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Timing the switch to phototrophic growth

A possible role of GUN1
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In young Arabidopsis seedlings, retro-
grade signaling from plastids regulates
the expression of photosynthesis-asso-
ciated nuclear genes in response to the
developmental and functional state of
the chloroplasts. The chloroplast-located
PPR protein GUNI is required for sig-
nalling following disruption of plastid
protein synthesis early in seedling devel-
opment before full photosynthetic com-
petence has been achieved. Recently we
showed that sucrose repression and the
correct temporal expression of LHCBI,
encoding a light-harvesting chlorophyll
protein associated with photosystem 1II,
are perturbed in gunl mutant seedlings.'
Additionally, we demonstrated that in
gunl seedlings anthocyanin accumula-
tion and the expression of the “early”
anthocyanin-biosynthesis genes is per-
turbed. Early seedling development,
predominantly at the stage of hypo-
cotyl elongation and cotyledon expan-
sion, is also affected in gunl seedlings in
response to sucrose, ABA and disruption
of plastid protein synthesis by lincomy-
cin. These findings indicate a central role
for GUNI in plastid, sucrose and ABA
signalling in early seedling development.

Arabidopsis seedlings develop in response
to light and other environmental cues. In
young seedlings, development is fuelled
by mobilization of lipid reserves until
chloroplast biogenesis is complete and the
seedlings can make the transition to pho-
totrophic growth. The majority of proteins
with functions related to photosynthesis
are encoded by the nuclear genome, and
their expression is coordinated with the
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expression of genes in the chloroplast
genome. In developing seedlings, ret-
rograde signaling from chloroplasts to
the nucleus regulates the expression of
these nuclear genes and is dependent on
the developmental and functional status
of the chloroplast. Two classes of gun
(genomes uncoupled) mutants defective
in retrograde signalling have been identi-
fied in Arabidopsis: the first, which com-
prises gun2-gun5, involves mutations in
genes encoding components of tetrapyr-
role biosynthesis.»> The other comprises
gunl, which has mutations in a nuclear
gene encoding a plastid-located pen-
tatricopeptide repeat (PPR) protein with
an SMR (small MutS-related) domain
near the C-terminus.*® PPR proteins are
known to have roles in RNA processing®
and the SMR domain of GUNI has been
shown to bind DNA,* but the specific
functions of these domains in GUNI are
not yet established. However, GUNI has
been shown to be involved in plastid gene
expression-dependent,” redox,! ABA™ and
sucrose signaling,"*® as well as light qual-
ity and intensity sensing pathways.’! In
addition, GUNI has been shown to influ-
ence anthocyanin biosynthesis, hypocotyl

extension and cotyledon expansion.""

guni Seedling Development
is Hypersensitive to ABA
and Sucrose

Norflurazon (an herbicide that results
in photo-oxidation of chlorophyll) and
lincomycin (an antibiotic that inhib-
its plastid translation) lead to a loss of
photosynthesis-associated nuclear gene
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expression in wild-type Arabidopsis seed-
lings. The gun mutants were identified
by their ability to express photosynthe-
sis-associated nuclear genes when grown
in the presence of norflurazon,’> but
only gunl retained the ability to express
photosynthesis-associated nuclear genes
when grown in the presence of lincomy-
cin, linking the GUNTI signaling pathway
to disruption of chloroplast translation.”
The target genes of this signaling pathway
have been shown to contain an ACGT
motif, which is core to both the abscisic
acid (ABA) response element (ABRE)
and the light-responsive G-box.? Screens
of ABA-deficient and ABA-insensitive
identified  ba
(abi4) as having a weak gun phenotype.’

mutants insensitive4
Overexpression of ABI4, which encodes
an APETALA 2-type transcription factor,
suppressed the gunl phenotype, suggest-
ing that ABI4 functions downstream of
GUNL.* ABI4 has been shown to regu-
late RBCS gene expression in response
to sucrose and ABA, via an S-box motif
in association with the light-responsive
G-box element.” However, most ABA
signalling mutants, including 2674, have
been identified by their insensitivity to
ABA, which mediates seedling develop-
mental arrest in wild type, whereas gunl
does not fall into this category. gunl has
a hypersensitive response to ABA and dis-
plays greater developmental arrest com-
pared to wild-type seedlings."

abi4 and many other ABA-insensitive
mutants are also sugar insensitive, estab-
lishing links between sugar and ABA sig-
nalling. However, we showed that gun!
displays sucrose hypersensitivity: sucrose-
mediated developmental arrest
more severe for gunl than for wild-type
seedlings, predominantly at the stage of
cotyledon expansion.' Sugar developmen-
tal-arrest screens have identified many
insensitive mutants but very few that are
hypersensitive," and fewer still that are
also hypersensitive to ABA.

The interactions between ABA and
sugar signalling in developing seed-
lings are complex. Although both ABA
and sucrose can arrest seedling develop-
ment, sucrose can rescue seedlings from
ABA-mediated developmental arrest.”
This observation led to the hypoth-
esis that ABA inhibits germination and
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post-germinative growth by
ing mobilization of seed lipid reserves.
However, active lipid mobilization in
response to ABA, leading to high levels
of endogenous sucrose, has been demon-
strated.'® Thus, it is not clear why sucrose
should rescue ABA-induced developmen-
tal arrest, but one possible explanation is
that endogenous and exogenous sugars
are perceived and affect developmen-
tal signals differently. Exogenous sugars
may potentially be perceived by young
seedlings as the product of photosyn-
thesis and serve to override ABA signal-
ling. But sugar concentrations may also
play a part: 14 mM sucrose rescues ABA
developmental arrest,” whereas 330 mM
sucrose arrests seedling development.”
We showed that medium containing 2%
sucrose (85 mM) arrests seedling devel-
opment and LHCBI expression in wild-
type seedlings and to a greater extent in
gunl.! However, sugar sensitivity in gunl
seedlings appears to change during devel-
opment; the addition of 7% glucose (300
mM) to the growth medium was shown
to reduce LHCBI expression significantly
when applied to 3-day-old* and 3-week-
old® wild-type seedlings, but not when
applied to gunl seedlings.

Temporal Photosynthesis Gene
Expression and Anthocyanin
Accumulation are Differentially
Affected by Sucrose in Wild-Type
and gunt Seedlings

We showed that the expression of LHCBI
fluctuates during early seedling develop-
ment (3-8 days old) and is different in
gunl seedlings in comparison to wild-
type.! Sucrose represses expression of
both nuclear and plastid genes encod-
ing photosynthetic components®" and
disrupts the temporal expression profile
of LHCBI in both wild-type and guni
seedlings. In general, sucrose results in a
decrease in LHCBI transcripts of around
70% in both genotypes.! The addition of
lincomycin resulted in a further reduction
of LHCBI transcripts in wild type, but
partially released LHCBI from sucrose
repression in gunl.! This would imply that
GUNI is required for sucrose repression
of LHCBI expression in the absence of
functional chloroplasts. To determine if
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a similar temporal response was observed
with other nuclear genes encoding photo-
synthesis components, we examined the
expression of the CAI gene (At3g01500)
encoding a plastidic carbonic anhydrase,
which catalyses the reversible hydration
of CO, to form HCO, and is thought to
supply CO, for Rubisco. Transcriptome
profiling identified transcripts of CAI
as the most responsive to lincomycin
treatment in wild-type plants, whereas
CAI transcripts remained unchanged
in lincomycin-treated gunl seedlings.’
Analysis of CAI transcripts in wild-type
and gunl seedlings over a 6-day period
in the absence or presence of 2% sucrose
is shown in Figure 1. The temporal pat-
terns of CAI expression and the effects of
sucrose differed between wild-type and
gunl seedlings. In wild-type seedlings,
the temporal patterns were markedly
different in the absence and presence of
sucrose; sucrose repressed CAI expression
in 3-5-day-old seedlings, but had little
effect in 6-8-day-old seedlings. In con-
trast, in gunl seedlings, sucrose had little
effect on CAI transcript accumulation
over the 6-day period. There was a slight
repression of CAl expression by sucrose
in 3- and 4-day-old seedlings, but in
5-8-day-old seedlings there was relatively
lictle effect. This is different to LHCBI
expression, which is markedly repressed
by sucrose in both wild-type and gunI!
seedlings throughout the 6-day period
(Fig. 1). These observations imply that
the temporal sucrose response of CAI,
unlike ZHCBI, is almost entirely medi-
ated by GUNI.

Sucrose also induces anthocyanin
accumulation in young seedlings in a
distinct temporal fashion.”* We showed
that anthocyanins reach a peak 1 day
later in gunl seedlings in comparison to
wild-type, and that the amounts accu-
mulated were lower in gunl.! Lincomycin
and norflurazon treatments disrupted
both the temporal profile and decreased
sucrose-induced anthocyanin levels in
both genotypes. We demonstrated that
GUNI-mediated regulation of anthocy-
anin biosynthesis was via transcriptional
control of the “early” anthocyanin bio-
synthesis genes (PAL, CHS, CHI and
F3H). Whereas ABA-mediated seedling

developmental arrest can be rescued by
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Figure 1. Time course of LHCBT and CAT transcript abundance in wild-type and gunT seedlings. RT-PCRs were performed on RNA extracted from 3- to
8-day-old wild-type (Col-0) and guni-1 seedlings grown on 0.5x MS-agar medium, £2% sucrose (suc). The PCR products separated by electrophoresis
in 1% agarose gels are shown in the upper part of the figure. The amounts of LHCBT and CA7 PCR products normalized to those of ACT7 are shown in

sucrose, ABA has been shown to have
a synergistic effect on sucrose-induced
anthocyanin accumulation in wild-type
Arabidopsis seedlings.?' This appears not
to involve ABI4, as 3-day-old abi4 seed-
lings accumulate more anthocyanin in
response to sucrose than wild-type seed-
lings and CHS transcripts were shown to
be increased.?” ABI4 may have a role in
negatively regulating “early” anthocyanin
biosynthesis genes, in contrast to GUNI
which appears to have a positive regula-
tory role.

If ABI4 regulates photosynthesis-asso-
ciated nuclear gene expression in response
to GUNI1-mediated retrograde signalling,
it is not clear how it manifests contrast-
ing seedling developmental phenotypes
of gunl in response to ABA and sucrose.
A weak gun phenotype has been reported
for 4-day-old abi4 seedlings on medium
containing and 4
However, this phenotype would appear to

sucrose lincomycin.
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be transient, as 7-day-old #bi4 seedlings
do not display a gun phenotype, whereas
7-day-old gunl seedlings do (Fig. 2).
Lincomycin treatment completely abol-
ished CAI expression in wild-type and
abi4 seedlings, but had no effect on CAZ
transcripts in gunl seedlings. However,
because of the fluctuations in the amounts
of LHCBI and CAI transcripts during
early seedling development and because
sucrose disrupts this temporal expression
(see Fig. 1), observations at a single spe-
cific time point on medium containing
sucrose may be potentially misleading.
ABI4 may act downstream of GUNI in
response to sucrose, but chloroplast trans-
lation-related signaling may act, at least in
part, independently of ABI4.

The greatest difference in sucrose-
induced  anthocyanin  accumulation
between gunl and wild-type seedlings
was observed on day 4 in the presence of
lincomycin, when gunl contained only
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47% of wild-type levels." This coincides
with a distinct developmental differ-
ence between the genotypes: gunl had
expanded cotyledons and extended hypo-
cotyls, whereas wild-type seedlings did
not. This phenotype was seen in seedlings
grown on medium containing lincomy-
cin with or without sucrose, but was not
observed in seedlings grown on norflura-
zon or on media without inhibitors. This
provides further evidence that signaling
of the chloroplast developmental/func-
tional status and sucrose signaling may be
operating at least partially independently
through GUNI. Sucrose inhibited coty-
ledon opening in gunl seedlings but not
in the absence of functional chloroplasts,
whereas in wild-type seedlings both
sucrose and decreased chloroplast transla-
tion delayed cotyledon opening.

It would appear that GUNI regu-
lates expression of photosynthesis-related

nuclear genes, seedling development
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Figure 2. Effect of sucrose and lincomycin on CAT transcripts in wild-type, guni and abi4 seed-
lings. RT-PCRs for carbonic anhydrase 1 (CAT) and actin (ACT7) transcripts were performed on RNA
extracted from 7-day-old wild-type (Col-0), guni-1 and abi4-1 seedlings grown on 0.5x MS-agar
medium, 2% sucrose (suc) and 0.5 mM lincomycin (Linc). The PCR products were separated by

and anthocyanin biosynthesis in young
seedlings in response to developmental
and environmental stimuli before and
up until photosynthetic competence has
been established. However, in gunl seed-
lings these responses are not usually com-
pletely abolished, but they are diminished
or delayed, suggesting that GUNI may
serve to optimise the timing of a crucial
developmental event in seedlings.

GUN1 may Optimize the Switch to
Photoautotrophic Growth

In the developing Arabidopsis seedlings,
lipid reserves in the form of triacylglyc-
erol (TAG) are mobilized in the form of
sucrose; this requires the bypass of the
decarboxylative reactions of the tricarbox-
ylic acid (TCA) cycle and is achieved by
post-transcriptional regulation of NAD*-
isocitrate dehydrogenase.”” Carbon flow
through the full TCA cycle is delayed until
the seedling is photosynthetically compe-
tent and no longer dependent on stored
reserves. In the absence of exogenous sug-
ars, the switch from autotrophic to pho-
totrophic growth occurs in 2-3-day-old
seedlings,” but in the presence of sucrose,
lipid mobilization is retarded? and meta-
bolic switching may be delayed. However,
the effects of sucrose on lipid mobiliza-
tion are not seen if sucrose is applied after
3 days.? Several of the components of
GUNI signaling appear to affect target
photosynthesis-related nuclear genes only
at an early stage of seedling development.
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Inhibitors of plastid translation, such as
lincomycin and chloramphenicol, are
effective in regulating photosynthesis
genes only if applied to seedlings younger
than 3 days old,”?® and responsiveness
to sucrose changes in older seedlings (see
Fig. 1).

These changes in responsiveness appear
to coincide with attainment of photosyn-
thetic competence. GUNI may func-
tion in the timing of this event, possibly
influenced by inputs from sugar sensing,
which may be able to distinguish between
sugars generated from lipid mobilization
and those produced by photosynthesis.
GUNI also appears to orchestrate seed-
ling development to coincide with the
transition to phototrophic growth; this
necessitates cotyledon opening to maxi-
mise photosynthesis and anthocyanin
accumulation to protect new and devel-
oping chloroplasts.
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