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with this result, NPR1 monomerization, which is associated with NPR1 
function32, was similar at both temperatures (Extended Data Fig. 3h). 
Together, these results pointed to an NPR1- and TGA1-independent 
mechanism for suppressing CBP60g transcription and SA production 
at elevated temperature.

GBPL3 is a key positive regulator of SA signalling and immunity11. We 
found that GBPL3 is required for CBP60g gene expression in response 
to SA (Extended Data Fig. 4a). GBPL3 has been proposed to act on 
promoters via phase-separated biomolecular condensates together 
with Mediator and RNA polymerase II11 (Pol II). The thermosensor ELF3 
contains an intrinsically disordered domain (IDR) that is involved in 
condensate formation and temperature sensing10. GBPL3 also contains 
an IDR, which mediates intranuclear GDAC formation11. We therefore 

tested whether elevated temperature negatively affects GDAC for-
mation and/or GBPL3 recruitment to the CBP60g promoter, which 
is required for CBP60g transcription. Indeed, the number of GDACs 
per nucleus was significantly reduced at 28 °C compared with 23 °C 
(Fig. 2b). Experiments using ChIP with quantitative PCR (ChIP–qPCR) 
revealed that GBPL3 binding to the promoters of CBP60g and its func-
tionally redundant paralogue SARD1 were markedly reduced at 28 °C 
in BTH-treated plants (Fig. 2c), even though total GBPL3 protein lev-
els remained similar at both temperatures (Extended Data Fig. 4b,c). 
Consistent with the observation that the temperature effect is not at 
the level of GBPL3 expression, GBPL3 overexpression did not restore 
CBP60g expression (Extended Data Fig. 4d,e). Notably, time-lapse imag-
ing revealed that GDACs appeared reversibly at 23 °C or disappeared 
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Fig. 2 | Elevated temperature represses CBP60g promoter activity. Four- to 
five-week-old Col-0 and indicated transgenic plants were treated with mock 
(0.1% DMSO) or 100 µM BTH solution and then incubated at 23 °C and 28 °C. 
ChIP–qPCR and confocal imaging were performed in plants one day after 
treatment. a, ChIP–qPCR analyses of NPR1pro::NPR1-YFP using anti-GFP 
antibody and indicated primer sets. The position of the CBP60g primer 
sequence is shown in f. b, Confocal imaging of eGFP–GBPL3 in 35S::eGFP-GBPL3 
infiltrated with mock (0.1% DMSO), 200 µM SA or 100 µM BTH solution at 23 °C 
or 28 °C 1 day after treatment. Scale bar, 10 µm. c–e, ChIP–qPCR analyses of 
35S::eGFP-GBPL3 (c), NPR1pro::NPR1-YFP (d) and MED16pro::MED16-flag  
(e) plants using the indicated antibodies and primer sets. f, Schematic showing 

known regulators binding at the CBP60g locus. Temperature-susceptible 
(green) and temperature-resilient (orange) modules are indicated. Primer 
positions (P1 for promoter region and P2 for coding region) are indicated. For 
ChIP analyses, the TA3 transposon was used as the negative control target locus 
in (a,c–e). A BTH-treated Col-0 sample incubated at 23 °C (c,e) was used as a 
negative control for immunoprecipitation. Results in (a,c–e) are mean ± s.d. of 
three independent experiments; two-way ANOVA with Tukey’s HSD. Images in  
b show one representative experiment (of four independent experiments); 
one-way ANOVA with Bartlett’s test. Exact P-values greater than 0.05 are shown 
in the Source Data.
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at 28 °C in response to temperature shifts, indicating that their forma-
tion and dissolution are temporally dynamic (Extended Data Fig. 4f). 
Furthermore, MED15—another component of the GDAC11 that contains 
multiple IDRs (Extended Data Fig. 4g)—also showed temperature sen-
sitivity (Extended Data Fig. 4h). GBPL3 and MED15 were co-localized in 
individual GDACs, as observed previously11, and they either appeared 
or disappeared together in response to elevated temperature.

GPBL3 specificity on CBP60g and SARD1 loci
We found that elevated temperature-mediated suppression of GBPL3 
recruitment occurs selectively at certain loci, but not at all GBPL3 target 
sites. For example, elevated temperature suppressed GBPL3 recruit-
ment to CBP60g and SARD1, but not to NPR1 (Fig. 2c), which is consist-
ent with temperature-resilient NPR1 transcript levels15. Of note, we 
observed that despite a significantly reduced number of GDACs per 
nucleus, elevated temperature did not decrease the number of nuclei 
that contained GDACs (Fig. 2b). Collectively, our data indicate that there 
appear to be two subpopulations of GDACs in vivo. One subpopulation 
is sensitive to 28 °C (the one associated with GBPL3 recruitment to the 
CBP60g promoter) and the other is insensitive to 28 °C (the one associ-
ated with GBPL3 recruitment to the NPR1 promoter).

Next, we investigated whether altered GBPL3 condensate formation 
and reduced GBPL3 binding to the CBP60g promoter at 28 °C is linked 

to impaired recruitment of Pol II and Mediator subunits. As shown in 
Fig. 2d, elevated temperature suppressed BTH-induced Pol II associa-
tion with the CBP60g promoter, but not with the promoter of a control 
gene TZF1, which is highly induced by BTH at elevated temperature15. 
Furthermore, elevated temperature significantly reduced CBP60g 
promoter binding by MED16, a Mediator tail subunit associated with 
SA gene expression33 (Fig. 2e). Binding of the Mediator head subunit 
MED6 to the CBP60g promoter was also significantly reduced at 28 °C 
compared with 23 °C (Extended Data Fig. 3i). Differential Mediator 
subunit recruitment was not owing to changes in protein abundance, 
since protein levels of MED16 and MED6 remained the same at 23 °C 
and 28 °C (Extended Data Fig. 3j,k). Notably, not all Mediator compo-
nents were affected at elevated temperature, as the level and binding 
of CDK8—a Mediator kinase module subunit that interacts with NPR1 
to regulate SA signalling34—were similar at 23 °C and 28 °C (Extended 
Data Fig. 3l,m). These results indicate that elevated temperature selec-
tively affects the recruitment of GBPL3 and several SA pathway-relevant 
Mediator complex subunits to the CBP60g promoter, independently 
of the NPR1–TGA1–CDK8 module (Fig. 2f).

CBP60g and SARD1 expression is rate-limiting
The identification of CBP60g and SARD1 transcription as the pri-
mary thermo-sensitive step in the SA pathway downstream of GBPL3 
prompted us to test whether expression of CBP60g and SARD1 is a 
rate-limiting step for SA production at elevated temperature and, if so, 
whether restoring CBP60g and SARD1 expression would sufficiently 
render SA production resilient to increased temperature. Unlike expres-
sion of the activated SA receptor gene NPR1 or the SA biosynthetic gene 
ICS1 (Fig. 1d,e and Extended Data Fig. 2g–j), 35S::CBP60g and 35S::SARD1 
lines restored pathogen-induced SA production and maintained basal 
immunity to Pst DC3000 at 28 °C, in contrast to Col-0 plants (Fig. 3a–c 
and Extended Data Figs. 5a–d and 6a–e). Because CBP60g and SARD1 
are functionally redundant35, temperature-sensitive immunity to Pst 
DC3000 remained in the cbp60g single mutant, as expected (Extended 
Data Fig. 5e–g).

In addition to restoring basal immunity to the virulent pathogen Pst 
DC3000, the temperature-resilient SA production and gene expres-
sion in 35S::CBP60g plants extends to infection by the non-pathogenic 
strain Pst ΔhrcC, which activates PTI in vivo (Extended Data Fig. 5h,i), 
and to infection by ETI-activating Pst DC3000(avrPphB) and Pst 
DC3000(avrRps4)28,36 (Fig. 3d,e and Extended Data Fig. 5j,k). Because 
ETI is widely used to guard crops against pathogens and insects28,36, 
these results suggest potentially broad applications of restoring 
CBP60g expression to counter suppression of not only basal immunity 
to virulent pathogens, but also ETI at elevated temperature. Finally, 
as shown in Extended Data Figs. 1 and 7, elevated temperature down-
regulated SA-response gene expression in both Arabidopsis and in 
crop plants such as tobacco and rapeseed. Both transient and stable 
AtCBP60g expression substantially restored Pst DC3000-induced 
expression of the ICS1 and PR1 orthologues BnaICS1 and BnaPR1, 
respectively, in rapeseed leaves at elevated temperature (Extended 
Data Fig. 7a–c).

Consistent with their immune phenotypes, 35S::CBP60g Arabidopsis 
plants had restored pathogen-induced expression of CBP60g target 
genes ICS1, EDS1 and PAD4 at 28 °C (Extended Data Fig. 5l). Further RNA 
sequencing of pathogen-inoculated Col-0 and 35S::CBP60g plants at 
23 °C and 28 °C identified additional downregulated immunity genes 
that were also substantially restored in 35S::CBP60g plants (Fig. 3f and 
Supplementary Data 3 and 4). This included SA biosynthesis genes ICS1 
and PBS3 as well as the pattern recognition receptor genes RLP23 and 
LYK5, the PTI signalling gene MKK4, and the pipecolic acid biosynthesis 
gene ALD1 (Fig. 1i and Supplementary Data 2). Thus, 35S::CBP60g seems 
to safeguard other defence modules besides SA biosynthesis, consist-
ent with previous observations that CBP60g is a master transcription 

a b c

P
 <

 0
.0

00
1

P
 <

 0
.0

00
1

P
 <

 0
.0

00
1

P > 0.9999 P < 0.0001

P
 =

 0
.9

98
4

S
A

 (n
g 

g–1
 F

W
)

lo
g 10

[C
FU

 (c
m

–2
)]

Col-0, mock

Col-0

Col-0

Col-0, Pst

0
1
2
3
4
5
6
7
8
9

ed f Cluster 1 (595 genes)Cluster 1 (595 genes)

0
1
2
3
4
5
6
7
8
9

Col-0
35S::CBP60g

23 °C 28 °C 23 °C 28 °C

23 °C

28 °C

0

2,000

4,000

6,000

35S::CBP60g, mock

Pst DC3000 (avrPphB)

35S::CBP60g

Pst DC3000

35S::CBP60g, Pst

lo
g 10

[C
FU

 (c
m

–2
)]

0
1
2
3
4
5
6
7
8
9

lo
g 10

[C
FU

 (c
m

–2
)]

35S::CBP60g
Col-0

Pst DC3000 (avrRps4)

35S::CBP60g

P > 0.9999
P > 0.9999 P = 0.0346

P = 0.0292

23 °C 28 °C 23 °C 23 °C

10

5

0

Col-0
Pst

P < 0.0001

35S::CBP60g
Pst

P = 0.0516

28 °C 28 °C23 °C

lo
g 2 

R
P

K
M

28 °C

Fig. 3 | Restoration of SA accumulation and immunity at elevated 
temperature in 35S::CBP60g plants. Wild-type Col-0 and 35S::CBP60g plants 
were syringe-infiltrated with mock (0.25 mM MgCl2) or Pst DC3000 
(106 CFU ml−1) and incubated at 23 °C or 28 °C. a, SA levels in mock- and Pst 
DC3000-inoculated plants at 24 h (1 dpi). b, Images of leaves from Pst 
DC3000-inoculated plants at 3 dpi. c, In planta Pst DC3000 bacterial levels  
at 3 dpi. d,e, In planta Pst DC3000 (avrPphB) (d) or Pst DC3000 (avrRps4) 
(e) bacterial levels at 3 dpi. f, Heat map of RNA-seq reads for genes that are 
downregulated in Col-0 grown at 28 °C but fully or partially restored in 
35S::CBP60g grown under the same conditions. RPKM, reads per kilobase of 
transcript per million mapped reads. Data in a,c,e are mean ± s.d. (n = 4 
biological replicates) of one representative experiment (out of three 
independent experiments) analysed by two-way ANOVA with Tukey’s HSD. 
Results in d are mean ± s.d. (n = 4 biological replicates except 35S::CBP60g at 
23 °C (n = 3 biological replicates)) of one representative experiment (out of 
three independent experiments) analysed by two-way ANOVA with Tukey’s 
HSD. Exact P-values for all comparisons are shown in the Source Data.


