate (Tl, mean = SD, each calculated using the measurements from triplicate
samples) was used to compare the germination behavior of different genotypes. The datasets presented are each representative of at least three
independent experiments. Based on multiple statistical comparisons, the means labeled by one or more identical letters do not differ significantly
from each other (P=0.05). (A) Comparisons of the germination rates of WT control, four single mutants (hrs1-1, abi3-8, abi4-1 and abi5-7), and three
double mutants (hrs1-1abi3-8, hrs1-1abi4-1 and hrs1-1abi5-7) on 1/2 MS medium or those with two different concentrations of ABA. (B) Comparisons
of the germination rates of WT control, two single mutants (hrs7-1 and abi1-2), two double mutants (hrs1-1abi1-2 and hab1-1abil-2), and one triple
mutant (hrs1-Thab1-1abil-2) on 1/2 MS medium or those with two different concentrations of ABA. (C) The germination rates of WT control, four
single mutants (hrs1-1, abi3-8, abi4-1 and abi5-7), and three double mutants (hrs1-1abi3-8, hrs1-1abi4-1 and hrs1-1abi5-7) on 1/2 MS medium or those
containing two concentrations of NaCl. (D) The germination rates of WT control, two single mutants (hrs7-1 and abi1-2), two double mutants (hrs1-

1abi1-2 and hab1-1abil-2), and one triple mutant (hrs1-Thab1-1abi1-2) on 1/2 MS medium or those supplemented with two concentrations of NaCl.

doi:10.1371/journal.pone.0035764.9003

and /rs1-1abi5-7 did not exhibit enhanced ABA sensitivity as Arsi-1
did (Figure 3A). Instead, their germination behavior resembled
highly that of abi3-8, abi4-1 and abi5-7 in being relatively tolerant
to exogenous ABA (Figure 3A).

Second, the genetic interactions between HRS! and the
previously reported negative regulators of ABA signaling (such as
ABII and HABI) were tested [15,17,18]. Two new mutants, e.g.,
hrs1-1abil-2 and hrsI-1habl-1abi1-2, were developed, and their
germination was compared to that of WT and the relevant
parental lines (hrsi-1, abil-2 and habl-1abil-2). On 1/2 MS
medium, only the germination rates of two genotypes (habl-1abil-
2, hrsl-1habl-1abil-2) were significantly lower than that of WT
control, but the two genotypes did not differ significantly from
each other in germination behavior (Figure 3B). The presence of
ABA in the medium decreased the germination of all six
genotypes, but the germination of the five mutants was generally
slower than that of WT control (Figure 3B). Consistent with earlier
work [18], the germination rate of habl-Iabil-2 was significantly
lower than that of abi/-2 under ABA treatment (Figure 3B).
Importantly, under both ABA concentrations, the germination
rates of fwsl-1, hrsl-labil-2 and fosl-1habl-1abil-2  differed
significantly from each other, with those of /rs/-1 and /frsi-
lhabl-1abil-2 being the highest and lowest, respectively
(Figure 3B). On the ABA containing media, the germination rate
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of abil-2 was generally lower than that of frs/-1, and abil/-2 and
hrs1-1abil-2 did not differ substantially in germination (Figure 3B).
Moreover, the germination rate of habl-Ilabil-2 was lower than
that of frsI-labil-2 (Figure 3B). The ABA concentrations for
achieving 50% inhibition (IC50) of seed germination were
estimated for WT control, frsi-1, abil-2, hrsi-1abil-2, habl-
labi1-2 or hrsl-1habl-1abil-2, which were found to be 0.68, 0.42,
0.33, 0.25, 0.20 and 0.12 uM, respectively.

Third, the involvement of the positive and negative regulators of
ABA signaling in /rs/-1 germination behavior under NaCl stress
was investigated using mainly the double and triple mutants
described above. On the media containing 100 or 150 mM NaCl,
the germination rates of the three double mutants lacking HRS!
and ABI3, 4 or 5 were not decreased as significantly as that of /rs1-
I (Figure 3C), whereas the germination rate of hrsI-1habl-1abi1-2
was significantly lower than those of WT control and the other
four genotypes (hrsl-1, abil-2, hrsl-labil-2, and habl-1abil-2)
(Figure 3D). Moreover, on NaCl containing medium, the
germination rate of /hrsI-1 was significantly lower than that of
abil-2, and the germination rate of fhrs/-labil-2 was more
significantly decreased relative to that of abi/-2 (Figure 3D). The
germination rate of hrsl/-Ilabil-2 was comparable to that of habl-
labil-2 under NaCl treatment (Figure 3D).
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Figure 4. Analysis of ABI/3, AB/4 and ABI5 expression during the
germination of wild type control and hrs7-7 seeds. Quantitative
PCR was conducted with gene specific oligonucleotide primers. The
amplification of ACT8 (At1g49240, encoding Arabidopsis ACTIN8) served
as the internal control. The normalized expression levels (means = SD)
were each calculated using the results from three technical repeats, and
are representative of three independent experiments. (A-C) Compar-
isons of ABI3, ABI4 and ABI5 expression levels between wild type (WT)
control and hrs1-1 samples collected at the indicated time points during
germination on 1/2 MS medium or the media supplemented with 1 uM
ABA or 100 mM NacCl. Asterisk indicates statistical significance from WT
control at P=<0.05.

doi:10.1371/journal.pone.0035764.9004

Fourth, potential changes in the transcript levels of ABI3, ABI4
and ABI5 during the germination of WT control and /rs/-1 under
different conditions were compared using quantitative PCR. On
1/2 MS medium, the transcript levels of the three genes either
decreased progressively (4BI3, ABI5) or did not show significant
change (4BI4) from 0 to 48 HOG for WT control (Figure 4A).
However, for frs/-1 germinating under the same condition, the
decline in the transcript levels of ABI3 and ABI5 occurred more
slowly (particularly at 24 HOG), and the transcript level of ABI4 in
hrs1-1 was higher than that in WT control at 24 and 48 HOG
(Figure 4A). On the medium with exogenous ABA (I uM), the
transcript levels of ABI5 and ABI5 did not show any decline for
either WT' control or /rsl-1, and were even substantially up-
regulated at 36 and 72 HOG in the case of /rsI-1 (Figure 4B). The
transcript level of 4BI4, although remained roughly stable in WT
control, increased considerably for Ars/-1 from 0 to 72 HOG on
the medium containing 1 uM ABA (Figure 4B). The presence of
100 mM NaCl in the medium sustained the transcripts of ABI3,
ABI4 and ABI5 at high levels from 0 to 72 HOG for either WT
control or ArsI-1, but the transcript levels of the three genes were
generally significantly higher in /Ars/-/ than in WT control
(Figure 4C).
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Temporal and spatial patterns of HRST expression during
seed germination

The after-ripened seeds of WT control and three independent
promoter:: B-glucuronidase (GUS) reporter lines of HRSI were
cold stratified as described above, followed by transfer to 23°C to
allow germination under different conditions. ARSI expression
patterns were investigated using quantitative PCR (for WT seeds)
or histochemical staining of GUS activity (for the seeds of
promoter::GUS reporter lines). From the quantitative PCR data
shown in Figure 5A, it is evident that, on 1/2 MS medium, HRS!
expression was relatively high at 24 HOG, but declined thereafter
and became undetectable at 48 HOG. On the media supple-
mented with 1 pM ABA or 100 mM NaCl, HRS! expression
increased from 0 to 36 HOG, but decreased rapidly from 36 to 48
HOG (Figure 5A). Compared to germination on 1/2 MS medium,
the presence of exogenous ABA or NaCl in the medium
significantly up-regulated RS/ transcript level at 24, 36 and 48
HOG, with the scale of the up-regulation being much larger by
NaCl (Figure 5A). Furthermore, the timing of the decline in HRS1
expression was delayed by exogenous ABA or NaCl relative to that
observed on 1/2 MS medium (Figure 5A).

The typical HRS!I expression patterns, revealed by histochem-
ical staining of GUS activity and indicated by blue signals, are
shown in Figure 5B to 5D. On 1/2 MS medium, HRSI was
expressed mainly in the hypocotyl and root precursor cells of
embryo axis at 0, 24 and 36 HOG, with the highest expression
level detected around 24 HOG (Figure 5B). No HRS! expression
was found in the germinated embryos collected at 48 HOG
(Figure 5B). A low level of HRSI expression also occurred in the
cotyledonary cells at 0 and 24 HOG, which was undetectable at 36
and 48 HOG (Figure 5B). HRSI expression in embryo axis at 0
and 24 HOG was characterized by a punctuate pattern, which
turned largely confined to a discrete zone by 36 HOG (Figure 5B,
indicated by arrowhead). The main location of HRSI expression
was found also in embryo axis during germination on the media
containing ABA or NaCl, but HRSI was more highly and more
broadly expressed in embryo axis under these two conditions
(Figure 5C and 5D). A distinct zone of strong RS/ expression was
also observed in embryo axis in the presence of ABA (Figure 5C,
marked by arrow), but it was not detected until after 40 HOG. A
clear zone of strong HRSI expression in embryo axis was not
found in the seeds germinating on NaCl containing medium at 48
HOG, instead, a substantially more expanded HRSI expression
area was observed in embryo axis at this time point (Figure 5D). At
72 HOG, HRSI expression was undetectable, or at a very low
level, in the germinated embryos on either ABA or NaCl
supplemented media (Figure 5C and 5D). The three promoter::-
GUS reporter lines gave highly similar results.

Examination of cell elongation growth in germinating
embryo axis

In WT seeds germinating on 1/2 MS medium (i.e., prior to
radicle emergence), four morphologically distinguishable regions,
e.g., hypocotyl (H), lower hypocotyl (LH), transition zone (TZ) and
root meristem (RM), could be distinguished in the radicle half of
embryo axis (Figure 6A, left panel), with the cells in LH being
generally much larger than those in TZ (Figure 6A, left panel, LH
and TZ cells were labeled by asterisk and dot, respectively).
Consistent with earlier work [26], we found that, during the course
of germination, the cells located in LH and TZ underwent
substantial elongation (Figure 6A). By 48 HOG (i.e., after radicle
emergence), an eclongation zone (EZ, Figure 6A, right panel),
differentiated mainly from elongated LH cells, was formed in the
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expression levels (means * SD) were each determined using the data
from three technical repeats, and are typical of four independent
experiments. (B-D) The spatial patterns of HRST expression during
Arabidopsis seed germination on 1/2 MS medium or those supple-
mented with 1 uM ABA or 100 mM NaCl investigated using the HRST
promoter:GUS reporter line RL3-11. HRS1 expression, detected at the
designated time points, is indicated by the blue signals generated by
histochemical staining of GUS activity. The arrowhead and arrow
indicate the zone of strong HRST expression detected at 36 HOG on 1/2
MS medium or 48 HOG on ABA containing medium. The three sets of
data shown are each representative of four independent GUS staining
experiments. Similar results were obtained with the two additional
reporter lines RL4-9 and RL5-1. Bars=0.4 mm.
doi:10.1371/journal.pone.0035764.9005

young seedling root. Interestingly, the discrete zone of strong
HRS1 expression in embryo axis, which was observed around 36
HOG on 1/2 MS medium (Figure 5B), corresponded to LH
(Figure 6B).

Based on the above observations, we focused on LH and TZ
cells for comparing the elongation growth in germinating embryo
axis among WT control, Zrs/-1 and CP6-13 seeds. The embryo
axis samples collected at 24 or 36 HOG on 1/2 MS medium were
used as representatives for this analysis, and the longitudinal length
of the cells in LH and TZ was individually measured for each
embryo axis sample. As shown in Figure 7A, the average length of
LH and TZ cells was all significantly longer in WT' control and
CP6-13 than in /rsi-1 at either 24 or 36 HOG. In line with this
result, the average size of both LH and TZ as well as their
combined size were all significantly larger in WT control and CP6-
13 than in /rsi-1 (Figure 7B). The effects of exogenous ABA or
NaCl on the elongation of LH and TZ cells in /ArsI-1 were not
assessed 1n this work, because the germination of /frs/-1 seeds in
the presence of ABA or NaCl occurred highly asynchronously,
making it difficult to accurately measure the length of LH and TZ
cells.

The above data led us to examine if /rs/-/ germination might
be more severely affected than that of WT control by the
compounds that are known to inhibit cell elongation during seed
germination. Previous studies have shown that mannitol is a potent
inhibitor of cell elongation growth in germinating plant seeds [40].
Orthovanadate (NasVOy) and diethylstilbestrol (DES) have been
found to inhibit cell elongation during seed germination by
inhibiting plasmalemma H*-ATPase in both monocotyledonous
and dicotyledonous plants [41,42]. As shown in Figure 8A, the
germination rate of /rs/-1 was more significantly reduced by the
presence of mannitol in 1/2 MS medium than that of WT control,
especially at higher mannitol concentrations (=200 mM). The
germination rate of frs/-1 was also more significantly decreased
than that of W control by either NasVO, or DES (Figure 8B).

Analysis of plasmalemma H™-ATPase activity during seed
germination

The data displayed in Figure 8B led us to examine if there might
be difference in the plasmalemma H*-ATPase activity level in the
germinating seeds of WT control and /rs/-1. The seeds of WT
control, frsI-1 and CP6-13 were cold stratified and germinated on
1/2 MS medium as described above. Plasmalemma H*-ATPase
activity levels were assayed using plasma membrane enriched
samples prepared from the seeds collected at representative time
points of the germination course. The levels of plasmalemma H*-
ATPase activity in Ars/-1 samples were generally and significantly
lower than those exhibited by WT control or CP6-13 samples
(Figure 9). However, WT and CP samples did not differ
significantly in their levels of plasmalemma H*-ATPase activity
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Figure 6. Elongation growth of the cells in lower hypocotyl and transition zone, and the occurrence of strong HRS7 expression in
lower hypocotyl cells, during Arabidopsis seed germination. Lower hypocotyl (LH) cells are marked by asterisks, whereas the cells in transition
zone (TZ) are labeled by filled dots. (A) Comparison of LH and TZ cells in the radicle samples collected at 24 or 48 HOG. Both LH and TZ cells were
elongated from 24 to 48 HOG, with the magnitude of the elongation being substantially larger for LH cells. At 48 HOG (immediately post
germination), an elongation zone (EZ), differentiated mainly from elongated LH cells, was found in the young seedling root. In addition, four newly
developed TZ cells (indicated by diamonds) were observed on top of the root meristematic region. (B) The occurrence of strong HRST expression in
the LH cells (of the promoter:GUS reporter line RL3-11) as indicated by the blue signals produced by histochemical staining of GUS activity at 36
HOG. The expression pattern shown was typical of four separate staining experiments, and was found for all three independent promoter::GUS
reporter lines of HRS1. EZ, elongation zone; H, hypocotyl; LH, lower hypocotyl; RM, root meristem; TZ, transition zone. Bars=50 pum.

doi:10.1371/journal.pone.0035764.9g006

(Figure 9). The data depicted in Figure 8B and Figure 9 propelled
us to test the effect of fusicoccin (FC) on the germination of /rs/-1.
FC has been demonstrated to activate plasmalemma H*-ATPase
in a variety of plant tissues [43,44]. As displayed in Figure 10, the
addition of FC to 1/2 MS medium did not significantly influence
the germination of WT control, but almost completely corrected
the transient delay in /7s/-/ germination.

Discussion

In this work, we studied the function of HRS! during Arabidopsis
seed germination by combining molecular genetic, cell biological
and physiological approaches. From the transient and prolonged
delays exhibited by /Arsi-1 germination on 1/2 MS medium or
those supplemented with different concentrations of NaCl, and the
correction of the germination defects in Arsi/-1 CP lines, we
conclude that HRS! is needed for efficient seed germination in
Arabidopsis under either normal or salt stress conditions, which
extends substantially the brief observation made previously on the
transient seed germination delay after knocking out ARSI function

[34].
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HRS1 is a novel negative regulator of abscisic acid
signaling in germinating embryo axis

A combined consideration of the data obtained by germinating
relevant Arabidopsis lines on 1/2 MS medium or that supplemented
with ABA generates several lines of evidence for ARSI functioning
as a negative regulator of ABA signaling in germinating embryo
axis. First, frs/-1 germination was hypersensitive to exogenous
ABA. Furthermore, this hypersensitivity required the key positive
regulators of ABA signaling (ie., ABI3, 4 and ), and was
accompanied by the relatively higher transcript levels of ABI3, 4
and ) in Arsl/-1 germinating seeds as compared to those in WT
control. Together, these data indicate that the loss of HRSI
function leads to enhanced ABA signaling during seed germina-
tion. Second, simultaneous inactivation of HRSI/ and the well
established negative regulators of ABA signaling ABII and HABI
caused further decreases in seed germination rate. The magnitude
of the germination rate reduction was generally highest in the
triple (hrsl-1habl-1abil-2), intermediate in the double (frs!-1abil-
2, habl-1abil-2), and relatively low in the single mutants (hrs/-1,
abi1-2), which is in line with the increasing IC50 values of ABA for
the three categories of mutants. Moreover, like AB/1 and HABI,
HRSI expression level in germinating seeds was significantly up-
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Figure 7. Examination of cell elongation growth in germinating
embryo axis. The seeds of WT control, hrs1-1 and CP line (CP6-13)
were cold stratified for 48 h, and then allowed to germinate on 1/2 MS
medium at 23°C. The measurements were made at 24 and 36 HOG,
respectively. (A) The average cell length values (means = SD, n=30~35
samples measured per data point) in transition zone (TZ) and lower
hypocotyl (LH) in WT control, hrs1-1 and CP6-13. The data displayed are
representative of three separate experiments. (B) The average length
values (means = SD, n=33~37 samples measured per data point) of
TZ, LH, and TZ plus LH in WT control, hrs1-1 and CP6-13. The data
shown are typical of three independent experiments. The additional CP
lines (CP19-1 and CP23-3) behaved similarly as CP6-13 during these
experiments. Asterisk indicates statistical significance from WT control
and CP line at P=0.05.

doi:10.1371/journal.pone.0035764.g007

regulated by exogenous ABA. Collectively, these data indicate
functional similarity and additive interactions among HRS1, ABII
and HABI in regulating ABA signaling during seed germination.
Third, HRS! was predominantly expressed in embryo axis during
seed germination. This was indicated by the HRSI expression
detected in the hypocotyl and root precursor cells, as well as the
period of relatively strong HRS! expression occurred in LH cells,
during the main course of seed germination. Therefore, the main
site of HRS! function during seed germination is embryo axis. We
did not observe a period of intense /RS expression in TZ cells (as
that found for LH cells) in this work, which might be due to the
highly dynamic and transient nature of HRS! expression in the
different regions of germinating embryo axis.

On the basis that HRSI acts as a negative regulator of ABA
signaling in germinating embryo axis, it is possible that, in Ars/-/
seeds germinating on 1/2 MS medium, there may exist abnormal
up-regulation of ABA signaling in embryo axis because of the lack
of the negative regulation conferred by HRSI. However, owing to
the overall trend of decline in ABA signaling and function during
seed germination under normal conditions [4,8], the upsurge of
ABA signaling in /rsI-1 embryo axis germinating on 1/2 MS
medium is likely to be temporary, thus delaying /rs/-1 germination
only transiently. But in the presence of exogenous and physiolog-
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Figure 8. The effects of inhibitor treatment on the germination
of wild type control and Ars7-1. The seeds of wild type (WT) control
and hrs1-1 were cold stratified for 48 h, followed by germination on the
media without, or with the indicated concentrations of, mannitol,
NasVO, or DES. The germination rate (Tl, mean = SD, each calculated
with the results of triplicate samples) was recorded after six days of
germination at 23°C. The data sets displayed are each typical of four
independent experiments. (A) The germination rates of WT control and
hrs1-1 on the media without (0), or with three concentrations (100, 200
or 400 mM) of, mannitol. (B) The germination rates of WT control and
hrs1-1 on 1/2 MS medium or the media with two different
concentrations of NasVO, or DES. Single, double and triple asterisks
indicate statistical significance from WT control at P=0.05, 0.01, and
0.001, respectively.

doi:10.1371/journal.pone.0035764.g008

ical concentrations of ABA, which tends to stimulate ABA
signaling and function in plant cells, the deficiency of the negative
regulation by HRSI may lead to a more drastic elevation of ABA
signaling in /frs/-1 germinating embryo axis (as compared to that
occurred on 1/2 MS medium), thus causing more prolonged delay
of frsl-1 germination and more severe reduction in /Ars/-I
germination rate.

From the discussion above, it is reasonable to suggest that RS/
is necessary for maintaining a normal level of ABA signaling in
germinating embryo axis. Furthermore, /RSS! may act upstream
of ABI3, 4 and 5, because the enhanced ABA signaling in Arsi-1
germinating embryo axis required the three genes. Although we
detected certain functional similarity and additive interactions
among HRSI, ABIl and HABI in negatively regulating ABA
signaling during seed germination, further work is needed to
mnvestigate if the three genes may act through overlapping or
independent pathways. Nevertheless, //RS! may not be as potent
as ABII in the negative regulation of ABA signaling during seed
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Figure 9. Analysis of plasmalemma H*-ATPase activity during
the germination of wild type control, Ars7-7 and complemen-
tation line. The seeds of wild type (WT) control, hrsi-1 and
complementation line CP6-13 were cold stratified for 48 h, followed
by germination on 1/2 MS medium at 23°C. The levels of H"-ATPase
activity (means * SD, each calculated with the results of triplicate
samples) were determined using plasma membrane enrich fractions
prepared from the seed samples taken at the indicated time points. The
data shown are typical of three independent experiments. The results
obtained with the additional CP lines (CP19-1 and CP23-3) were highly
similar to those determined for CP6-13 during the experiments. Single
and double asterisks indicate statistical significance from WT control at
P=0.05 and 0.01, respectively.

doi:10.1371/journal.pone.0035764.9g009

germination on ABA containing medium, because 1) the decrease
of germination rate exhibited by abi/-2 was significantly larger
than that by Ars/-1, 2) the mutation of HRSI in abil-2 background
did not further decrease germination rate as compared to that of
abi1-2, and 3) the IC50 value of ABA was substantially higher for
hrs1-1 than for abil-2. Since the germination rate of habl-Ilabil-2
was significantly lower than that of Ars/-Iabil-2 on either normal
or ABA containing media, it is possible that 4B/ may also be a
stronger negative regulator of ABA signaling than HRS! during
Arabidopsis seed germination. However, this possibility needs to be
verified by more detailed comparisons of the germination behavior
between /rsl-1 and habl-1 in future research. Because of its
dynamic expression and function in germinating embryo axis
(revealed in this work) and potential transcription repression
activity demonstrated previously [35], HRS! is unique from the
formerly characterized negative regulators of ABA signaling that
encode type 2C protein phosphatases (such as ABIl and HABI).
Together, the features described above also make HRSI distinct
from RACKI1, AJF2 and MFT, which have recently been found to
participate in the negative regulation of ABA signaling during
Arabidopsis seed germination [30-32], but encode protein products
that are very different from that specified by HRS]I.

HRS1 may facilitate proper elongation of the cells located
in lower hypocotyl and transition zone and normal
function of plasmalemma H*-ATPase during seed
germination

In agreement with earlier work [26], we found that the cells
located in LH and TZ were the ones undergoing elongation and
contributed to the growth of embryo axis (as indicated by increases
in the size of LH and TZ) and radicle emergence during the
germination of WT seeds. But, more importantly, we uncovered
for the first time that the loss of /RS function impaired not only
the elongation of LH and TZ cells but also the growth of embryo
axis in hrsl-1 seeds germinating on 1/2 MS medium. We further
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Figure 10. The effects of fusicoccin treatment on the germina-
tion of wild type control and hArs7-1. The seeds of wild type (WT)
control and hrs1-1 (KO) were cold stratified for 48 h, followed by
germination on 1/2 MS medium or that supplemented with 1 uM
fusicoccin (FC). The percentages of radicle emergence (means = SD) at
the indicated time points were each calculated using the results from
triplicate samples. The data shown are typical of three separate
germination experiments.

doi:10.1371/journal.pone.0035764.g010

showed that the level of plasmalemma H*-ATPase activity was
significantly reduced in /rs/-1 germinating seeds (as compared to
that in WT controls). Because the defective elongation of LH and
TZ cells, the decrease of plasmalemma H*-ATPase activity, and
the transient delay exhibited by Ars/-1 seed germination were all
corrected in CP lines, it is highly likely that the facilitation of LH
and TZ cell elongation and plasmalemma H*-ATPase function
may be important for the regulation of seed germination by HRS1.
This proposition is consistent with the finding that HRSI was
predominantly expressed in embryo axis cells (including those in
LH and TZ regions) during the main course of seed germination.
It is also supported by the following lines of physiological evidence
generated in this work. First, the treatment with a cell elongation
inhibitor (mannitol) decreased the germination rate of /rs/-1 more
steeply than that of WT control. Second, the germination rate of
hrs1-1 was more strongly lowered than that of WT control by
the application of the inhibitors of plasmalemma H*-ATPase
(NagVO, or DES). Finally, the supply of an activator of
plasmalemma H*-ATPase (FC) almost completely mitigated the
transient delay of /£rs/-1 germination on 1/2 MS medium.

How may HRSI exert its influence on cell elongation and
plasmalemma H*-ATPase activity in germinating embryo axis?
Based on the data collected here and those published previously
[8,27,44], it is probable that, during the germination of Arabidopsis
seeds under normal conditions, a gradual decline of ABA content
and signaling in germinating embryo axis is essential for the proper
function of plasmalemma H*-ATPase activity, which leads to
apoplastic acidification, efficient elongation of LH and TZ cells,
and timely germination completion. As a negative regulator of
ABA signaling in germinating embryo axis, the action of HRS]
contributes to the decrease of ABA function, and thus facilitates
the proper function of plasmalemma H*-ATPase, the efficient
elongation of LH and TZ cells, and the timely progression of
germination. However, in the absence of HRSI, an abnormal
increase of ABA signaling in germinating embryo axis may
interfere with plasmalemma H*-ATPase function and subsequent
cell elongation growth. To further investigate this possibility in the
future, it is interesting to note that ABA has been shown to inhibit
blue-light induced plasma membrane H*-ATPase activity in the

April 2012 | Volume 7 | Issue 4 | e35764



guard cells by modulating H"™-ATPase phosphorylation status
[45,46]. Therefore, it will be important to examine if a similar
mechanism might be involved in the impairment of plasmalemma
H*-ATPase activity during Ars/-1 germination. Alternatively, the
abnormal uplift of ABA signaling in germinating embryo axis
caused by functional deficiency of HRS! might lead to enhanced
auxin signaling, thus disrupting plasma membrane H*-ATPase
activity and elongation growth in embryo axis cells. Enhanced
auxin signaling has been found responsible for ABA mediated
inhibition of cell elongation in the young seedling root immedi-
ately post germination [22]. Moreover, there is also molecular
evidence that abnormal enhancement of auxin signaling inhibits
Arabidopsis seed germination [47]. Consequently, it will also be
worthwhile to investigate if auxin signaling may be abnormally up-
regulated in /rs/-1 germinating embryo axis, and its potential
involvement in the control of plasmalemma H*-ATPase activity
and the elongation of LH and TZ cells during seed germination in
future research.

Among the previously characterized negative regulators that
affect ABA signaling during Arabidopsis seed germination, AZF2
and MFT have been shown to be expressed in germinating embryo
axis [31,32], with MFT expression further found in TZ cells prior
to radicle emergence [32]. In the light of this work, it becomes
pertinent to investigate if the function of AJF2 and MFT during
seed germination may also be due to the facilitation of normal
function of plasmalemma H*-ATPase and efficient LH and TZ
cell elongation in germinating embryo axis. It will also be
interesting to study if the mechanisms behind the regulation of
seed germination by ABI! and related PP2C genes may bear
certain similarity to those adopted by HRSI (i.e., negative
regulation of ABA signaling and facilitation of plasmalemma H*-
ATPase function and cell elongation growth in germinating
embryo axis).

Although the data collected in this work support a role of HRS!
in the regulation of radicle growth by facilitating plasmalemma
H*-ATPase function and LH and TZ cell elongation in
germinating embryo axis, the potential involvement of HRS/ in
other processes vital for timely seed germination remains to be
investigated. For example, it has been well demonstrated that
endosperm weakening and rupture constitute an essential step in
seed germination, and that ABA plays a significant regulatory role
in endosperm weakening and rupture [24,25]. In addition to
plasmalemma H*-ATPase, recent studies indicate that production
of reactive oxygen species (ROS) also has a positive role for seed
germination by promoting endosperm rupture and radicle growth
[48,49]. However, ROS production in germinating seeds is
inhibited by ABA, and this inhibition accompanies the delay of
endosperm weakening and rupture by ABA treatment [49]. In
view of these important findings and the negative regulation of
ABA signaling by HRSI uncovered in this work, it will be
interesting to analyze if ARSI may also be involved in the control
of ROS accumulation and endosperm weakening and rupture in
germinating seeds in the future.

HRST may be involved in the negative regulation of
abscisic acid signaling during seed germination under
salt stress conditions

Three lines of evidence suggest that H/RS! may also be involved
in the negative regulation of ABA signaling in embryo axis during
seed germination on NaCl containing medium. First, the decrease
in Ars1-1 germination rate by NaCl depended upon the existence
of ABI5, 4 and 5 genes, and was associated with the sustained
transcript levels of the three genes. Second, Ars/-1 germination
defect in the presence of NaCl was further aggravated by
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combining together the mutations of HRSI, ABIl and HABI.
Third, NaCl significantly increased the expression level of HRS1,
and HRS! maintained its expression predominantly in embryo axis
during the main course of germination.

Interestingly, /rs/-1 germination was more severely affected on
NaCl containing medium relative to that on 1/2 MS medium or
the medium with exogenous ABA. This phenomenon may be due
to at least two possibilities. First, the negative regulation of ABA
signaling imparted by HRSI may become even more important
under salt conditions. This suggestion is consistent with the more
significantly increased RS/ transcript level and the more severe
delay in the decline of HRSI expression in germinating embryo
axis in the presence of NaCl. It is also in line with the observations
that the extent of germination rate reduction exhibited by Ars/-1
was significantly larger than that of abi/-2, and that the mutation
of HRSI in abil-2 background caused further decrease in
germination rate relative to that of abi/-2, on the media
supplemented with 100 or 150 mM NaCl. Second, the more
severe decrease in /irs/-1 germination on NaCl containing medium
might be augmented by complex changes, involving not only
alteration of ABA signaling in embryo axis but also increased
vulnerability to ion imbalance and water deficit injuries brought
about by salt stress [50]. Further experimentation is required to
investigate if HRS/ might be involved in regulating both ABA
signaling and cell responses to salt injuries during seed germina-
tion.

In either of the two possible scenarios above, the severe decrease
of hrsl-1 germination on NaCl containing medium may be
partially connected with significant enhancement of ABA signaling
In germinating embryo axis, which bears similarity to the
mechanism controlling the temporary arrest of germinated
Arabidopsis embryos under adverse conditions [21]. Therefore, in
Arabidopsis, the germination and post germination growth may all
be sensitive to inhibition by abiotic stress through, at least partly,
enhanced ABA signaling in embryo axis. Post germination arrest
of Arabidopsis embryos under adverse conditions by increased ABA
signaling is an important adaption of plants to abiotic stresses [21].
A similar adaptive strategy may also operate during germination.
However, its effectiveness requires the normal function of the
negative regulators of ABA signaling (such as [/RSI) in embryo
axis.

In summary, we have shown that HRS/ is a novel negative
regulator of ABA signaling during Arabidopsis seed germination. It
may participate in the suppression of ABA signaling in
germinating embryo axis, which in turn promotes the germination
of Arabidopsis seeds in either normal or salt stress environments.
Our cell biological and physiological experiments suggest that
HRSI may facilitate the proper function of plasmalemma H*-
ATPase and the efficient elongation of LH and TZ cells in
germinating embryo axis during its regulation of seed germination
under normal conditions. Further work is required to achieve a
more comprehensive understanding of the potential involvement
of HRSI in the different molecular and physiological processes
during Arabidopsis seed germination. More detailed studies are also
needed to unveil the relationships among HRS! and other
components of ABA signaling pathway and the targets of HRS!
transcriptional repression activity. The findings made in this work,
plus the existence of HRSI homologs in both monocotyledonous
and dicotyledonous plants (Figure S2), suggest that HRS! may
continue to aid deeper investigations into the complex genetic, cell
biological and physiological mechanisms controlling embryo axis
growth and timely seed germination in higher plants in the future.
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Materials and Methods

Plant materials

All Arabidopsis thaliana materials used in this work were in the
Col-0 ecotype background. The oligonucleotide primers used in
this work are listed in Table S1. The knockout mutant /Ars/-1
and the three independent promoter::GUS reporter lines of
HRS1 were reported previously [33]. The complementation
lines were prepared by transgenic expression of WT HRSI
coding sequence under RS/ native promoter in Ars/-1. Briefly,
the 5" flanking sequence of HRSI (1617 bp), amplified by PCR
from Col-0 genomic DNA sample using the primers pHRS1-F
and pHRSI1-R (Table S1), was inserted between the Sacl and
Hindlll sites of the pJIT163 vector (http://www.pgreen.ac.uk/),
giving rise to pHRSI. The 1615 bp genomic open reading
frame of HRSI was amplified with the primers HRS1-F1 and
HRS1-R1, and was inserted into the HindlIl and BamHI sites of
pHRSI1, producing pHRS1::HRS1. The HRS1::HRS1 expres-
sion cassette (with the nopaline synthase transcription termi-
nation sequence derived from pJIT163) was transferred into
pCAMBIA1300, resulting in the T-DNA construct pl1300
HRS1::HRS1. This construct was used to transform /hrs/-/
using the floral dip method [51], with homozygous transgenic
lines identified in the T3 generation. Three independent
complementation lines (named as CP6-13, CP19-1 and CP23-
3 respectively) were developed. They gave highly similar results
in the experiments described in this work.

Double and triple mutants lacking HRS7 and one or more of the
genes encoding the positive (ABI35, 4 and 5) or negative (481 and
HABI) regulators of ABA signaling were developed. Homozygous
abil-2, habl-1, and habl-1abil-2 lines were obtained from Dr.
Pedro Rodriguez [18]. The abil-2 allele was a loss-of-function
mutant caused by T-DNA insertion, and differed from the gain-of-
function allele abi/-1 in being sensitive to exogenous ABA [18].
The homozygous seeds of abi3-8 and abi>-7 were obtained from
Dr. Eiji Nambara [52]. The abi4-1 seeds were obtained from
Arabidopsis Biological Resource Center (http://abrc.osu.edu/). To
generate hrsl-labil-2, hrsl-1habl-1abil-2, hrsi-1abi3-8, hrsi-1abi4-
1, hrs1-1abt5-7 mutants, the pollen grains of abil-2, habl-1abil-2,
abi3-8, abi4-1 or abi5-7 plants were transferred to the stigmas of the
emasculated flowers of homozygous /Ars/-1. The F1 plants were
allowed to self-pollinate. The F2 plants were genotyped by PCR
using either dominant (for Ars/-Iabil-2 and hrsi-1habl1-1abi1-2) or
co-dominant dCAPS markers (for hrsl-1abi53-8, hrsl-1abi4-1 and
hrs1-1abi5-7). The F3 seeds with the desired genotype underwent
another cycle of multiplication, yielding sufficient I'4 seeds for the
subsequent experiments. The primers used for mutant identifica-
tion are listed in Table S1.

Germination assay

The seeds of WT control and the different transgenic or mutant
lines, harvested at the same time and stored at 25°C for at least
four weeks, were used for germination assays. According to the
purpose of the experiments, germination assays were conducted on
either 1/2 MS medium, or those supplemented with the
designated chemical compound (i.e., ABA, NaCl, mannitol,
Na3VOy,, diethylstilbestrol, or fusicoccin). 1/2 MS medium was
composed of half strength Murashige and Skoog (MS) basal salts
(including vitamins, purchased from Duchefa Biochemie BV,
Netherlands) [53], 0.1% 2-(N-morpholino)ethanesulfonic acid, 1%
sucrose and 1% agar. The pH was adjusted to 5.8 with potassium
hydroxide before autoclaving. Seeds were surface sterilized, plated
on the desired medium and stratified at 4°C for 2 days, followed
by transfer to a growth chamber (23°C, 16 h light/8 h dark
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photoperiod) to allow germination to start. Each germination assay
was conducted in triplicates, with about 50 seeds used per replicate
per genotype. Seeds were judged as germinated when testa and
endosperm rupture and radicle protrusion were observed [24,25].
For comparing the time courses of germination of different
genotypes on 1/2 MS medium or those supplemented with ABA,
NaCl or fusicoccin, the percentages of radicle emergence were
determined at the selected time points. In other assays,
germination rate, measured as Timson’s index (TI) and reflecting
germination velocity of seeds [36], was determined. For calculating
TT, the formula TI =X (G/t) was used, where G is the germination
percentage (scored daily for 6 days), and t is the total days of
germination. The value of TI may vary from 100 (100% of seeds
germinated in the first day) to O (no seeds germinated during the 6
days assay period). The higher is the TI value the more rapid is the
germination. The ABA concentrations required to obtain 50%
inhibition of seed germination of W'T control, ArsI-1, abil-2, hrsl-
labil-2, habl-labil-2 or hrsl-1habl-1abil-2 were estimated as
detailed previously [18].

Quantitative polymerase chain reaction assay

WT and /rsi-1 seeds were sown on 1/2 MS plates or those
supplemented with 1 pM ABA or 100 mM NaCl, followed by cold
stratification and germination as described above. Samples were
collected at the selected time points. Total RNA extraction, cDNA
synthesis and quantitative PCR assays were carried out as
described in an earlier work [54]. The normalized expression
levels of the target genes were estimated as described previously
[55]. At least three independent biological replicates were
performed in order to check the reproducibility of the data. The
gene specific primers used for quantitative PCR were listed in
Table S1.

Histochemical staining of B-glucuronidase activity and
microscopy

The seeds of three independent /ARSI promoter::GUS reporter
lines (designated as RL3-11, RL4-9 and RL5-1) were germinated
on 1/2 MS plates or those supplemented with 1 uM ABA or
100 mM NaCl as described above. Sample materials were
collected at 0, 24, 36 and 48 HOG, with the coat removed under
a Leica dissecting stereomicroscope (MZ16 FA, Germany). The
samples were then subject to histochemical staining for GUS
activity as previously described [33,56]. Highly similar GUS
staining results were obtained from the three reporter lines. Light
microscopy was conducted under Leica dissecting microscope
equipped with a digital camera.

Plasmalemma H*-ATPase assay

The seeds of WT, Arsl-1 and CP lines were sown on 1/2 MS
plates, followed by cold stratification and germination as indicated
above. Samples were collected at 0, 24, and 48 HOG. The
preparation of plasma membrane (PM) fraction for plasmalemma
H*-ATPase assay was conducted as reported previously [57,58]. A
protein assay kit (Bio-Rad Inc., USA) was used to determine the
protein content in PM fraction. All steps were performed at 4°C.
The plasmalemma H*-ATPase activity was assayed following
published work, with the level of ATPase activity measured by
monitoring the oxidation of NADH coupled to ATP hydrolysis
[43]. The assay was repeated three times using independently
collected seed samples, with similar results obtained among the
three repeats.
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Statistical analysis

Statistical analysis of experimental data (presented as means *
SD) was conducted using ANOVA with the SPSS software
package (Chicago, 1L, USA).

Supporting Information

Figure S1 Comparisons of the germination time courses of wild
type (WT) control, four single mutants (rs/-1, abi3-8, abi4-1 and
abid-7), and three double mutants (hrsl-1abi3-8, hrsi-1abi4-1 and
hrs1-1abi5-7) on 1/2 MS medium. The percentages of radicle
emergence (means = SD, each calculated using the results from
triplicate samples) of the eight genotypes were recorded daily for
six days. The dataset displayed is typical of four independent
germination assays.

(TIF)

Figure 82 Comparisons of the deduced amino acid sequences
of HRS1 and its sequence homologs in Populus trichocarpa
(XP_002311443), Ricinus communis (XP_002529155), Vitis vinifera
(XP_002281762), ZLea maps (NP_001136626), Sorghum bicolor
(XP_002441840), and Omyza sativa ssp. japonica (NP_001046702,
encoded by 0s02¢0325600). The sequence homologs of HRSI
were found in many plant species by BLASTP search in the NCBI

References

1. Bewley JD (1997) Seed germination and dormancy. Plant Cell 9: 1055-1066.

2. Finch-Savage WE, Leubner-Metzger G (2006) Seed dormancy and the control
of germination. New Phytol 171: 501-523.

3. Holdsworth MJ, Bentsink L, Soppe WJ (2008) Molecular networks regulating
Arabidopsis seed maturation, after-ripening, dormancy and germination. New
Phytol 179: 33-54.

4. Penfield S, King J (2009) Towards a systems biology approach to understanding
seed dormancy and germination. Proc Biol Sci 276: 3561-3569.

5. Okamoto M, Kuwahara A, Seo M, Kushiro T, Asami T, et al. (2006)
CYP707A1 and CYP707A2, which encode abscisic acid 8'-hydroxylases, are
indispensable for proper control of seed dormancy and germination in
Arabidopsis. Plant Physiol 141: 97-107.

6. Penfield S, Li Y, Gilday AD, Graham S, Graham IA (2006) Arabidopsis ABA
INSENSITIVE 4 regulates lipid mobilization in the embryo and reveals
repression of seed germination by the endosperm. Plant Cell 18: 1887-1899.

7. Piskurewicz U, Jikumaru Y, Kinoshita N, Nambara E, Kamiya Y, et al. (2008)
The gibberellic acid signaling repressor RGL2 inhibits Arabidopsis seed
germination by stimulating abscisic acid synthesis and ABI5 activity. Plant Cell
20: 2729-2745.

8. Weitbrecht K, Miiller K, Leubner-Metzger G (2011) First off the mark: ecarly
seed germination. J Exp Bot 62: 3289-3309.

9. Nambara E, Hayama R, Tsuchiya Y, Nishimura M, Kawaide H, et al. (2000)

The role of ABI3 and FUS3 loci in Arabidopsis thaliana on phase transition

from late embryo development to germination. Dev Biol 220: 412-423.

Lopez-Molina L, Mongrand S, McLachlin DT, Chait BT, Chua NH (2002)

ABI5 acts downstream of ABI3 to execute an ABA-dependent growth arrest

during germination. Plant J 32: 317-328.

11. Finkelstein RR, Gampala SS, Rock CD (2002) Abscisic acid signaling in seeds
and seedlings. Plant Cell 14 Suppl: S15-45.

. Brocard IM, Lynch TJ, Finkelstein RR (2002) Regulation and role of the
Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, sugar, and stress
response. Plant Physiol 129: 1533-1543.

. Brocard-Gifford IM, Lynch TJ, Finkelstein RR (2003) Regulatory networks in

seeds integrating developmental, abscisic acid, sugar, and light signaling. Plant

Physiol 131: 78-92.

Hubbard KE, Nishimura N, Hitomi K, Getzoff ED, Schroeder JI (2010) Early

abscisic acid signal transduction mechanisms: newly discovered components and

newly emerging questions. Genes Dev 24: 1695-1708.

15. Gosti F, Beaudoin N, Serizet C, Webb AA, Vartanian N, et al. (1999) ABI1

protein phosphatase 2C is a negative regulator of abscisic acid signaling. Plant

Cell 11: 1897-1910.

Merlot S, Gosti F, Guerrier D, Vavasseur A, Giraudat J (2001) The ABI1 and

ABI2 protein phosphatases 2C act in a negative feedback regulatory loop of the

abscisic acid signalling pathway. Plant J 25: 295-303.

Saez A, Apostolova N, Gonzalez-Guzman M, Gonzalez-Garcia MP, Nicolas C,

et al. (2004) Gain-of-function and loss-of-function phenotypes of the protein

phosphatase 2C HABI reveal its role as a negative regulator of abscisic acid

signalling. Plant J 37: 354-369.

Saez A, Robert N, Maktabi MH, Schroeder JI, Serrano R, et al. (2006)

Enhancement of abscisic acid sensitivity and reduction of water consumption in

@ PLoS ONE | www.plosone.org

12

Regulation of Arabidopsis Seed Germination by HRS1

(http://www.ncbi.nlm.nih.gov/genbank/) database. The six ho-
mologs shown were selected as representative of those found in
monocotyledonous and dicotyledonous plants. The EAR-like
motif is colored in red. The identities among the compared
sequences range from 40% to 50%. Conserved residues are
indicated by the asterisks, whereas semi-conserved and conserved
substitutions are marked by the single and double dot symbols,
respectively.

(TTF)
Table S1 Oligonucleotide primers used in this work.

(PDF)

Acknowledgments

We thank Arabidopsis Biological Resource Center (http://abrc.osu.edu/)
and Dr. Eiji Nambara (University of Toronto, Canada) for supplying some
of the Arabidopsis mutants used in this study.

Author Contributions

Conceived and designed the experiments: DW. Performed the experi-
ments: CW JF. Analyzed the data: CW JF DW. Contributed reagents/
materials/analysis tools: CW JF PLR RW HL HY HQ XL. Wrote the
paper: DW CW ]JF.

Arabidopsis by combined inactivation of the protein phosphatases type 2C ABI1
and HABI. Plant Physiol 141: 1389-1399.
Nishimura N, Yoshida T, Kitahata N, Asami T, Shinozaki K, et al. (2007) ABA-
Hypersensitive Germinationl encodes a protein phosphatase 2C, an essential
component of abscisic acid signaling in Arabidopsis seed. Plant J 50: 935-949.
Rubio S, Rodrigues A, Saez A, Dizon MB, Galle A, et al. (2009) Triple loss of
function of protein phosphatases type 2C leads to partial constitutive response to
endogenous abscisic acid. Plant Physiol 150: 1345-1355.
Lopez-Molina L, Mongrand S, Chua NH (2001) A postgermination develop-
mental arrest checkpoint is mediated by abscisic acid and requires the ABI5
transcription factor in Arabidopsis. Proc Natl Acad Sci USA 98: 4782-4787.
Belin C, Megies C, Hauserova E, Lopez-Molina L (2009) Abscisic acid represses
growth of the Arabidopsis embryonic axis after germination by enhancing auxin
signaling. Plant Cell 21: 2253-2268.
Kinoshita N, Berr A, Belin C, Chappuis R, Nishizawa NK, et al. (2010)
Identification of growth insensitive to ABA3 (gia3), a recessive mutation affecting
ABA Signaling for the control of early post-germination growth in Arabidopsis
thaliana. Plant Cell Physiol 51: 239-251.
Linkies A, Miller K, Morris K, Turec¢kovac V, Cadman CSC, et al. (2009)
Ethylene interacts with abscisic acid to regulate endosperm rupture during
germination: a comparative approach using Lepidium sativum (cress) and
Arabidopsis thaliana. Plant Cell 21: 3803-3822.
. Linkies A, Leubner-Metzger G (2011) Beyond gibberellins and abscisic acid:
how ethylene and jasmonates control seed germination. Plant Cell Rep 31:
253-270.
Sliwinska E, Bassel GW, Bewley JD (2009) Germination of Arabidopsis thaliana
seeds is not completed as a result of elongation of the radicle but of the adjacent
transition zone and lower hypocotyl. J Exp Bot 60: 3587-3594.
. Bove J, Jullien M, Grappin P (2001) Functional genomics in the study of seed
germination. Genome Biol 3: 1002.1-1002.5.
. Enriquez-Arredondo C, Sanchez-Nieto S, Rendén-Huerta E, Gonzalez-
Halphen D, Gavilanes-Ruiz M, et al. (2005) The plasma membrane H'-
ATPase of maize embryos localizes in regions critical during the onset of
germination. Plant Sci 169: 11-19.
van den Wijngaard PW]J, Sinnige MP, Roobeek L, Reumer A, Schoonheim PJ,
et al. (2005) Abscisic acid and 14-3-3 proteins control K" channel activity in
barley embryonic root. Plant J 41: 43-55.
Guo J, Wang J, Xi L, Huang W-D, Liang J, et al. (2009) RACKI1 is a negative
regulator of ABA responses in Arabidopsis. ] Exp Bot 60: 3819-3833.
Drechsel G, Raab S, Hoth S (2010) Arabidopsis zinc-finger protein 2 is a
negative regulator of ABA signaling during seed gernmination. J Plant Physiol
167: 1418-1421.
Xi W, Liu C, Hou X, Yu H (2010) MOTHER OF FT AND TFLI regulates
seed germination through a negative feedback loop modulating ABA signaling in
Arabidopsis. Plant Cell 22: 1733-1748.
Liu H, Yang H, Wu C, Feng J, Liu X, et al. (2009) Overexpressing HRSI
confers hypersensitivity to low phosphate-elicited inhibition of primary root
growth in Arabidopsis thaliana. J Integr Plant Biol 51: 382-392.
Czechowski T' (2005) Nitrogen signaling in Arabidopsis thaliana. PhD thesis.
Universitit Potsdam, Germany.

20.
21.
22.

23.

24.

29.

30.

31.
32.
33.

34.

April 2012 | Volume 7 | Issue 4 | 35764



36.

37.

38.

39.

40.

46.

47.

Mito T, Seki M, Shinozaki K, Ohme-Takagi M, Matsui K (2011) Generation of
chimeric repressors that confer salt tolerance in Arabidopsis and rice. Plant
Biotechnol J 9: 736-746.

Timson J (1965) New method of recording germination data. Nature 207:
216-217.

Giraudat J, Hauge BM, Valon C, Smalle J, Parcy I, et al. (1992) Isolation of the
Arabidopsis ABI3 gene by positional cloning. Plant Cell 4: 1251-1261.
Finkelstein RR, Wang ML, Lynch TJ, Rao S, Goodman HM (1998) The
Arabidopsis abscisic acid response locus ABI4 encodes an APETALA 2 domain
protein. Plant Cell 10: 1043-1054.

Finkelstein RR, Lynch TJ (2000) The Arabidopsis abscisic acid response gene
ABI5 encodes a basic leucine zipper transcription factor. Plant Cell 12: 599-609.
Taylor NJ, Hills PN, van Staden J (2007) Cell division versus cell elongation: the
control of radicle elongation during thermoinhibition of Tagetes minuta
achenes. J Plant Physiol 164: 1612-1625.

O’Neill SD, Spanswick MR (1984) Effects of vanadate on the plasma membrane
ATPase of red beet and corn. Plant Physiol 75: 586-591.

Mesenko MM, Ivanov VB (2005) The effects of H*-ATPase activator and
inhibitors on cell growth in the maize root. Russ J Plant Physiol 52: 558-565.

. Johansson F, Sommarin M, Larsson C (1993) Fusicoccin activates the plasma

membrane H"-ATPase by a mechansim involving the C-terminal inhibitory
domain. Plant Cell 5: 321-327.

Hager A (2003) Role of the plasma membrane H*-ATPase in auxin-induced
clongation growth: historical and new aspects. J Plant Res 116: 483-505.
Roelfsema MRG, Staal M, Prins HBA (1998) Blue light-induced apoplastic
acidification of Arabidopsis thaliana guard cells: inhibition by ABA is mediated
through protein phosphatases. Physiol Plant 103: 466-474.

Zhang X, Wang H, Takemiya A, Song CP, Kinoshita T, Shimazaki K (2004)
Inhibition of blue light-dependent H* pumping by abscisic acid through
hydrogen peroxide-induced dephosphorylation of the plasma membrane H*-
ATPase in guard cell protoplasts. Plant Physiol 136: 4150-4158.

Liu P-P, Montgomery TA, Fahlgren N, Kasschau K, Nonogaki H, et al. (2007)
Repression of AUXIN RESPONSE FACTORI10 by microRNA 160 is critical

for seed germination and post-germination stages. Plant J 52: 133-146.

@ PLoS ONE | www.plosone.org

13

48.

49.

50.
51.

52.

58.

Regulation of Arabidopsis Seed Germination by HRS1

Miiller K, Linkies A, Vreeburg RAM, Fry SC, Krieger-Liszkay A, et al. (2009)
In vivo cell wall loosening by hydroxyl radicals during cress (Lepidium sativum
L.) seed germination and elongation growth. Plant Physiol 150: 1855-1865.
Gracber K, Linkies A, Miiller K, Wunchova A, Rott A, et al. (2010) Cross-
species approaches to seed dormancy and germination: conservation and
biodiversity of ABA-regulated mechanisms and the Brassicaceaec DOGI genes.
Plant Mol Biol 73: 67-87.

Zhu J-K (2001) Plant salt tolerance. Trends in Plant Sci 6: 66-71.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743.
Nambara E, Suzuki M, Abrams S, McCarty DR, Kamiya Y, et al. (2002) A
screen for genes that function in abscisic acid signaling in Arabidopsis thaliana.
Genetics 161: 1247-1255.

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays
with tobacco tissue culture. Physiol Plant 15: 473-497.

Yang H, Liu H, Li G, Feng J, Qin H, Liu H, et al. (2009) Reduction of root
flavonoid level and its potential involvement in lateral root emergence in
Arabidopsis thaliana grown under low phosphate supply. Funct Plant Biol 36:
1-10.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real time quantitative PCR and the 2**“* method. Methods 25: 402-408.

Qin C, Qian W, Wang W, Wu Y, Yu C, et al. (2008) GDP-mannose
pyrophosphorylase is a genetic determinant of ammonium sensitivity in

Arabidopsis thaliana. Proc Natl Acad Sci USA 105: 18308-18313.

. Yan F, Feuerle R, Schiffer S, Fortmeier H, Schubert S (1998) Adaptation of

active proton pumping and plasmalemma ATPase activity of corn roots to low
root medium pH. Plant Physiol 117: 311-319.

Sveinsdottir H, Yan F, Zhu Y, Peiter-Volk T, Schubert S (2009) Seed ageing-
induced inhibition of germination and post-germiantion root growth is related to
lower activity of plasma membrane H*-ATPase in maize roots. ] Plant Physiol

166: 128-135.

April 2012 | Volume 7 | Issue 4 | 35764



