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Figure 3. The effect of LIP1 on ploidy levels is light dependent. C24
and lip1-1 (A, C, and E) or Col-0 and lip7-2 (B, D, and F) plants were
grown in darkness (A and B), in 12:12 LD cycles (C and D), or in
continuous white light (E and F) for 6 d. Whole seedlings were used for
ploidy level determinations. Data were obtained and analyzed as for
Figure 2 (n = 4). Asterisks indicate significant differences from the wild
type as determined by Student’s t test: *P < 0.05, **P < 0.01, ***P <
0.001. Error bars represent sp.

red light-dependent endoreplication, ploidy levels of
lip1-2 and phyB-9 single mutants and lip1-2 phyB-9
double mutants were compared. In continuous red
light (cR), both lip1-2 and phyB-9 mutants showed
similarly increased ratios of 16C and 32C nuclei (Fig.
4B). Importantly, the lip1-2 phyB-9 double mutant did
not display an additive phenotype but phenocopied
the phyB-9 single mutant in cR (Supplemental Fig. S3).
The DNA content of these mutants grown in darkness
displayed patterns like wild-type seedlings, confirm-
ing the light-specific effect of the mutations (Fig. 4A).

Next, we examined whether LIP1 affects endor-
eplication in other light conditions, such as in contin-
uous blue light (cB) or continuous far-red light (cFR).
Ploidy levels of lipl-2 mutant showed significant in-
creases in ¢B (Fig. 4D; Supplemental Fig. S4), but it was
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indistinguishable from the wild type in cFR (Fig. 4E).
To place LIP1 in the light signaling pathway, the mu-
tation in the LIP1 gene was combined with the muta-
tions in genes coding for the blue light-absorbing
CRY1 and CRY2 or far-red light-sensing PhyA recep-
tors, and seedlings were tested in cB or cFR. In ¢B, the
ploidy pattern of the lip1-2 cryl cry2 triple mutant was
most similar to that of the cryl cry2 double mutant
(Fig. 4D; Supplemental Fig. S4), suggesting that LIP1 is
epistatic to the CRY photoreceptors. In cFR, the lip1-2
phyA-211 double mutant phenocopied the phyA-211
single mutant (Fig. 4E), further supporting the previ-
ous finding that LIP1 is not involved in far-red light-
specific control of endoreplication. In summary, these
results indicate that LIP1 plays an important role in
integrating red and blue light signals to inhibit
endoreplication. Furthermore, LIP1 is likely to function
downstream of PhyB and CRY photoreceptors.

The light-regulated transcription of the atypical
E2F transcription factor DEL1 was suggested to play
a key role in the light regulation of endoreplication
(Berckmans et al., 2011). To test the involvement of LIP1
and PhyB in light-regulated transcription of DEL1, we
determined levels of DELT mRNA in the wild type and
in lip1-2, phyB-9, and lipl-2 phyB-9 mutants grown in
darkness or cR. In wild-type plants, DEL1 mRNA levels
were higher in the light than in darkness (Fig. 4F), in
agreement with previous results (Berckmans et al,
2011). Interestingly, the red light-induced up-regulation
of DEL1 expression was clearly detectable in all geno-
types, including the phyB-9 single mutant. Furthermore,
DEL1 mRNA levels in any of the tested mutants
showed no significant differences compared with the
wild type (Fig. 4F). These data suggest that in red light,
LIP1 and PhyB do not inhibit endoreplication through
the transcriptional control of DELI.

The Function of LIP1 in Controlling Photomorphogenesis
Depends on PhyB, CRY1, and CRY2 But Is Independent
of PhyA

It had been demonstrated that lipI-1 mutants show
elevated photomorphogenic responses (short hypo-
cotyls) to red and blue light but not to far-red light
(Kevei et al., 2007). In order to place the action of LIP1
in light signaling pathways mediated by phytochrome
and cryptochrome photoreceptors, we characterized
the responsiveness of lipl-2 phyB-9, lipl-2 phyA-211,
and lipI1-2 cryl cry2 multiple mutants to red, far-red,
and blue light, respectively. In cR, the lip1-2 mutant
showed significantly shorter hypocotyls than the wild
type; however, the lipl-2 phyB-9 double mutant pro-
duced hypocotyls much longer than the wild type and
was very similar to that of the phyB-9 single mutant
(Fig. 5A; Supplemental Fig. S5A). In cB, the lipl-2
mutant displayed less pronounced but significant hy-
persensitivity compared with the wild-type, but lip1-2
cryl cry2 produced long hypocotyls similar to the cry1
cry2 double mutant (Fig. 5B; Supplemental Fig. S5B).
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Table Il. Quantitative characterization of pavement and palisade mesophyll cells on the adaxial surface

of cotyledons of etiolated seedlings

Wild-type and lip1-7 seedlings were grown in darkness for 7 d. Digital images were taken of the whole
cotyledon or different areas and focal planes of the adaxial surface. The size of cotyledons (n = 9-11) and
cells at similar positions in the cotyledon (n = 35-60 per cotyledon) were measured. The number of
pavement and palisade cells was calculated by dividing the total cotyledon area by the average area of the
particular cell type. Mean values * sp are shown. The significance of the differences from the wild type
was analyzed by Student’s t test, and corresponding P values are shown.

Pavement Cells

Palisade Cells

Genot Cotyledon Si
enoype olyledon size No. Size No. Size
mm? wm? wm?
C24 (wild type) 0.229 = 0.039 581 = 75 394 = 61 1,423 = 281 161 = 31
lip1-1 0.207 = 0.031 549 *= 83 368 £ 69 1,321 = 235 136 = 27
P 0.09 0.47 0.39 0.18 0.12

In cFR, lip1-2 phenocopied wild-type plants, and the
lip1-2 phyA-211 double mutant showed hypocotyl
lengths identical to those of the phyA-211 mutant (Fig.
5C; Supplemental Fig. S5C). These data verify that
LIP1 does not affect PhyA-dependent far-red light
signaling. The photomorphogenic phenotype of lipl
mutants in red light is mainly due to the perturbation
of PhyB-mediated signaling, whereas the lipl pheno-
type in blue light depends on the CRY photoreceptors.
Absolute hypocotyl length data are provided in
Supplemental Figure S6.

lipl Mutants Are Hypersensitive to Salt Stress

In order to obtain additional information on the
function of LIP1, we determined the responsiveness
of lipl mutants to different abiotic stress conditions.
We found that lip]l mutants grown under 12-h-light/
12-h-dark (12:12 LD) cycles displayed an increased
sensitivity to salt (NaCl) stress (Fig. 5, D and E;
Supplemental Fig. 57). Wild-type plants could tolerate
100 mm NaCl, but the growth and development of
mutant /ipl seedlings were greatly impaired under
these conditions (Supplemental Fig. S7). lip1-1 mutants
were slightly less sensitive to NaCl than lip1-2 mu-
tants, which is probably due to ecotype-specific dif-
ferences, as wild-type C24 seedlings appeared to be
more tolerant than ecotype Columbia-0 (Col-0;
Supplemental Fig. S7). In addition to poor growth and
development, the germination rate of lipl-2 seedlings
was also significantly reduced under salt stress con-
ditions as compared with the wild type (Fig. 5E). To
test if light conditions modulate this stress response,
germination rate was also analyzed in dark-grown
plants. Under these conditions, lipl-2 mutants were
again more sensitive than wild-type plants (Fig. 5E),
indicating that the salt stress phenotype is not caused
by other light-dependent defects of lipl mutants (e.g.
ploidy levels). Besides inhibiting germination, high
NaCl concentration also attenuates root growth;
therefore, we determined this response of lipl mutants
grown on different concentrations of NaCl. Figure 5F
illustrates that the relative inhibition of root growth is
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significantly stronger in the lip] mutants than in the
wild type. These data demonstrate that LIP1 is re-
quired for maximum tolerance to salt stress.

High salinity represents osmotic and ionic stress for
plants. Osmotic stress leads to the induction of
osmoprotectant genes like RESPONSIVE TO DESIC-
CATION29A (RD29A), RD29B, or RESPONSIVE TO
ABA18 (RAB18), whereas ionic stress (increase in the
cellular [Na']) induces the transcription of SOS2, an
activator of the Na*/H" transporter SOS1. To test if LIP1
participates in any of these processes, 1-week-old wild-
type and [lipl-2 plants were transferred to medium
containing 200 mM NaCl. Salt-induced expression of
RD29A, RD29B, RAB18, and SOS2 genes was moni-
tored by quantitative reverse transcription (qRT)-PCR.
Supplemental Figure S8 demonstrates that there were
no significant differences in the kinetics or the level of
induction of these genes. These results indicate that LIP1
plays a minor role, if any, in sensing salt stress signals
and the transcriptional activation of the salt stress-
related genes tested. However, an effect of LIP1 on the
posttranslational modification, turnover, or subcellular
localization of these components cannot be excluded.

Subcellular Localization of LIP1

We showed previously that the yellow fluorescent
protein (YFP)-LIP1 fusion protein is detectable both in
the cytosol and in the nucleus and that this distribution
pattern is not significantly affected by light conditions
or the circadian clock (Kevei et al., 2007). In order to
test if any of the pleiotropic functions of LIP1 de-
scribed above require specific subcellular localiza-
tion, we generated transgenic lipl plants expressing
the LIP1-YFP fusion protein with or without a nu-
clear localization signal (NLS) or a nuclear export
signal (NES; Supplemental Fig. S9A) Transgenic
lines with comparable expression levels were se-
lected (Supplemental Fig. S9B), and localization of
the different LIP1 fusion proteins was analyzed by
fluorescence microscopy. As expected, YFP-LIP1 was
detectable both in the cytoplasm and in the nuclei,
whereas YFP-LIP1-NLS and YFP-LIP1-NES were
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Figure 4. LIP1 attenuates endoreplication in red and blue light but
not in far-red light. A to E, Plants of the indicated genotypes were
grown in darkness (A and C), in cR (40 wmol m~2 s7': B), in cB
(40 wmol m™2s7": D), or in cFR (5 wmol m™2 s™'; E) for 7 d. Whole
seedlings were subjected to ploidy level determinations. Data were
obtained and analyzed as for Figure 2 (n = 3-5). Results of statistical
analysis (one-way ANOVA, Tukey’s test) are shown in Supplemental
Figures S3 and S4. Error bars represent sp. Ploidy levels in dark-grown
phyA-211 or lip1-2 phyA-211 plants were not different from those in
Col-0 or lip1-2 plants (data not shown). F, Plants were grown in con-
ditions identical to those for A and B. Expression levels of DELT were
determined by gRT-PCR assays. Values were normalized to TUB2/3
mRNA levels. Averages of three independent experiments are shown.
Error bars represent se. Results of Student’s t tests indicated that dif-
ferences between the wild type and any mutant combinations under a
given light condition (dark or red light) were not significant (P> 0.1 for
any combination).

clearly restricted to the nucleus and the cytoplasm,
respectively (Supplemental Fig. S9C).

Nuclear Localization of LIP1 Is Essential for the Circadian
Function of the Protein

Complementation of the ploidy, salt stress, photo-
morphogenic, and circadian phenotypes of the lipl
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mutants was tested in the selected transgenic lines.
Figure 6A demonstrates that the expression of YFP-
LIP1, YFP-LIP1-NLS, or YFP-LIP1-NES in the lipl
mutant background restored ploidy levels to the wild-
type level, best illustrated by the ratio of nuclei having
16C or 32C DNA content. In addition to ploidy levels,
the characteristic jigsaw shape of cotyledon pavement
cells was also restored in all complemented lines
(Supplemental Fig. S10). Furthermore, lipl-2 plants
expressing either of the LIP1 fusion proteins were able
to tolerate 100 mm NaCl and develop similarly to wild-
type plants (Fig. 6B). Hypocotyl lengths of either of the
complemented lines grown in red, blue, or far-red light
were also indistinguishable from that of the wild type
(Fig. 7, A—C). These data suggest that compartmen-
talization of LIP1 is not sufficient to abrogate LIP1
function for mediating these responses. However, the
compartmentalization of LIP1 distinguishes its func-
tion concerning circadian rhythmicity (Fig. 7, D-F;
Table III). The expression of YFP-LIP1 or YFP-LIP1-
NLS restored wild-type circadian rhythms, whereas
YFP-LIP1-NES-expressing transgenic lipl-2 seedlings
displayed rhythms very similar to that of lip1-2. Period
estimates quantitatively demonstrated full comple-
mentation or the complete lack of complementation as
indicated (Table III). We conclude that for the regula-
tion of the circadian clock, a significant portion of LIP1
needs to be present in the nucleus. These observations
suggest that the function of LIP1 in the circadian clock
can be separated from its role in the control of cell
development, endoreplication, stress tolerance, and
photomorphogenesis.

DISCUSSION

The lip1-1 mutant was identified in a genetic screen
designed to isolate novel circadian clock mutants in
Arabidopsis (Kevei et al., 2006, 2007). The lip1-1 mu-
tation shortened the free-running period of CAB2:LUC
in low-intensity red light, and the mutant showed
hypersensitive photomorphogenic responses in red
and blue light. In this paper, we demonstrate that the
lip1-1 and lip1-2 mutants display additional pleiotropic
phenotypes and that LIP1 also plays important roles in
the light-controlled inhibition of endoreplication and
providing tolerance to salt stress.

It has been shown that far-red and red light per-
ceived by the PhyA and PhyB photoreceptors inhibit
the last round of endocycles in hypocotyl cells in
Arabidopsis, whereas the receptor mediating the ef-
fect of blue light was not identified unequivocally
(Gendreau et al., 1998). lipl mutants showed higher
ploidy levels in white, red, and blue light but not in
darkness or in far-red light (Figs. 3 and 4). This indicates
that the ploidy phenotype of lipl mutants arose from the
impaired red and blue light control of endoreplication.
In fact, genetic analysis of red and blue light-controlled
ploidy patterns demonstrated that PHYB, CRY1, and
CRY?2 are epistatic to LIP1 (Fig. 4). This suggests that
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Figure 5. Physiological responses to light and salt stress are altered in /ipT mutants. A to C, Plants were grown in cR (A), cB (B),
or cFR (C) at the indicated fluence rates for 4 d, then hypocotyl length of the seedlings was measured. Values were normalized
to the hypocotyl length of the corresponding dark-grown seedlings. The x axes show logarithmic scale. Error bars represent se
(n=28-32). Results of statistical tests (one-way ANOVA, Tukey’s test) for A to C are shown in Supplemental Figure S5. D and E,
Col-0 and /ip1-2 mutant seeds were grown in 12:12 LD cycles or continuous darkness (dark) on medium with or without 200 mm
NaCl. The number of seedlings with emerged radicles was counted daily and expressed as the percentage of the total number
of seeds. Error bars represent se (n = 105-125). F, Col-0, lip1-2, C24, and lip1-1 seedlings were grown in 12:12 LD cycles
for 7 d and transferred to vertical plates with medium supplemented with different concentrations of NaCl, as indicated. Root
lengths were measured 7 d after the transfer. Values normalized to the root length of plants grown on salt-free medium are
shown. Error bars represent st (n = 17-20). For D to F, asterisks indicate significant differences from the wild type as determined

by Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001.

LIP1 functions as a component of the PhyB-, CRY1-,
and CRY2-mediated light signaling pathways lead-
ing to the inhibition of endoreplication. Apart from
the receptors, the atypical E2F transcription factor
DEL1 was recently shown to mediate light-dependent
endoreplication (Berckmans et al., 2011). In particu-
lar, the transcription of DEL1 is light induced and

Plant Physiol. Vol. 161, 2013

negatively correlated with ploidy levels, and ectopi-
cally expressed DELI uncouples the regulation of
endoreplication from light signals (Berckmans et al.,
2011). Here, we show that the level of DELT mRNA in
phyB-9, lip1-2, and lip1-2 phyB-9 plants was not sig-
nificantly different from that in wild-type plants
(Fig. 3). These data demonstrate that red light-induced
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Figure 6. Complementation of ploidy and salt stress phenotypes of
lip1-2 by LIP1 fusion proteins. A, Ploidy levels in Col-0, lip7-2 mutant,
and lip7-2 mutant expressing YFP-LIP1, YFP-LIP1-NLS, or YFP-LIP1-
NES fusion proteins. Plants were grown in continuous white light
(80 wmol m™ s7") for 7 d (n = 4). Asterisks indicate significant differences
from the wild type as determined by Student’s t test: *P < 0.05, **P <
0.01, ***P < 0.001. Error bars represent sb. B, Seedlings expressing
YFP-LIP1, YFP-LIPT-NLS, or YFP-LIP1-NES fusion proteins in the lip1-2
mutant background along with Col-0 and /ip7-2 controls were grown in
12:12 LD cycles for 14 d on medium with or without 100 mm NaCl.

inhibition of endoreplication by PhyB and LIP1 define
a pathway independent of the transcriptional regula-
tion of DELI.

Changes in ploidy levels are often accompanied by
altered shape or size of the cells. In fact, we showed
that pavement cells in the cotyledons of lipl mutants
are significantly smaller and more rounded (or less
lobed) compared with those in wild-type plants. The
cell morphology phenotype of lipl mutants appears to
closely correlate with ploidy changes, since both phe-
notypes are developmentally regulated and light de-
pendent in the same manner. In wild-type plants, cells
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with higher ploidy levels are usually larger, but there
are several examples from mutants where increased
ploidy levels are not accompanied by growth promo-
tion or the size of particular cells is enlarged without
significant increase of DNA content (De Veylder et al.,
2011). Moreover, strong overexpression of Kip-Related
Protein2 (KRP2), an inhibitor of CDKA;1, resulted in
lower ploidy levels but larger pavement cells (Verkest
et al., 2005). lip] mutants represent a novel class of
exceptions, where cells with higher ploidy levels are
apparently smaller in size. These observations collec-
tively suggest that cellular DNA content does not
control cell expansion directly but probably sets the
range or capacity of future cell growth, which is influ-
enced by the coaction of several additional factors.

In order to shed light on the molecular background of
the salt sensitivity of lip] mutants, the function of the
canonical osmotic and ionic stress signaling pathway
was probed. As, in the /ip] mutants, salt stress induced
the transcription of both ABA-dependent and inde-
pendent stress-related genes normally (Supplemental
Fig. S8), we suggest that stress perception, signaling
cascade, and transcriptional activation of the multiple
pathways were not impaired by the lack of LIP1 func-
tion. Rather, LIP1 could affect one of the late stress-
induced processes at the cellular level. A likely target
of LIP1 action could be the regulation of ROS produc-
tion, as small GTPases are involved in this process in
animals, yeast, and plants as well (Finkel, 2006). A RHO
OF PLANTS (ROP)-type small GTPase, RAC-LIKE1
(OsRAC1) in rice (Oryza sativa), was shown to directly
interact with NADPH oxidase and hence modulate ROS
production (Wong et al., 2007). OsRAC1 and its Ara-
bidopsis homolog ROP2 exhibit altered responses to
biotic and abiotic stresses accompanied by apoptosis-
like cell death (Ono et al.,, 2001, Park et al., 2004).
In addition to stress sensitivity, the /ip1-2 mutant also
shows cell death symptoms, although this is restricted
to the cotyledon epidermis cells (Fig. 1; Supplemental
Fig. S1), unlike the necrotic lesions on leaves ob-
served in dominant negative RAC1. Furthermore, the

Table IlI. Period estimates for CAB2:LUC reporters in wild-type,
lip1-2, and different YFP-LIP1 fusion protein-expressing plants

Seedlings were grown under 12:12 LD cycles for 7 d and moved to cR
(3 wmol m™2 s7"). Period estimates were calculated by the Biological
Rhythms Analysis Software System, developed in Andrew Millar’s group,
and it can be downloaded from http:/millar.bio.ed.ac.uk. Three inde-
pendent transgenic lines were analyzed for each complementing con-
struct. A total of 32 individual seedlings were measured for each line.
Variance-weighted mean periods and st are shown. The significance of
the differences from the wild type (P9 or the lip1-2 mutant (PP*-2)
was analyzed by Student’s ¢ test.

Genotype Period picot-0] plipt-2)
h
Col-0 (wild type) 29.95 = 0.28 - <0.001
lip1-2 27.37 = 0.77 <0.001 -

YFP-LIP1 [lip1-2]
YFP-LIP1-NLS [lip1-2]
YFP-LIP1-NES [lip1-2]

29.74 = 0.36 0.76 0.0023
29.33 £ 0.70 0.22 0.0061
27.42 = 0.31 <0.001 0.71
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Figure 7. Complementation of photomorphogenic and circadian phenotypes of lip7-2 by LIP1 fusion proteins. A to C, Fluence
rate curves of hypocotyl elongation in cR (A), cB (B), or cFR (C). Col-0 (black squares), lip7-2 (black triangles), and seedlings
expressing YFP-LIP1 (white circles), YFP-LIP1-NLS (white diamonds), or YFP-LIP1-NES (white triangles) fusion proteins in the
lip1-2 background were grown in constant monochromatic light at the indicated fluence rates for 4 d, then hypocotyl length of
the seedlings was measured. Values were normalized to the hypocotyl length of the corresponding dark-grown seedlings. The
x axes show logarithmic scale (n = 28-32). Error bars represent st. Irrespective of the light conditions, no significant differences
were detected between the wild type and either of the transgenic lines (one-way ANOVA, Tukey’s test). Hence, asterisks in-
dicate significant differences between lip7-2 and the wild type as determined by Student’s t test: *P < 0.05, **P < 0.01, ***P <
0.001. D to F, Col-0 (black squares), lip7-2 mutants (black triangles), and /ip7-2 mutants expressing YFP-LIP1 (white circles; D),
YFP-LIP1-NLS (white diamonds; E), or YFP-LIP1-NES (white triangles; F) fusion proteins were grown in 12:12 LD cycles for 7 d
and transferred to cR at 3 umol m™? s~ fluence rate. Rhythmic luminescence of the CAB2:LUC marker was measured, and
values normalized to the mean were plotted. Three independent transgenic lines were measured for each construct with similar
results. Representative graphs are shown.

ROS-linked small GTPases are localized mostly in the
plasma membrane, which is in contrast with the
nucleocytoplasmic localization of LIP1 (Supplemental
Fig. S9) and the complementation of stress hypersen-
sitivity by the nucleus-targeted LIP1 protein (Fig. 5).

Plant Physiol. Vol. 161, 2013

Despite these differences, it is tempting to speculate
that alterations in cell morphology and cell death in
the epidermis could affect the “barrier” function of this
cell layer in the lip]l mutants, so that the excess of salt
taken up cannot be compensated by the otherwise
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intact salt signaling and response system. However,
dark-grown lipl mutants without apparent cell mor-
phology phenotypes were also hypersensitive to salt
stress; therefore, we conclude that the salt sensitivity of
lip]l mutants is not caused by abnormally shaped (or
missing) pavement cells.

The shortening of the circadian period by the lipl
mutation is clearly detectable in etiolated plants (Kevei
et al., 2007), where ploidy levels of lipl mutants do not
differ from that of the wild type. On the other hand,
the salt sensitivity, photomorphogenic, and ploidy
phenotypes of lipl mutants could be detected under
conditions where the mutants did not show circadian
defects (i.e. high fluence rate of red or white light;
Kevei et al., 2007). These facts strongly suggest that (1)
the circadian function of LIP1 is independent from its
other functions and (2) the altered function of the clock
in the lipl mutants is not the cause of the stress, ploidy,
or hypocotyl phenotype. This conclusion is further
corroborated by the results of the complementation
experiments. The circadian phenotype was comple-
mented by YFP-LIP1 and YFP-LIP1-NLS but not by
YFP-LIP1-NES, indicating that LIP1 must accumulate
to a critical level in the nucleus in order to regulate
the clock. The full complementation of the circadian
phenotype also suggests that LIP1 does not affect
clock-related cytosolic processes, although its role in
mediating the nucleocytoplasmic partitioning of clock
components cannot be excluded. Interestingly, all the
other phenotypes were equally complemented by YFP-
LIP1, YFP-LIP1-NLS, or YFP-LIP1-NES. It must be
noted, however, that although the addition of NLS or
NES motifs dramatically alters the subcellular locali-
zation of LIP1, by no means does it completely restrict
the protein to the nucleus or the cytoplasm. Particu-
larly, the NES motif does not prevent nuclear import
but facilitates nuclear export, thereby reducing the
average time spent by the tagged LIP1 protein in the
nucleus. It follows that the very small amount of YFP-
LIP1-NES present in the nucleus could be sufficient
to mediate certain functions (e.g. controlling endor-
eplication). This amount is clearly insufficient for re-
storing circadian functions, demonstrating the great
demand of the clock for nuclear LIP1. However, it
would be premature to designate certain cellular com-
partments as locations of LIP1 protein fractions affect-
ing salt stress, photomorphogenesis, or endoreplication.

In plants, LIP1 is the founder of a novel and, there-
fore, not well-characterized subclass of small GTPases,
and it is the only small GTPase that has been func-
tionally linked to the regulation of the circadian clock
(Kevei et al., 2007). Interestingly, some members of the
ROP and RAB subfamilies were shown to modulate
responses similar to LIP1. For example, ROP GTPases
(ROP2, -4, and -6) were reported to control the shape of
pavement cells via the assembly and organization of
cortical microfilament and microtubule networks (Fu
etal., 2005, 2009). Arabidopsis RAB GTPASES6 is a RAB-
type GTPase implicated in vesicular trafficking between
endosomes and the plasma membrane, and similar to
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LIP1, it is required for tolerance to high salinity (Ebine
et al., 2011). More recently, it has been suggested that
the activity of the ROP8 GTPase is regulated by
phytochromes, which probably accounts for light-
dependent control of root elongation by ROP8 (Shin
et al., 2010). However, further studies are required to
elucidate the molecular mechanisms by which the
functions of these small GTPases are integrated at the
cellular level.

Our results indicate that LIP1 facilitates germina-
tion under suboptimal conditions, entrains the cir-
cadian clock in plants germinating /elongating in the
soil at limited light intensities, and controls the nor-
mal morphology of the emerged young seedlings;
therefore, we suggest that LIP1 is an important
modulator of seedling establishment. However, it is
unlikely that all functions of LIP1 are limited to the
seedling stage, since LIP1 is clearly expressed in most
tissues of adult plants. The lack of cell shape and
ploidy phenotypes in adult lipl mutant plants can be
explained by the presence of developmentally regu-
lated proteins functionally redundant to LIP1 or by
the availability of different interacting partners at
different developmental stages. The identification of
conformation-specific interacting proteins, which regu-
late the activity of LIP1 or act as effectors downstream
of LIP1, will be essential for delineating the molecular
function of this small GTPase in diverse signaling
cascades.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotypes C24 and Col-0 were used as
wild-type plants. lipl-1 and lipl-2 alleles are in the C24 and Col-0 back-
grounds, respectively (Kevei et al., 2007). The phyA-211, phyB-9, and cry1-304
cry2-1 mutants (all in the Col-0 ecotype) have been described (Reed et al., 1993;
Reed and Chory, 1994; Mockler et al., 1999). The cry1-304 cry2-1 double mu-
tant is referred to as cryl cry2 here. Surface-sterilized seeds were stratified at
4°C for 3 d and grown in 12:12 LD photocycles at 22°C for 7 d unless indicated
otherwise. Seedlings for ploidy level measurements, cell morphology deter-
minations, and DEL1 qRT-PCR assays were grown on one-half-strength
Murashige and Skoog medium supplemented with 1% (w/v) Suc. Plants for
luminescence detection, salt tolerance tests, and the investigation of salt-
induced gene expression were grown on Murashige and Skoog medium
supplemented with 3% (w/v) Suc. For hypocotyl elongation tests, seedlings
were sown on wet filter paper. Special growth conditions are described below
or in the corresponding figure legends.

Gene Constructs and Transgenic Plants

Transgenic lipl-1 plants expressing the YFP-LIP1 fusion protein under the
control of the cauliflower mosaic virus 35S promoter, and the modified
pPCV812 binary vectors containing the 35S promoter and DNA fragments
coding for YFP and NLS or NES motifs, have been described (Kevei et al.,
2007; Paldgyi et al., 2010). To create 35S:YFP-LIP1-NLS/NES constructs, the
LIP1 complementary DNA fragment was inserted in the modified pPCV812
vectors between the YFP and NLS/NES fragments. The constructs were
transformed in lipl-1 and lipl-2 mutant plants expressing the CAB2:LUC
marker (Clough and Bent, 1998). Transformants were selected on Murashige
and Skoog medium supplemented with 15 ug mL™" hygromycin. Ten to 15
independent transformants for each construct were self-fertilized, and indi-
viduals of the homozygous T3 progeny were used for experiments.
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Scanning Electron Microscopy

Scanning electron microscopy was carried out using a Zeiss Supra 40VP
(Carl Zeiss) equipped with a field emission gun as electron source, secondary
electron detector for imaging, and combined with the Emitech K1250X
(Quorum Emitech) transfer system. The biological samples were prepared with
a cryogenic preparation method. Fresh tissue parts were mounted onto the
probe holder using Tissue-Tec (O.C.T. Compound) as glue, and gold/
palladium was used for sputter coating.

Differential Interference Contrast Microscopy and
Calculation of Shape Factor

Seven-day-old seedlings were cleared overnight in a solution composed of
160 g of chloral hydrate (Sigma-Aldrich), 100 mL of water, and 50 mL of
glycerol. After clearing, cotyledons were mounted with a coverslip, and
pavement cells were visualized with a Leica DMRB microscope equipped with
differential interference contrast microscopy optics. Images were captured on a
Leica DFC 490 camera using the Leica Application Suite 2.5.0 software. Cell
area and the perimeter of matured pavement cells were measured with Image]
software, and shape factor was calculated as 47 area/perimeter”. Statistical
significance was assessed with Student’s ¢ test calculated with SigmaStat 3.5
software.

Confocal Laser-Scanning Microscopy

Cotyledons of 7-d-old seedlings were mounted on glass slides, and fluo-
rescence was detected with the Leica TCS SP2 AOBS confocal laser-scanning
microscopy system equipped with 40X and 63X lenses, an argon-krypton
laser, and a 405-nm diode laser (Leica).

Ploidy Measurement with Flow Cytometry

Plant material was cut with a razor blade, stained with the CyStain UV
precise P DNA staining kit (Partec), and then filtered though 50-um mesh. The
ploidy level of samples was measured with Ploidy Analyzer PA-1 (Partec) and
analyzed with FloMax 2.52 software (Partec). Statistical significance was cal-
culated with SigmaStat 3.5 software.

Physiological Assays

For luminescence detection, seedlings were grown in 12:12 LD cycles for
7 d and transferred to cR (SnapLite; Quantum Devices) at 5 umol m 2!
fluence rate. Luminescence was monitored for 4 d using the TopCount NXT
luminometer (Perkin-Elmer) as described (Kevei et al.,, 2007). Counts were
normalized to the average of counts collected during the entire measurement
and were plotted as normalized luminescence.

For salt tolerance assays, seedlings were germinated in 12:12 LD cycles for
14 d on medium containing NaCl at different concentrations. To test the effect
of high salinity on germination rate, seeds were sown on medium with or
without 200 mm NaCl. The plates were transferred to 12:12 LD or to constant
darkness. Germinated seeds with clearly visible radicles were counted daily
for 5 d. To assess germination on subsequent days in darkness, separate plates
were moved to light on each day and germinating seedlings were counted. For
root length measurements, seedlings were grown in 12:12 LD cycles for 7 d on
salt-free medium and transferred to medium supplemented with different
concentrations of NaCl. The plates were set to vertical position, and the length
of roots was measured 7 d after the transfer. Values were normalized to the
length of roots of nontreated plants.

Hypocotyl lengths were measured essentially as described (Palagyi et al.,
2010).

Analysis of Gene Expression

To determine DELT mRNA levels, plants were grown in cR (40 wmol
m~2 57" or in darkness for 7 d before samples were harvested. To measure
RD29A, RD29B, RAB18, and SOS2 mRNA levels, plants were grown in 12:12
LD cycles for 7 d and transferred to medium with or without 200 mm NaCl,
and samples were harvested 1, 3, 6, 9, and 12 h after the transfer. Isolation of
total RNA, complementary DNA synthesis, and qRT-PCR were carried out as
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described (Palagyi et al., 2010). Specific mRNA levels were normalized to
TUBULIN2/3 mRNA levels in each sample. Sequences of primers used for
qRT-PCR assays are shown in Supplemental Table S1. Averages of results
from three independent experiments are shown; error bars represent st values.
For procedures of protein extraction and western analysis see Supplemental
Materials and Methods S1.

Supplemental Data

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

Supplemental Figure S1. Noncontinuous cell layer in the epidermis of
cotyledons in lip1-2 mutants.

Supplemental Figure S2. Pavement cell morphology in etiolated plants.

Supplemental Figure S3. Statistical analysis of ploidy measurements in
darkness and cR.

Supplemental Figure S4. Statistical analysis of ploidy measurements in
darkness and cB.

Supplemental Figure S5. Statistical analysis of hypocotyl measurements in
cR, cB, and cFR.

Supplemental Figure S6. Absolute hypocotyl length data for Figure 5, A
to C.

Supplemental Figure S7. lip] mutant plants are hypersensitive to salt.

Supplemental Figure S8. Effect of LIP1 on salt stress-induced gene expres-
sion.

Supplemental Figure S9. Manipulation of subcellular localization of YFP-
LIP1 fusion proteins.

Supplemental Figure S10. Complementation of the cell shape phenotype
of lip1-1 mutants.

Supplemental Table S1. Sequences of primers used for qRT-PCR assays.
Supplemental Materials and Methods S1.
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