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Chloroplasts are acommon feature of plant cells and aspects of their
metabolism, including photosynthesis, are influenced by low-temperature
conditions. Chloroplasts contain asmall circular genome that encodes
essential components of the photosynthetic apparatus and chloroplast
transcription/translation machinery. Here, we show that in Arabidopsis,
anuclear-encoded sigma factor that controls chloroplast transcription
(SIGMA FACTORS) contributes to adaptation to low-temperature
conditions. This process involves the regulation of SIGMA FACTORS
expressioninresponse to cold by the bZIP transcription factors ELONGATED
HYPOCOTYLS and ELONGATED HYPOCOTYL5S HOMOLOG. The response

of this pathway to cold is gated by the circadian clock, and it enhances
photosynthetic efficiency during long-term cold and freezing exposure.

We identify a process that integrates low-temperature and circadian signals,
and modulates the response of chloroplasts to low-temperature conditions.

Low temperatures cause widespread alterations in the physiology
and development of plants. Plants use a variety of regulatory mecha-
nisms to respond to low-temperature conditions and to prepare for
freezing temperatures through the process of cold acclimation'?.
Chloroplasts are essential for plant productivity and require resilience
to cold temperatures because this impacts photoprotection, plastid
genome transcription, membrane composition, reactive oxygen spe-
ciesmetabolism, translationand the magnitude of photosystem Il (PSII)
excitation pressure®'°. A suite of mechanisms underlie the short-and
longer-termresponses of chloroplasts to low-temperature conditions.
These derive from both nuclear-encoded proteins that affect chloro-
plast function and direct responses to cold within chloroplasts. For
example, the cold-induced, nuclear-encoded and plastid-localized

protein COR15A has a key role in providing freezing tolerance>".

COR15Aislocalized tothe chloroplast stromaand is thought to stabilize
chloroplast membranes in response to the molecular crowding that
occurs during freezing-induced cellular dehydration'* ™, Furthermore,
the chloroplast-localized galactolipid galactosyltransferase SENSITIVE
TOFREEZING2 becomes active inresponse to cytoplasmic acidification
during freezing, remodelling the chloroplast outer envelope toincrease
freezing tolerance*" ™. Within chloroplasts, low temperatures cause
rapid and reversible photoinhibition'®, which is thought to protect
the photosynthetic apparatus from decreased biochemical activity in
the presence of cold, including reduced rates of PSlI repair'. Further-
more, moderate temperature reductions alter chloroplast ribosome
occupancy, increasing the translation of specific chloroplast genes'.

The majority of chloroplast proteins are encoded by the nuclear
genome, yet chloroplasts also harbour a small circular genome that
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encodes essential components of the photosynthetic apparatus and
chloroplast gene expression machinery. Chloroplast-encoded genes
aretranscribed by two RNA polymerases: plastid-encoded plastid RNA
polymerase (PEP) and nuclear-encoded plastid RNA polymerase. PEPis
abacteria-like multi-subunit RNA polymerase that requires a 670-like
sigma factor for promoter recognition and transcription initiation®* %,
Sigmafactors are thought to have transferred from the plastid genome
tothenuclear genome during the evolutionary history of plants, thus
providingamechanism for nuclear control of plastid transcription®**'.
The Arabidopsis thaliana (Arabidopsis) nuclear genome encodes six
sigma factors (SIGMA FACTORI (SIG1) to SIG6) that control chloro-
plast transcription during chloroplast biogenesis and steady-state
photosynthesis®**, The nuclear encoding of plastid sigma factors
isthought to provide a set of signalling pathways from the nucleus to
plastids®**. For example, the sigma factor SIG5 participates in chlo-
roplast transcriptional responses to light conditions®>**, a variety of
abiotic stresses®*” and the circadian regulation of specific chloroplast
transcripts*. Here, we identified a new role for SIGS5 in the responses
of plants to low-temperature conditions.

Results

SIG5 communicates low-temperature information

to chloroplasts

We investigated the hypothesis that sigma factors participate in
low-temperature responses of chloroplasts, because transcripts encod-
ing the Arabidopsis sigma factors S/G1, SIG4 and SIGS accumulate in
response to low temperatures (Extended Data Fig.1)*?%. We focused on
therole of SIG5in low-temperature responses because published micro-
array dataindicate that it has the greatest transcriptional response to
cold (Extended Data Fig. 1)**. We used cold treatments of 4 °Cfor3 h
because this was the shortest cold treatment that provided a robust
response of SIGS transcripts (Extended Data Fig. 1)*°. We confirmed
this using a quantitative polymerase chain reaction with reverse tran-
scription (RT-qPCR; Fig. 1a, Extended Data Fig. 2a and Supplementary
Data1). ELONGATED HYPOCOTYLS (HY5) is necessary for S/GS tran-
scriptaccumulation in the light***, and HY5 protein accumulates under
low-temperature conditions owing to nuclear depletion of the ubiquitin
ligase COP1 that targets HYS for degradation®. This motivated us to
investigate whether HY5Sand HYSHOMOLOG (HYH) contribute to the
SIGStranscript response to low temperatures. When the cold treatment
wasgiven1h after dawn, we found that SIGS transcripts accumulatein
response to 3 hoflow temperaturesinthe wild type, but notinahy5 hyh
double mutant (Fig. 1b and Supplementary Data 1). Both Ay5 and hyh
single mutants did not affect the response of S/GS transcripts to cold
treatment at this time of day (Fig. 1b). Under control temperature condi-
tions, SIGS transcripts accumulate predominantly in the light*2¢2%3,
However, in darkness, SIG5transcript levelsincreased inresponse toa
3 hcoldtreatmentinthe wild type, but notin the hy5 hyh double mutant
(Fig. 1c and Supplementary Data 1). It is known that S/GS transcript
accumulation in response to salinity involves HOMEOBOX-LEUCINE
ZIPPER PROTEIN17 (ATHB17)%. We found that cold induction of
SIGS5 in the light was not altered in athb17 mutants (Extended Data
Fig.2b), suggesting that ATHB17 does not participate in this response
to cold.

Within chloroplasts, SIG5 controls transcription from the blue
light responsive promoter (BLRP) of the chloroplast psbDC operon®
and several other chloroplast genes®. Therefore, psbD BLRP tran-
script accumulation represents an informative read-out of SIG5
activity in plastids. We found that psbD BLRP transcripts accumu-
late strongly in response to 5 h cold treatment of the wild type,
but not the well-characterized sig5 loss-of-function mutant sig5-3
(refs. 23,24,26) (Fig. 1d and Supplementary Data 1). This indicates
that SIG5 is necessary for the upregulation of chloroplast psbD BLRP
transcript levels by cold treatment. psbD BLRP transcript abundance
decreasedinthe hy5 hyh mutantinresponsetoa cold treatmentstarting

1hafterdawn, indicating that HY5Sand HYH are required for psbD BLRP
transcripts to accumulate in response to cold (Fig. 1e). In contrast to
SIG5transcripts, psbD BLRP transcripts did notaccumulateinresponse
to5 hofcoldtreatmentindarkness (Fig.1c,fand Supplementary Data1).
Therefore, SIG5isnecessary for acold-induced increase in chloroplast
psbD BLRP transcripts in the presence of light, and this process requires
HY5or HYH.

Circadianregulation by SIG5involvesHY5and HYH

HYS contributes to the circadian regulation of some transcripts*?,
and SIGS participates in circadian signalling to chloroplasts®. There-
fore, we hypothesized that HY5 or HYH might contribute to circadian
signalling to chloroplasts by SIGS5. We investigated this by cultivating
seedlings for 11 days under cycles of 12 h light and 12 h darkness, and
then transferring the seedlings to conditions of constant (white) light
and temperature to monitor the free-running rhythm of transcript
abundance. Under these control temperature conditions, we compared
thecircadian rhythms of SIG5and psbD BLRP transcript accumulation
inthe hy5, hyh and hy5 hyh mutants, and the wild type. S/GS transcript
abundanceincreased during the subjective night to reach apeak around
subjective dawn (Extended Data Fig. 3a and Supplementary Data1),
whichis consistent with other studies conducted under constant white
light of 90 pmol m™s™ (ref. 24). This contrasts to the dynamics of SIGS
transcript abundance under monochromatic light, where it peaks later
in the subjective day”. The peak transcript abundance of SIG5 was
reduced significantly at a subset of time pointsin the hy5or hyh single
mutants, and at agreater number of time pointsin the 4y5 hyh double
mutant (Extended Data Fig. 3a). The peak abundance of psbD BLRP was
reduced significantly at some time points in the ~y5 mutant and hy5
hyh double mutant, but not in the hyh single mutant (Extended Data
Fig.3b and Supplementary Datal).

Toevaluate further the contribution of HY5and HYH to circadian
rhythms of S/G5and psbD BLRP transcript accumulation, we compared
the amplitude of these rhythms in hyS5, hyh, hy5 hyh and the wild type,
using MetaCycle circadian rhythm analysis software**. Under these
control temperature conditions, the amplitude of the circadian rhythm
of SIG5 and psbD BLRP transcript accumulation was lower in the hyS,
hyh and hy5 hyh mutants compared with the wild type (Extended Data
Fig.3a,band Supplementary Dataland 2). The amplitude was reduced
more in hy5compared with hyh, and was comparable between AySand
hyS hyh (Extended Data Fig. 3a,b and Supplementary Dataland 2).
Therefore, either HY5 and HYH participate in the circadian regula-
tion of S/G5 transcript accumulation, or alternatively HY5 or HYH
allows another factor to confer the circadian rhythm of S/GS5 transcript
accumulation. This does not completely explain the circadian control
of SIG5 transcript abundance, because transcript levels continue to
oscillate with low amplitude in 4y5 hyh (Extended Data Fig. 3aand Sup-
plementary Dataland 2). We transiently expressed SIG5::LUCIFERASE
inthe wild type and hy5, hyh and hyhS hyh mutants using particle bom-
bardment®*®and found that S/GS promoter activity was reduced sub-
stantially in the hy5 and hy5 hyh double mutants, and partially in the hyh
mutant, relative to the wild type (Extended Data Fig. 3c). This supports
thenotionthat HY5and HYH areimportant regulators of SIG5 promoter
activity”*”*”. psbD BLRP transcripts had a late phase or longer period
inthe hy5and hy5 hyh mutants, and were arrhythmicin hyh (Extended
Data Fig. 3b and Supplementary Data 2; MetaCycle BH.Q, P=0.27 for
hyh), which differs from the rhythm of S/GS5 transcript accumulation
(Extended Data Fig. 3a). One interpretation is that additional effects
of hy§and hyh on this pathway, downstream of SIG5, contribute to the
circadian regulation of psbD BLRP transcript levels. This difference is
supported by HYSand HYH also having differing rolesin the responses
to low temperatures of S/GS5 and psbD BLRP (Fig. 1b-f). HY5 and HYH
transcript levels were upregulated by a 3 h cold treatment at either
ZT250rZT37 (Extended DataFig.3d), with the exception of HYHin the
Wsbackground at ZT37.
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Fig.1|SIG5 communicates information to chloroplasts about cold
temperature conditions, and this requires HY5 and HYH. a, Relative
abundance of all six Arabidopsis sigma factor transcripts in wild type (Col-0)
after3hat19 or4 °C.b,c, SIGS transcript accumulation in wild type (Ws), hyS, hyh
and hyS hyh double mutant after 3 hat4 °Cinlight (b) and darkness (c).

d, Abundance of SIG5 and chloroplast psbD BLRP transcripts in Col-0 and sig5-3
mutant after 3 h (S/G5) and 5 h (psbD BLRP) at 4 °C. e f, psbD BLRP transcript
accumulation in Ws, hy5, hyh and hyS hyh double mutant after 5h at4 °Cinlight
(e) and darkness (f). Darker and paler bars indicate control (19 °C) and cold (4 °C)

treatments, respectively. Experiments used 11-day-old seedlings. S/IGS and psbD
BLRP transcript abundance was measured after 3and 5 h of cold treatment,
respectively, because there is a time delay between the accumulation of SIGS
transcripts and downstream psbD BLRP***, Data represent mean +s.e.m. and
n=3,exceptinbwhere n=6.Statistical significance represents cold
treatments compared with control temperature conditions (two-sided ¢-tests).
***P<0.001;*P<0.01;*P < 0.05; NS, not significant. Exact Pvalues are givenin
Supplementary Datal.

Circadian gating of the cold response of SIGS

Wetested the hypothesisthat thereis circadian gating of the responses
of SIG5 and psbD BLRP transcripts to cold, because there is circadian
gating of other transcriptional responses to low temperatures®*.
Circadian gatingis the process whereby the circadian oscillator modu-
lates the response to a stimulus, so that the magnitude of the response
depends on the time of day of the stimulus***.,

Groups of seedlings were exposed to 3 h cold treatments, at regu-
lar intervals, under constant light conditions. Each separate group of
seedlings received a single cold treatment and was then harvested to
measure the response of the transcripts to a cold treatment given at
that particular time. Cold treatment caused greater S/G5 transcript
accumulation between subjective midnight (zeitgeber time (ZT) 41;
that is, 41 h after the final dawn under constant free-running condi-
tions) and subjective dawn (ZT49), and less accumulation between

ZT33and ZT37 (Fig.2a and Supplementary Data1). This suggests that
there is circadian gating of the response of S/G5 transcripts to cold.
Cold caused greatest psbD BLRP transcript accumulation during the
subjective day, compared with a peak at subjective dawn under control
temperature conditions (Fig. 2b and Supplementary Data1). The phase
shift of psbD BLRP after short cold treatments (Supplementary Data 2)
might suggest the cold-responsive circadian gate is timed with a differ-
ent phase compared with the control-temperature circadian rhythm,
or that low temperature delays psbD BLRP transcript accumulation.
In the sig5-3 mutant, psbD BLRP remained cold-inducible at several
time points during the subjective day (Fig. 2b, red symbols), suggest-
ing that psbD BLRP transcript levels are regulated by a mechanism
additional to SIGS. This pattern of circadian gating of cold induction
of SIGS transcripts is altered at some time points in the hy5 mutant
(Fig.2cand Supplementary Datal), unaffectedin szyhand abolishedinthe
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Fig. 2| Circadian gating of the responses to cold of S/G5 and chloroplast
psbD BLRP, and the involvement of HY5 and HYH. a,b, Circadian gating of the
response to cold of S/G5 (a) and psbD BLRP (b) transcripts in the Col-0 wild type
and sig5-3 mutant. c-f, Circadian gating of the response to cold of S/G5 (c-e)
and psbD BLRP (f-h) in the hy5, hyh or hy5 hyh double mutant. Cold treatments
comprised 3 hat4 °Cfor SIG5 transcript levels, and 5 h at 4 °C for psbD BLRP.
Each short cold treatment was applied to a separate batch of seedlings. The x
axisindicates the time at which the cold treatment commenced. Grey shading
on graphsindicates subjective night, under constant light conditions. Solid and

broken lines indicate control (19 °C) and cold (4 °C) treatments, respectively.
Wild-type data (black lines) are duplicated across c-e and f-h for visual clarity.
Experiments used 11-day-old seedlings. Data represent mean + s.e.m. of three
independent biological replicates. Statistical information above graphs
compares the transcript levels in the wild type and mutant under control
temperature conditions (grey text) and in response to cold (blue text) at each
time point. **P < 0.001; **P < 0.01; *P < 0.05; NS, not significant in unpaired
two-sided ¢-tests. Exact Pvalues are given in Supplementary Datal.

hy5 hyh double mutant (Fig. 2c-e, hy5S hyhinFig. 2e and Supplementary
Data 1). The circadian gating of cold induction of psbD BLRP is also
altered atsometime pointsinthe hySmutantand hyS hyh double mutant
(Fig. 2f-h).Ingeneral, psbD BLRP appears less cold-responsive in the Ws
accession compared with Col-0 (Figs. 1d,e and 2b,f), whichis consistent

with differences in temperature responses between Arabidopsis
accessions*>*, It appears that the hyS single mutant affects S/IGS and
psbD BLRP transcript accumulation at control temperatures, whereas
the hy5 hyh mutantisrequired toabolishits response to cold (Extended
DataFig.2a,bandFig. 2f-h).
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Col-0

sig5-3
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Fig.3| Genome-wide influence of SIG5 upon the cold-responsive
transcriptome. a, Overlap between transcripts responsive to cold in Col-0 or
sig5-3 attime points ZT29 and ZT45. b, Overlap between transcripts responsive
to cold in Col-0 and sig5-3 at the two time points. Numbers within the circles on
Venn diagramsindicate the number of transcripts. Experiments used 11-day-old
seedlings and 3 h (ZT45) or 5h (ZT29) cold (4 °C) treatments. ZT refers to the time
elapsed under free-running (constant) conditions, after the final dawn.

SIG5 shapes the nuclear-encoded cold-responsive
transcriptome
We hypothesized that SIG5 might have abroader role in cold-responsive
generegulation, because other sigmafactors canindirectly influence
nuclear-encoded gene expression***. To test this, we investigated
transcriptome alterationsin wild-type and sig5-3 seedlings inresponse
to 3 h cold treatments given at two different time points (ZT29 and
ZT45). We selected these times because they correspond to the peak
sensitivity of psbD BLRP and SI/GS to cold, respectively (Fig. 2a,b).
Under control temperature conditions, a relatively small number of
transcripts was differentially expressed between Col-0 and sig5-3 at
the time points examined (33 and 42 transcripts were differentially
expressed at ZT29 and ZT45, respectively), with no significant Gene
Ontology (GO)-term enrichments within these gene sets (Supplemen-
tary Data3).Inthe Col-O wild type, 954 and 266 transcripts responded
tocoldatZT29 and ZT45, respectively, whereas in sig5-3,1,000 (ZT29)
and 319 (ZT45) transcriptsresponded to cold (Fig. 3a and Supplemen-
tary Data 3 and 4; cold-responsive defined as log(fold change) > 2
and P < 0.01 using Voom/Limma method*®). Some 158 transcripts in
Col-0 (13% of cold-responsive transcripts) and 192 transcripts (14.6%)
in sig5-3 responded to cold at both time points, so the majority of
cold-responsive transcripts were unique to the time at which the seed-
lings were cold-treated (Fig. 3a). The different sets of cold-responsive
transcripts at the two time points are consistent with the notion that
there is circadian gating of the cold-responsive transcriptome in
plants*’. We compared our cold-responsive transcript set in Col-O with
that of Zhao et al. (3 h cold treatment)*® and found that 42.5% (ZT29)
and 13.4% (ZT45) of cold-responsive transcripts were shared between
the studies (Extended Data Fig. 4a)*. The smaller overlap at ZT45 might
reflect time of day differences in the cold-responsive transcriptome.
Of the transcripts that responded to cold at ZT29, 268 were
cold-responsive only in Col-0 (198 upregulated, 70 downregulated)
but not cold-responsive in sig5-3 (Fig. 3b and Supplementary Data 5;
statistical threshold for cold-responsiveness of log(fold change) > 2 and

P<0.01using Voom/Limmamethod*). Similarly,at ZT45, 97 transcripts
responded to cold (46 upregulated, 51downregulated) in Col-0 but not
sig5-3 (Fig. 3b and Supplementary Data 5). At ZT29, 314 transcripts
responded to cold in sig5-3 but not Col-0 (179 upregulated, 135 down-
regulated), whereas at ZT45150 transcripts responded to cold in sig5-3
only (109 upregulated, 41 downregulated, including several chloroplast
transcripts; Fig.3b and Supplementary Data 5). Together, thisindicates
that some transcripts required SIG5 to respond significantly to the cold
treatment. Because circadian timinginfluences the response to cold of
psbD BLRP transcripts (Fig. 2b), we hypothesized that the set of tran-
scripts that responded significantly to the cold treatment in the wild
type but not sig5-3 mutant might be enriched with circadian-regulated
transcripts. However, examination of cold-responsive transcript sets
that are unique to Col-0 or sig5-3 identified that circadian-regulated
transcripts*>*° were not overrepresented among the sig5-3-specific
cold-responsive transcripts. Furthermore, the set of transcripts that
responded significantly to the cold treatmentin Col-0 but not in sig5-3
was significantly underrepresented with circadian-regulated genes
(Extended DataFig.4b). The only circadian clock-associated transcript
that was significantly cold-induced in Col-0 but not sig5-3 was NIGHT
LIGHT-INDUCIBLE AND CLOCK-REGULATED4 (LNK4) (at ZT29; Supple-
mentary Data5), although the role of LNK4 within circadian regulation
remains somewhat uncertain®*>, Furthermore, transcripts encoding
the zinc-finger protein B-BOX DOMAIN PROTEIN19 (BBX19) were upreg-
ulated by cold in sig5-3, but not the wild type (Supplementary Data 5).
BBX19is thought to repress the promoters of certain morning-phased
circadian clock components®. There was asignificant overlap between
transcripts that responded significantly to the cold treatmentin sig5-3
but not in the wild type and putative HYS targets® (Extended Data
Fig.4c),butnosignificantintersectionwith HY5 regulated cold-induced
genes (Extended Data Fig. 4d)*°.

Using GO-term analysis, we evaluated whether the sets of
transcripts that responded significantly to cold in only Col-0 or
sig5-3 are enriched with genes linked to specific processes. Genes
linked to hypoxia responses were overrepresented at ZT29 for tran-
scripts that responded significantly to cold in Col-0 but not sig5-3
(Benjamini-Hochberg correction, P < 0.05), and in a combined list
of transcripts that responded significantly to cold in only sig5-3 at
both ZT29 and ZT45 (P < 0.05) (Supplementary Data 6). The set of
cold-responsive transcripts in sig5-3 only was enriched for AP2/ERF
domain proteins (P < 0.001), which participate in abiotic and biotic
stress responses, growth and development®.

SIG5 maintains photosynthetic efficiency during
low-temperature conditions

We reasoned that the cold induction of transcripts encoding S/IG5 and its
chloroplast target psbD BLRP might underlie physiological responses of
plantstolow temperatures. We investigated the involvement of SIG5in
cold and freezing responses using chlorophyll fluorescence as a proxy
for photosynthetic responses to cold and freezing, and electrolyte
leakage as a measure of tissue damage by freezing.

Because SIG5 regulates the transcription of the gene encoding
the D2 protein of PSII (psbD)* and low temperature increases PSII
excitation pressure®, we investigated PSII photosynthetic efficiency
by measuring chlorophyll fluorescence (F,/F,,) in sig5-3 after short-
and long-term cold treatments. In the wild type, cold reduced the
ratio of variable fluorescence (F,) to maximum fluorescence (F,,,), F,/Fy,
relative to the 20 °C control (Fig. 4a). Furthermore, F,/F,, was reduced
significantly in sig5-3 compared with the wild type after a long-term
cold treatment of 10 days at 4 °C (Fig. 4a). A short freezing treatment
of cold-acclimated plants (-8 °C for 6 h) decreased F,/F,,, with F,/F,,in
sig5-3reducedsignificantly more thaninthe wild type (Fig.4a,b). There-
fore, SIG5 contributes to maintaining the photosynthetic efficiency of
PSIlduring prolonged cold and short-term freezing. We reasoned that
this might arise from effects of the sig5-3 mutation upon photosystem
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Fig. 4 |SIG5 influences photosynthetic efficiency under cold temperature
conditions. a, Photosynthetic efficiency of PSII (F,/F,,) of 14-day-old wild-type
(Col-0) and sig5-3 plants exposed to cold (4 °C) and freezing (FRZ) treatments
(n=60).Inbox plots, the box indicates the interquartile zone with the median
line at the centre, whiskers indicate interquartile range and ayellow dot indicates
the mean. Data were analysed by two-way analysis of variance followed by post-
hoc Tukey test. ***P < 0.001; **P < 0.01; NS, not significant (Pvalues: 20 °C = 0.999;
3h=0.999;24 h=0.999;48 h=0.474;7 days = 0.994;10 days = 0.001;

FRZ <0.001).b, F,/F,, of Col-0 and sig5-3 seedlings after freezingat -8 °Cfor6 h
(left) and representative image of these plants before freezing (right).
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c-f, Automated semiquantitative capillary immunoassay comparing PSII D2 (c,d)
and PSAC protein (e,f) levels between wild type (Col-0) and sig5-3 under control
temperature conditions (20 °C) and after freezing at -8 °C for 6 h (FRZ). Samples
were analysed in triplicate (three technical replicates) from each independent
experiment, with (d,f) two independent experiments shown. d,f, Quantification
of PSII D2 (d) and PSAC protein (f) levels (area under each peak), relative to

levels in wild type (Col-0) at 20 °C from replicate immunoassays. Circles on plots
indicate result from eachindependent experiment. Cold (4 °C) and freezing
treatments (FRZ) were conducted identically for all experiments and included a
10-day cold acclimation period at 4 °C before the freezing treatment.

protein abundance during freezing. To investigate this, we compared
after the short freezing treatment that reduced F,/F,,, the abundance
of a photosystem protein that is regulated transcriptionally by SIG5
(PSIID2) and a proteinthought to not be regulated transcriptionally by
SIG5 (PSAC)*. Both PSII D2 and PSAC protein abundance was decreased
consistently in sig5-3 plants after this freezing treatment, compared
with Col-0 under control temperature conditions (Fig. 4c-f and
Extended DataFig. 5a,b). By contrast, achloroplast-encoded and local-
ized protein that does not form part of the photosystems (RbcL), which
isnot thought to be regulated by SIG5 (ref. 24), was unaltered in sig5-3
by this freezing treatment (Extended Data Fig. 6a-c). Normalization of
PSII D2 and PSAC protein abundance to the abundance of RbcL under
each treatment confirms the reduced abundance of these photosystem
proteinsrelative to RbcL (Extended Data Fig. 6¢,d). This suggests that
reduced PSII D2 abundance might occur through either a direct effect of
the sig5-3 mutation upon psbD BLRP promoter activity, or alternatively
through ageneral alterationin photosystem protein levels in sig5-3 after
freezing. SIGS and psbD BLRP transcript levels were decreased rela-
tive to control temperature conditions after freezing (Extended Data
Fig.7a), suggesting the presence of SIGS rather thanits cold induction

maintains PSII D2 and PSAC protein abundance during freezing. F,/F,,
was also reduced significantly in hy5S hyh mutants compared with the
wild type (Ws) after 10 days at 4 °C, and after 6 h of freezing (Extended
Data Fig. 7b), so regulation by HY5 and/or HYH also maintains PSII
photosynthetic efficiency at low temperatures.

During cold acclimation, sensing of low non-freezing tempera-
tures leads to changes in membrane fluidity, cell wall structure and
the accumulation of compatible solutes and antioxidants to increase
freezing tolerance'>*°. Previous studies have shown that greater dam-
age to the photosynthetic apparatus of plants with lower freezing
tolerance can manifest as reduced F,/F,, during freezing”, as we iden-
tified for sig5-3 (Fig. 4a). For example, reduced F,/F,, of hyS hyh after
prolonged cold and freezing (Extended Data Fig. 7b) is consistent with
reduced freezing tolerance of the 7y5S mutant, compared with the wild
type, after cold acclimation'. We tested whether there was reduced
freezing tolerance in sig5-3, but found no difference in the survival of
14-day-old sig5-3 and wild-type plants that were cold-acclimated for
10 days at 4 °C and then subjected to -8 °C (Extended Data Fig. 7c,d).
Wealso tested thisin mature rosette plants, using the freezing-induced
leakage of electrolytes from leaf discs from rosette leaves as a proxy
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regulates PSII D2 and PSAC protein abundance, either by direct transcriptional
regulation or through indirect mechanisms. SIG5 is necessary to maintain
photosynthetic efficiency under long-term cold. SIG5 mutants have altered
nuclear gene expression in response to cold, suggesting that SIGS indirectly
regulates nuclear genome transcription. Black solid arrows indicate regulatory
relationships, broken arrows indicate inferred connections, ablue arrow entering
the chloroplast indicates SIG5 targeting to chloroplasts and the sine wave icon
indicates circadian regulation. Subcellular localizationis inferred.

for freezing damage. Thisindicated that there was no differenceinthe
level of cellular damage between sig5-3 and wild type, irrespective of
cold acclimation (Extended DataFig. 7e,f), even though F./F,,was also
reduced after14 days at4 °Cinleaves of mature rosettes (Extended Data
Fig. 7g). We conducted electrolyte leakage analysis on mature leaves
rather than younger plants to enable the very consistent sampling of
leaf discs that is necessary to limit data noise. Nevertheless, freezing
tolerance was unaltered by the sig5-3 mutant, relative to the wild type, in
both14-day-old seedlings and mature plants (Extended DataFig. 7c-f).
Therefore, basal or acquired freezing tolerance under the conditions
tested is unaltered in sig5-3, and the lower photosynthetic efficiency
of the mutant during long-term cold (Fig. 4a) does not affect freezing
survival (Extended Data Fig. 7c-f).

Discussion
We found that SIGS is required for a response of chloroplast-encoded
psbD BLRP transcripts to cold, suggesting that SIG5 communicates
information to chloroplasts about low-temperature conditions. This
responseinvolves HY5Sand HYH (Fig. 5a,b). HY5 also contributes to chlo-
roplast processes such as photopigment biosynthesis®*,so probably
influences chloroplast gene expression through multipleindependent
mechanisms. HYS5 is necessary for S/GS transcript accumulation in
response to light***’, so regulation of SIG5 by HY5 and HYH integrates
several environmental cues that are communicated to chloroplasts.
We found that in darkness, low-temperature induction of
nuclear-encoded SIG5 was not accompanied by upregulation of psbD
BLRP (Fig.1c,f). Oneinterpretationis thatin darkness, low temperature
upregulates SIGS5 transcript levels, which mightincrease SIGS protein
abundance within chloroplasts. However, light is required for the
association of PEP with chloroplast DNA, for PEP assembly and regula-
tion of sigma factor phosphorylation state, with possible involvement
of redox regulation® %, Therefore, upregulation of S/IGS by cold in
darkness might notalter psbD BLRP transcription because PEPisinac-
tive. Another possibility is that in darkness, SIGS is not imported effi-
ciently into chloroplasts, so does not reach a threshold required to

generate psbD BLRP transcripts®’. Overexpression of SIG5 to a very
high level from the chloroplast genome of transplastomic plants con-
stitutively upregulates psbD BLRP, even in darkness®. This difference
from our results might reflect the very high expression levels that are
possible in transplastomic plants®. Either way, these interpretations
support the notion that additional regulatory steps are positioned
between S/G5 expression and accumulation of psbD BLRP transcripts.

There was a difference in the circadian phase of cold-sensitivity
of SIG5 and psbD BLRP transcripts, such that S/G5 had greatest
cold-responsiveness towards the end of the subjective night, whereas
psbD BLRP transcripts had greatest cold-responsiveness during the
subjective day (Fig.2a,b). There are several potential explanations for
this timing difference. The process of SIG5 protein synthesis, chloro-
plastimportand PEP assembly will take some time, introducing atime
delayinto the process. Such adelay between S/G5and psbD BLRP tran-
scriptaccumulationalso occurs under light/dark cycles at control tem-
peratures®, andin field-grown plants®®. The circadian clock mightalso
influence chloroplast proteinimport, the expression of PEP-associated
proteins required for chloroplast transcription®, and the activity of
protein kinases thought to modulate sigma factor function such as
redox-responsive CHLOROPLAST SENSOR KINASE®*8, In combination,
these factors could superimpose several layers of temporal regulation
upon this process of gene regulation.

One interpretation of our results is that in response to cold, SIG5
regulates psbD BLRP transcription directly to increase the supply
of messenger RNA for translation into PSII D2, maintaining photo-
synthetic activity. Alternatively, SIG5 might regulate PSII D2 protein
abundance independently from its role in psbD BLRP transcription,
because chloroplast protein abundance is regulated by transcript
stability, translation and protein turnover® ", For example, other
sigma factors regulate chloroplast transfer RNA expression**’>”> and
a chloroplast-encoded subunit of the ATP-dependent ClpP (caseino-
lytic) protease™, opening the possibility that SIG5 might influence PSII
D2 accumulation through mechanisms such as translational regula-
tion or protein degradation. The second interpretation appears to be
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supported by our data, because psaCis not thought to be a target of
SIGS regulation*, yet PSAC protein abundance decreases after freez-
ing in sig5-3 (Fig. 4e,f). This suggests a more general role for SIG5 in
maintaining photosystem protein abundance under certain stress
conditions than thought previously.

SIGS is required for circadian regulation of a set of chloroplast
transcripts®. We identified that HY5 and HYH, acting with additional
mechanisms, contribute to circadian rhythms of S/G5 transcript
accumulation under control temperature conditions (Extended Data
Fig.3a,b). Giventhat HY5 coregulates transcripts with PHYTOCHROME
INTERACTING FACTORs (PIFs) and there are interactions between CCA1
and HYS5 proteins for the regulation of promoter activity®>*, circadian
oscillator components or PIFs could contribute directly to the circa-
dianregulation of S/GS5. For example, chromatinimmunoprecipitation
experiments indicate that PIF1 and the circadian clock component
PRRS5bind to the SIGS promoter™’®, whereas CCAland LHY do not”" .
Therefore, multiple circadian clock-related factors appear to converge
uponthe promoter of SIG5, with HY5 and HYH representing one of these
mechanisms. The circadian regulation and low-temperature responses
of SIGS transcripts could occur through HY5 and HYH regulating the
G-box motif within the SIG5 promoter?.

Itisinteresting thataset of nuclear-encoded transcripts are cold-
responsive in the wild type, but not in sig5-3. This phenotype of
the sig5-3 mutant indicates that a function of SIG5 can influence
nuclear-encoded gene expression. We speculate that this probably
occursindirectly, perhaps through metabolic alterations arising from
altered chloroplast function in the sig5-3 mutant.

Conclusions and perspectives

Sigma factors allow bacteria and cyanobacteria to respond to cold tem-
perature conditions®****, Our experiments identify that sigma factors
also participate in responses to cold temperaturesin plants. Therefore,
taken togetherwith studiesin bacteriaand cyanobacteria®*, itappears
that sigma factors are involved in cold-temperature responses in both
prokaryotes and eukaryotes. Our experiments identify a new regula-
tor of cold-temperature responses of chloroplasts, and establish that
asigma factor contributes to protection of photosynthesis before and
during freezing. The greater cold-sensitivity of this signalling pathway
immediately before subjective dawn, combined withits roleinlight stress
responses”, suggests it might beimportant during cold, bright mornings.

Methods

Plant material and growth conditions

Allexperiments were conducted using Arabidopsisthalianal.(Heynh.).
Arabidopsis seeds were surface-sterilized*® and sown on half strength
Murashige and Skoog basal salts mixture (Duchefa Biochemie) in
0.8% (w/v) agar at pH 5.8, and stratified in darkness at 4 °C for 2 days
before transfer to Panasonic MLR-352 plant growth chambers. Cul-
tivation occurred under cycles of 12 h light/12 h darkness at 19 °C,
90 umol m2s™ of white light, with experiments starting at a seedling
age of 11 days. S/G5 and psbD BLRP transcript abundance was measured
after 3 and 5 h cold treatment, respectively, because there is a time
delay between accumulation of S/GS transcripts and downstream
psbD BLRP**°, For gating experiments in the hyS, hyh and hyS hyh
backgrounds, both S/G5 and psbD BLRP abundance was measured at
the same time point (after 3 h of cold treatment). For single time point
measurements of the response of transcripts to cold (Fig. 1), plants
were transferred to the cold treatment 1 h after dawn. For circadian
experiments (Fig. 2a,b and Extended Data Fig. 3a,b), seedlings were
grown under light/dark cycles for 11 days and exposed to continuous
light for 24 h before the start of the experiment. For measurements
of chlorophyll fluorescence and protein abundance, seeds were sown
directly onto compost and grown under cycles of 16 h light/8 h dark-
nessat20 °C, 90 pumol m™2s™ of white light for 14 days, before transfer
to4 °Cin12hlight/12 hdarkness, 90 pmol m™2s™. For this experiment,

16 hdays were used toincrease the similarity of the experimental design
toaprevious study on HY5 and low-temperature responses®’. The light
spectrumwas similar whenthe chambers were set to control and cold
temperature conditions (Extended Data Fig. 8a,b; Li-Cor LI-180 spec-
trometer). For experiments using mature plants, seedlings were grown
onMS agar as before and transferred to compost at 11 days, where they
were grown for afurther 24 daysinacontrolled environment chamber
(Conviron)in12 hlight/12 hdarknessat19 °C,100 pmol m2s™ of white
light before being used in experiments (light spectrumin Extended Data
Fig. 8c). Experiments used the transfer DNA insertion mutant sig5-3**
inthe Col-Obackground,and hySKS50 (hyS)®*, hyh, hySKSSO hyh (hyS hyh)**
in the Wassilewskija (Ws) background. For investigation of roles for
ATHB17, we used T-DNA insertion lines SALK_095524 (athb17-1)%
and SALK_134535 (athb17-2) with Col-0 as the wild-type control.

RNA extraction and RT-qPCR

Tissue for RNA isolation was snap frozen in liquid nitrogen and stored
at-80 °Cuntil RNA extraction. Frozen tissue was ground to a powder for
RNA extractionusinga Qiagen TissueLyzer Il ball mill. Total RNA was iso-
lated using the Macherey-Nagel Nucleospin [l RNA extraction kit, using
the aerial portion of ten Arabidopsis seedlings in each extraction”**.
Total RNA yield was always greater than 200 ng pl™, and any samples
with A,0/A,50below 2.0 were discarded (Thermo Fisher NanoDrop One).
Complementary DNA was synthesized using the ABIHigh Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific), using MultiScribe
reverse transcriptase and random primers and with 1 ug of total RNA
in each reaction. cDNA was analysed using Brilliant Il Ultra-Fast SYBR
Green QPCR master mix (Agilent Technologies) or qPCRBIO SyGreen
(PCRBiosystems) and appropriate primer sets (Supplementary Data7),
normalized to ACTIN2 using the delta-delta Ct (ddCT) method***. Analy-
sisused aBio-Rad CFX96 Touch Real Time PCR System (running Bio-Rad
CFXv.3.1software). We confirmed key results (response of S/IG5to cold,
variationin response to cold according to the time of day, alteration of
theresponse to cold in hy5 hyh double mutant, equivalent response to
cold in Col-0 and Ws backgrounds) using two further reference genes
(UBIQUITINIO (UBQIO) and EFIALPHA (EF-1A)*°). Primers for analysis
of SIGS and psbD BLRP transcript levels are from Noordally et al.>*,
whereas those for HYS and HYH are from Hayes et al.” (Supplemen-
tary Data 7). We do not think our cold treatments caused a systematic
changein chloroplast transcript levels—as might happenif the number
or viability of chloroplasts was altered by cold—because there was not
a systematic change in chloroplast transcript abundance detected
by RNA sequencing (RNA-seq) analysis (Supplementary Data 3),
asalsoreported elsewhere'. Transcript time-series datawere analysed
using the meta2d tool within MetaCycle**, runninginRv.4.1.1(ref. 88) to
identify rhythmic transcripts and properties of those rhythms.

Dataacquisition and analysis for RNA-seq

Seedlings were cultivated as for RT-qPCR analysis. RNA samples were
collected from Col-0 and sig5-3 plants at two different time points. After
24 h under continuous light, one set of seedlings was exposed to 3 h
of cold (4 °C), commencing at ZT45, and the other set was exposed to
5hof cold, commencing at ZT29. These corresponded to times when
SIG5(ZT45) and psbD BLRP (ZT29) transcripts accumulate strongly in
response to chilling under free-running conditions (Fig. 2a,b). Total
RNA was extracted from three replicates of ten seedlings each, using
Macherey-Nagel Nucleospin Il RNA extraction kits, and combined
to represent one sample for sequencing. RNA concentrations were
determined using a Nanodrop spectrophotometer (Thermo Fisher
Scientific) and RNA integrity assessed using a Bioanalyzer (Agilent
Technologies). Three independent biological replicates of these com-
bined preparations were analysed by RNA-seq. The RNA-seq libraries
were prepared from total RNA using an Illumina TruSeq Stranded
mRNA kit, according to the manufacturer’s instructions. Sequenc-
ing was performed using an Illumina NextSeq 500 using NSQ 500

Nature Plants | Volume 9 | April 2023 | 661-672

668


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-023-01377-1

Hi-Output kit v.2 (150 cycles). The quality of the sequencing was con-
firmed with FASTQC v.0.11.3 (ref. 89). We trimmed any remaining adap-
tors using Trimmomatic v.0.33 (ref. 90), with the flags PE -phred33
ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 LEADING:20 TRAILING:20 SLID-
INGWINDOW:10:20 MINLEN:50. The gene models for Arabidopsis
thaliana (TAIR10_cds_20110103_representative_gene_model_updated)
were downloaded from TAIR (https://www.arabidopsis.org, accessed
25 November 2019), and the counts were quantified with Kallisto
v.0.44.0 (ref. 91). The Kallisto gene counts were uploaded to Degust®™
for analysis. After identification of differentially expressed genes, the
lists were filtered to include only transcripts with log(fold change) > 2
and P < 0.01 (Voom/Limma method*®). Analysis of RNA-seq data used
Rv.3.6.1. Gene names, descriptions and GO-term enrichment analysis
were performed using the Thalemine tool of the Bio-Analytic Resource
for Plant Biology (http://bar.utoronto.ca). We determined whether
statistically significant overlaps existed between sets of transcripts
by using a hypergeometric test, which considers whether the overlap
between two sets of genes is significantly different from the size of an
overlap arising from two randomly drawn sets of genes. This involves
calculation of the representation factor, whichis the actual number of
genesintheintersection, divided by the expected number of genesin
the intersection; thus a value >1 indicates a greater number of genes
than expected, and a value <1 indicates fewer genes than expected.
The probability of this intersection occurring was calculated using a
normal approximation of the exact hypergeometric probability**®*.

Measurement of PSIl photosynthetic efficiency and freezing
survival

For measurement of PSII photosynthetic efficiency in seedlings, chlo-
rophyll fluorescence parameters of seedlings were measured using an
IMAGING-PAM M-series MAXI chlorophyll fluorescenceimaging system
(Walz; withWalzImagingWin software v.2.47). Measurements were taken
from 14-day-old plants grown at 20 °C. Plants were then transferred to
4 °C and measurements taken after 3, 24 and 48 h, and 7 and 10 days of
cold treatment. For measurements after freezing, plants that had been
acclimated at 4 °C for 10 days were transferred to —8 °C for 6 h in dark-
ness, after which plants were placed at 4 °C to thaw. Measurements were
takenapproximately 18 h after freezing. For allexperiments, plants were
dark adapted for 20 min before fluorescence measurement. Measure-
ments were initiated by exposing dark-adapted plants to measuring
light pulses (frequency 1 Hz, intensity 3) and then applying a saturating
pulse. Chlorophyll fluorescence parameters of mature rosette leaves
were measured using a MINI-PAM (Walz). Leaves were dark adapted for
20 min before applying a saturating light pulse. F,/F,, was calculated as
(Fm— Fo)/F... For assessment of freezing survival 14-day-old plants were
acclimated at4 °Cfor10 days (acclimationstarted at dawn), then placed
at—8°Cfor 6 h (Percival Intellus LT-36VL chamber, CLF Plant Climatics).
Survivalwas assessed after a7-day recovery period at 20 °C, withrecovery
occurring under growth conditions described previously.

Protein extraction and immunodetection

For protein abundance analysis, plants were grown as described for
measurement of PSII photosynthetic efficiency and collected from the
same experimental material. Samples were taken after 14 days of growth
andafter10 daysat4 °Cfollowed by 6 hat-8 °Cwith18 hrecovery. Protein
extraction was conducted as described previously®. Briefly, powdered
tissue was incubated in protein extraction buffer (50 mM Tris—-HCIpH 7.5,
150 mM NacCl, 5 mM dithiothreitol, protease inhibitor cocktail (Sigma)
1:100, phosphatase inhibitor (Sigma) 1:200, 1 mM phenylmethylsulfo-
nylfluoride, 0.5% IPEGAL CA-630 (Sigma),1 mM EDTA, 1 mM Na,MoO, x
2H,0,1mMNaF, 1.5 mMactivated Na,VO,) at4 °Cfor1h,and supernatant
isolated by centrifugation. Total protein concentration was normalized
to 0.5 mg ml™ using a Bradford assay (Sigma reagent B6916 for pro-
teinrange 0-1.4 mg ml™; calibrated across protein concentration range
0-1.2 mg ml™ using a BSA standard), and confirmed using Coomassie

blue staining after SDS-PAGE (Extended DataFig. 5c). Protein abundance
was analysed using an automated semiquantitative capillary immuno-
assay (ProteinSimple Wes; running ProteinSimple Compass software
v.4.1.0)°°*® with a Wes-Rabbit (2-40 kDa) Master kit according to the
manufacturer’s instructions. Samples were loaded on Wes cartridges,
running three technical replicates per sample, along with a polyclonal
rabbit anti-PSII D2 antibody diluted 1:5,000 (AS06146), arabbit anti-PSAC
antibody diluted 1:1,000 (AS10939), and a rabbit anti-RbcL antibody
diluted 1:5,000 (AS03037, Agrisera). Experiments were repeated twice.

Electrolyte leakage assays

Cellular damage after freezing was quantified by measuring the leakage
of electrolytes from tissue that had been frozen, as a proxy for freezing
damage, using a method similar to that used by Hemsley et al.”’. Mature
plantsweregrownasdescribed previously for5 weeks, after which freezing
tolerance was analysed. For analysis of cold-acclimated plants, 5-week-old
plants were transferredtoaSanyo MLR-352 under cyclesof 12 hlight/12 h
darkness at 4 °C, 90 pmol m™~s™ of white light for 2 weeks, before the
freezing treatments were applied. Five biological replicate samples per
genotype per freezing temperature tested were prepared. Rosette leaves
for analysis were removed and washed with deionized water to remove
ionic material fromthe leaf surface. Three 8-mm leaf discs were obtained
fromeachplantusingacorkborerand placedinaglasstesttube held on
ice. After preparation of all tubes, a set of control tubes was held oniice,
while the freezing treatment tubes were transferred to a sub-zero water
bath with animmersion dip cooler. After 2 h at -2 °C, deionized water
icechipswereaddedtotubestoinitiateice nucleation. The temperature
of the water bath was reduced progressively to each test temperature,
with sets of tubes moved to ice 30 min after each test temperature was
reached. Samples were thawed gradually on ice overnight, and 5 ml of
deionized water was added to each tube. Tubes were shaken for 3 h at
room temperature. The electrical conductivity of the water in the tube
was measured using a conductivity meter (Mettler Toledo Seven2Go).
The tubes with leaves were then frozen to -80 °C for 1 h, to release the
solutes that remained within the tissue. These tubes were shaken for 3 hat
roomtemperature, and the electrical conductivity measured again. Elec-
trolyte leakage was calculated as the proportion of electrolytes released
ateachfreezingtemperature, relative tothe total electrolytes presentin
the samples. Each experiment was repeated independently three times.

Transient luciferase expression by particlebombardment

A SIGS::LUCIFERASE reporter construct (pGREENII0229 SIGS5::
LUCIFERASE**) was expressed transiently in Arabidopsis seedlings
using methods similar to those used previously*>°. Briefly, 5 pg of
PGREENII0229 SIGS5::LUCIFERASE or pB7WG2.0-GFP (green fluorescent
protein (GFP) positive control for transformation'®) was combined
with 25 pl of 1 nm gold particle suspension (Bio-Rad), 25 pl of 2.5 M
CaCl,and 10 pl of 0.1 M spermidine (Sigma), and incubated onice for
30 min. DNA-coated gold particles were washed with 100% ethanol,
resuspended in100% ethanol and stored at —20 °C before particle bom-
bardment. A Bio-Rad PDS-1000/He particle delivery system was used
forbombardment of Arabidopsis plants, with a1,350 p.s.i. rupture disk.
Eleven-day-old seedlings, cultivated as for the RT-qPCR experiments,
were positioned at the closest distance position to the gun muzzle
(‘floor 2’) for bombardment. After bombardment, 5 mM luciferin
(D-luciferin potassium salt; Melford Laboratories) was applied to plants
using a small spray bottle 24 h before imaging commenced. A Photek
HRPCS-intensified CCD photon counting system (Photek Ltd, with Pho-
tek Image32 software) was used toimage luciferase bioluminescence,
using 10-min integrations, with the camera set to photon counting
mode. Thefirst 90 s of data was discarded to eliminate interfering chlo-
rophyll autofluorescence (delayed fluorescence). Plants were under
constantlight conditions between the two time points measured. The
GFP transformation control reporter was imaged using a LeicaM205FA
fluorescence microscope around 48 h after bombardment.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data for this study are available in the European Nucleo-
tide Archive (ENA; https://www.ebi.ac.uk/ena) with the project ID
PRJEB45855. All other data supporting the findings of this study are
includedinthe mainfigures, extended datafigures and supplementary
information.
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Extended Data Fig. 1| Transcriptome data identifies SIG5 transcript measured using microarray analysis in*®. Data extracted using the Arabidopsis
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of up to 24 h. SIG5 transcript accumulation during cold treatments of up to 24 h.

(A) Relative abundance of S/GS transcripts in Col-0 wild type and sig5-3 plants
after cold treatment (4 °C) for durations ranging from 30 mins to 24 hours.

(B) Abundance of S/G5 transcripts in wild type (Col-0) and two athbI7 mutants
after 3hat19 °Cor 4 °C. Plants were under constant light conditions and given
a3 hcold treatment1h after subjective dawn. Experiments used 11-day old
seedlings. Data are mean +/-s.e.m. (n =3 independent biological replicates).
Statistical comparisons are of (A) transcript abundance between Col-019 °C and

Col-04 °Cand (B) transcript abundance between control temperature and
cold-treated plants, and between genotypes. Data analysed by (A) one-way
ANOVA and (B) two-way ANOVA, both followed by one-sided post-hoc Tukey test,
where**=p <0.001;**=p < 0.01, *=p < 0.05 and n.s = not significant. p-values
(A)19°Cus4 °Cfor Col-0at 0 h(p=1.0000),0.5h(p=0.9277),1h

(p=1.0000),3 h (p=0.1867),6 h(p <0.0001),9 h (p<0.0001),12 h
(p=0.0001),24 h (p <0.0001); (B) 19 °Cvs 4 °C for Col-0 (p = 0.0000425),
athbl7-1(p=0.0008523); athbl7-2 (p = 0.0010056); Col-0 vs athbl7-1at 4 °C
(p=0.1958629); Col-O vs athb17-2 at 4 °C (p = 0.0918899).
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Extended Data Fig. 3| Accumulation of SIG5 and psbD BLRP transcripts in the
wild type (Ws), hy5, hyh and hy5 hyh double mutant. Accumulation of (A) SIGS
and (B) psbD BLRP transcripts in the wild type (Ws), hyS, hyh and hyS hyh double
mutant. Experiments used 11-day old seedlings. All data represent means + /-
s.e.m. of three independent biological replicates. Statistical comparison of each
mutant with the wild type, at each timepoint, is provided above time-series plots,
where ***=p <0.001; **=p < 0.01, *=p < 0.05 and n.s = not significant (one-way
ANOVA followed by one-sided post-hoc Tukey test; 3 biological replicates;

p values for panels A and B in Supplementary Data1). (C) Quantification of
luciferase bioluminescence after transient expression of SIG5::LUCIFERASE

inwild type, hyS, hyh and hyS hyh mutants, at two timepoints, using particle
bombardment (n = 8 replicates per condition and genotype, except for Ws at
ZT26 where n = 6; mean +/-s.e.m.). (D) Response of HY5 and HYH transcripts to
atreatmentof3 hat4 °C, given at two different timepoints, under free running
conditions. Transcript levels normalized to ACT2 and confirmed with two other
reference transcripts (not shown), 3 biological replicates show as mean + /-s.e.m;
***=p <0.00L;*=p<0.01,*=p<0.05and n.s =not significant in unpaired two-
sided t-tests. p values for (D) are Col-0 HY5(ZT250.002; ZT37 0.000), Ws HYS
(ZT250.001; ZT37 0.006), Col-0 HYH (ZT250.003; ZT37 0.000), Ws HYH (ZT25
0.000;ZT370.098).
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Extended Data Fig. 4 | RNA sequencing analysis of transcripts in Col-0 wild (C) Overlap between cold-responsive transcripts in Col-0 or sig5-3 from this study
type and sig5-3 that respond to a cold treatment at two different times of and putative HY5 targets™. (D) Overlap between cold-responsive transcripts in
day. RNA sequencing analysis of transcripts in Col-0 wild type and sig5-3 that Col-0 or sig5-3 from this study and transcripts regulated in response to cold by
respond to a cold treatment at two different times of day. (A) Overlap between HY5%, Statistical significance and representation factors were calculated using
cold-responsive transcripts in Col-0 from this study and cold-responsive ahypergeometric test (one-sided; see methods). Experiments used 11-day old
transcriptome from*®, (B) Overlap between cold-responsive transcripts in Col-0 seedlings.

or sigs-3 from this study and circadian-regulated transcripts from* and*.

Nature Plants


http://www.nature.com/natureplants

https://doi.org/10.1038/s41477-023-01377-1

Article
A PSIID2
kDa
40
0 0 0 e e
26
12
500
2
g Col-0  sig5-3  Col-0  sig5-3 Col-0  sigs-3 Col-0  sig5-3
® 20°C 20°C FRZ FRZ 20°C 20°C FRZ FRZ
—
B PSAC
kDa
40
26
12
> HHERIENERN RS g
2
E Col-0 sig5-3 Col-0 sig5-3 Col-0 sig5-3 Col-0 sig5-3
§ 20°C 20°C FRZ FRZ 20°C 20°C FRZ FRZ
C kDa
250
130
100
70
55
35
25

© Col-0 Col-0 sigs-3 sigh-3
B 20°C FRZ 20°C FRZ
8

Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Altered photosystem protein abundance in sig5-3
mutant. Altered photosystem protein abundance in sig5-3 mutant.

(A, B) Automated semi-quantitative immunoassay comparing (A) PSII D2

and (B) PSAC protein abundance between wild type (Col-0) and sig5-3 under
control temperature conditions (20 °C) and after freezing at -8 °C for 6 h (FRZ).

Analysis shows two independent experiments, each containing triplicate
immunodetection analyses. (C) Coomassie blue-stained SDS-PAGE separation
of 0.5 mg/mL total protein from leaf protein extracts, run as a single example
to demonstrate consistent protein input into the automated semi-quantitative
immunoassay when samples were prepared identically forimmunodetection.
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Extended Data Fig. 6 | RbcL protein abundance is unaltered by sig5-3
mutant and freezing. RbcL protein abundance is unaltered by sig5-3 mutant
and freezing. (A) Automated semi-quantitative immunoassay comparing
RbcL protein abundance between wild type (Col-0) and sig5-3 under control
temperature conditions (20 °C) and after freezing at -8 °C for 6 h (FRZ).
Analysis shows two independent experiments, each containing triplicate

immunodetection analyses. (B) Comparison of RbcL protein abundance from
(A, B). Circles on plots indicate result from each independent experiment
(twoindependent repeats, each with three technical replicates). (C, D) Ratio
of (C) mean PSII D2 abundance and (D) mean PSAC abundance to mean RbcL
abundance, calculated from the protein abundance datain Fig. 4D, F and
Extended DataFig. 6B.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Responses to low and freezing temperature conditions
in the sig5-3 mutant. Responses to low and freezing temperature conditions in
the sig5-3 mutant. (A) Abundance of S/IG5 and psbD BLRP transcripts in the wild
type (Col-0) and sig5-3 mutant after 10 days at 4 °C and after exposure to freezing
(FRZ) conditions. Conditions were comparable to those shown in Fig. 4A and
C(n=3independent repeats, mean +/-s.e.m.). (B) Photosynthetic efficiency

of PSII (Fv/Fm) of 14-day old wild type (Ws) and hy5 hyh plants exposed to cold
and freezing (FRZ) treatments (n = 60). (C) Survival of Col-0 wild type and sig5-3
plants grown for 14 days at 20 °C then acclimated at 4 °C for 10 days. Plants were
subjected to-8 °C for 6 hand then allowed to recover at 20 °C for 7 days (n = 6;
dataanalysed by Student’s t-test; two-sided; not significant; mean + /- s.e.m.).

(D) Representative appearance of Col-0 and sig5-3 plants after 7 days of recovery
at 20 °C after the freezing treatment, showing variation across three replicate

pots per genotype. (E, F) Electrolyte leakage after freezing of leaf discs from
plants of wild type (Col-0) and sig5-3. Plants were tested after 5 weeks of growth
(E, not acclimated) or 5 weeks of growth plus 2 weeks of acclimation at 4 °C

(F, cold acclimated). n = 15. (G) Photosynthetic efficiency of PSII (Fv/Fm) of
5-week-old Col-0 and sig5-3 plants after treatment at 19 °Cor 4 °Cfor 3, 6,

24 hours, 7 and 14 days (n = 24, mean + /- s.e.m; p-values of Col-0 vs sig5-3 are
p=1.0000 (19 °C), p=0.9999 (3 h), p=0.9999 (6 h), p=1.0000 (24 h), p = 0.7955
(7 days), p=0.0011 (14 days)). (A, B, E-G) Data analysed by two-way ANOVA
followed by post-hoc one-sided Tukey test, with (E, F) arcsine correction before
analysis. ***=p < 0.001;*=p <0.01,*=p < 0.05 and n.s =not significant. On
boxplots (B, E-G), box indicates interquartile zone with median line at the centre,
whiskersindicate interquartile range, and yellow dot indicates the mean.
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Extended Data Fig. 8 | Light spectra and RT-qPCR controls. Light spectraand
RT-qPCR controls. (A, B) Comparison of spectra in Panasonic MLR-352 growth
chambers set to (A) control and (B) cold temperature conditions. (C) Spectrum
of Conviron growth chambers used to propagate mature plants. (D) Comparison
of response of SIG5to cold, at two different timepoints, in two background lines,
and in the hyS hyh double mutant. The transcript dynamics are broadly similar
when each of ACT2, EF-1A and UBQI10 was used as areference gene. ***=p < 0.001;
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**=p<0.01,*=p<0.05and n.s =not significant in unpaired two-sided t-tests,
n=3biological replicates shown as mean +/-s.e.m. p values: Col-0 ACT2(ZT25
0.002;ZT370.000), Col-0 EF-IA (ZT250.011; ZT37 0.000), Col-0 UBQIO (ZT25
0.002;ZT370.014), Ws EF-1A (ZT250.000; ZT37 0.239), Ws UBQI0 (ZT25 0.006;
7T370.239), hy5 hyh EF-1A (ZT250.534; ZT37 0.57), hyS hyh UBQIO (ZT250.432;
ZT370.048).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Chlorophyll fluorescence imaging data were acquired and analyzed with Walz ImagingWin v2.47
Protein abundance data were acquired and analyzed with ProteinSimple Compass v4.1.0
Bioluminescence imaging data were acquired and analyzed with Photek Image32

Data analysis RNAseq analysis used Fastqc 0.11.3, Trimmomatic 0.33, Kallisto 0.44.0, Degust (DOI: 10.5281/zenod0.3258932; degust.erc.monash.edu).
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Sample size No sample-size calculation was performed. Sample sizes were based on sample sizes used previously to investigate this signalling pathway
(Noordally et al. Science 2013 (https://doi.org/10.1126/science.1230397), Belbin et al. New Phytologist 2016 (https://doi.org/10.1111/
nph.14176).

Data exclusions | No data were excluded from analyses.

Replication At least three completely independent experiments were conducted for each dataset, with the exception of protein abundance experiments
where two completely independent experiments were conducted. All replication attempts across all experiments were successful (no data are
included that did not replicate successfully).

Randomization | Plant material was positionally-randomized within growth chambers.

Blinding Blinding was not used for temperature treatments (it is not possible to blind for time of day or temperature treatment, because this is obvious

to the experimentalist). Experimentalists were blind to genotype during RNA isolation, RT-gPCR, protein isolation and immunodetection, and
during physiological assays (chlorophyll fluorescence analysis, freezing tolerance analysis).
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Antibodies
Antibodies used Antibodies used were for PSII D2 (Agrisera AS06146); PSI-C (Agrisera AS10939); RbcL (Agrisera ASO3037).
Validation All three antibodies are validated by Agrisera with this information provided on the supplier's website. Dilution series of antibodies

were conducted before experimentation to ensure optimal specificity. PSIl D2 (Agrisera AS06146), PSI-C (PSAC) (AS10939) and RbclL
(AS03037) validated by manufacturer for use with Arabidopsis thaliana.
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