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The temperature sensor TWALlisrequired for
thermotoleranceinArabidopsis
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Plants exposed to incidences of excessive temperatures activate heat-stress
responses to cope with the physiological challenge and stimulate long-term
acclimation. The mechanism that senses cellular temperature for inducing
thermotoleranceis still unclear’. Here we show that TWALl is a temperature-sensing

transcriptional co-regulator thatis needed for basal and acquired thermotolerance
inArabidopsis thaliana. At elevated temperatures, TWAI changes its conformation
and allows physical interaction with JASMONATE-ASSOCIATED MYC-LIKE (JAM)
transcription factors and TOPLESS (TPL) and TOPLESS-RELATED (TPR) proteins for
repressor complex assembly. TWALis a predicted intrinsically disordered protein that
has a key thermosensory role functioning through an amino-terminal highly variable
region. At elevated temperatures, TWAlaccumulates in nuclear subdomains, and
physical interactions with JAM2 and TPL appear to be restricted to these nuclear
subdomains. The transcriptional upregulation of the heat shock transcription factor
A2 (HSFA2) and heat shock proteins depended on TWA1, and TWA1l orthologues
provided different temperature thresholds, consistent with the sensor functionin
early signalling of heat stress. The identification of the plant thermosensors offers a
molecular tool for adjusting thermal acclimation responses of crops by breeding and
biotechnology, and a sensitive temperature switch for thermogenetics.

Climatic temperature gradients constraingrowth and fitness of plants.
Plant species have preferred temperatures with daytime optima that
vary substantially from 10 °C for the cool-preferring viola to 35 °C for
the tropical kapok tree*. Temperatures substantially exceeding the
optimum trigger acclimation responses that involve development
and the heat-stress response (HSR)? Several plant thermosensors
that regulate temperature-induced developmental processes are
known, such as Ca* channels, transcriptional regulators and light
receptors®®.

In metazoans, fungiand plants, heat triggers the HSR through HSF1
transcription factors (TFs)". After release from inhibitory molecu-
lar chaperones®, HSF1 induces expression of heat-shock proteins
(HSPs) and initiates adaptation. In plants, the HSR involves several
phytohormone pathways® . A. thaliana mutants that are deficientin
biosynthesis or insensitive to the phytohormone abscisic acid (ABA)
are compromised in basal and acquired thermotolerance™.

ABAisthekey signal to regulate the water status of plants by adjust-
ing transpiration and water resorption to the demand of atmospheric
CO, for photosynthesis'*®. Under water deficit, ABA levels increase
andinduce protective measures including stomatal closing, differen-
tial gene expression, downregulation of chlorophylls and biosynthe-
sis of osmolytes such as proline. In natural environments, heat and
drought occur often combined and are the cause of major crop losses”.

Stimulating ABA signalling through ABA receptors canreduce transpi-
ration while sustaining photosynthesis and growth, therefore offering
an option for a more water-efficient agriculture’®. However, reduced
transpiration increases leaf temperature and may thereby acerbate
thermal stress during a heat wave. On the other hand, ABA promotes
thermotolerance, and enhanced ABA signalling might be beneficial
for heat acclimation.

Identification of TWA1

Tobetter understand therole of ABAin heat tolerance, A. thalianalines
thatare hyper-responsive or insensitive towards ABA were examined
foralterationsin acquired thermotolerance induced by a priming heat
exposure. Ectopic expression of ABA receptors RCAR6 and RCAR1
or deficiency in ABA co-receptors encoded by type 2C protein phos-
phatases (PP2Cs) results in ABA hypersensitivity'®'?, while deficiency
in multiple ABA receptors leads to ABA hyposensitivity?>?. Seedlings
withsuch changesinthe ABAresponse, including previously analysed
ABA mutants', were exposed to a priming period at 38 °C followed by a
recovery phaseand asubsequent variable period of heat stress at 45 °C
(Extended DataFig.1a,b). Both, ABA-hypersensitive and ABA-insensitive
lines were more susceptible to heat stress compared with the wild
type (WT; Extended Data Fig. 1a,c,d). The ABA-hypersensitive lines
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Fig.1| The TWAIlocus. a, The A. thaliana twal-I mutantis conspicuously
thermosensitive. Five-day-old seedlings of WT and mutants with
ABA-hypersensitive gene regulation were exposed to 45 °C for 90 or 105 min or
not after 90 min priming at 38 °C. Pictures were taken 5 days after heat stress.
b, Theacquired thermotolerance of WT, twal-1 and twal-2 plants, as well as
mutants complemented with the TWAI gene, that were assayed for root growth
within 5 days after heat exposure as indicated. ¢, ABA-inducible pHB6:LUC
expressionin 5-day-old seedlings exposed tol pM ABA for16 hat17 °Cor27 °C.
Left, photographs and light emission of WT and twal-1 plants expressing the

had a heat-sensitive phenotype irrespective of light (Extended Data
Fig.le). The findings argue for a dual role of ABA during heat stress,
that is, initially promoting thermotolerance but eventually being
counterproductive for the acclimation process. ABA receptors and
PP2C co-receptors control fast and slow responses including ion
channels and aquaporins by fast post-translational control and dif-
ferential gene expression for long-term adjustments™¢. ABA hyper-
sensitivity at the level of gene expressionis conferred by deficiencyin
the C-terminal domain phosphatase-like (CPL) family members such
as CPL3%%. We examined the thermotolerance of the cpi3-knockout
mutant and four additional mutants identified in a screen for ABA
hypersensitivity using an ABA-responsive luciferase (LUC) reporter
line?* (Methods). All of these mutants were more heat sensitive than
the WT line (Fig. 1a). One mutant line showed a strongly enhanced
thermosensitivity with a half-maximum inhibitory period (IPy,) of
approximately 75 min at 45 °C, whereas the pp2c triple mutant and
WT lines had IP,, values of 105 min and 155 min, respectively (Fig. 1b
and Extended DataFig.1d). The gene locus was named THERMO-WITH
ABA-RESPONSE 1(TWAI).Inthe presence of exogenous ABA, theinduc-
tion of ABA-responsive LUC reporters was enhanced in the twal-1
background (Fig. 1c and Extended Data Fig. 2a-c), indicating hyper-
activation of ABA signalling. Shifting the temperature from 17 °C to
27 °Cinduced a3-foldincreaseinreporterexpressionin WT plants but
caused a more than 100-fold increase in the twal-1 seedlings (Fig. 1c).
The twal-1 mutant showed partial haploinsufficiency in a cross with
the WT (Extended Data Fig. 2d) and the affected gene (At5g13590) was
identified (Methods). The TWAI locus encodes a predicted 130 kDa
intrinsically disordered protein of unknown function with two
potential ethylene-responsive-element-binding-factor-associated
amphiphilic repression (EAR) motifs (LxLxL)** (Fig. 1d). A point
mutation in the twal-1 allele terminates translation after 247 amino
acids. The transfer DNA (T-DNA) knockout line twal-2 with dis-
rupted TWAI in the first exon was heat sensitive, comparable to
twal-1 (Fig. 1b). Transfer of a genomic fragment encompassing the
TWAI gene complemented the thermosensitivity of both mutants
(Fig. 1b). TWAL is expressed throughout the plant® (Extended
DataFig. 3a).
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reporter.Right, reporteractivity per seedling giveninrelative light units
(RLU; n=18).d, Prediction of intrinsically disordered regions (https://
metapredict.net/) with maximumscore of 1,and aschematic of TWAL, showing
the highly variable region (HVR, yellow) and two EAR domains (red) (top). TWA1
disruptionin mutantsis shown by arrowheads. Bottom, amino acid identity
(red) ofthe HVR from A. thaliana (A.t.) and A. lyrata (A.L.).For b, dataare

mean +s.d.;n= 6 perdatapoint. Experimental and statistical significance
detailsare provided inthe Methods and as Source Data.

Thermosensor function

The ABA-hypersensitive reporter expression in twal mutants (Fig. 1c
and Extended Data Fig. 2) implied that TWAI has a gene-regulatory
role. Transient TWA1 expression in leaf protoplasts resulted in a
dose-dependent downregulation of an ABA-responsive reporter
(Fig. 2a). The inhibitory response required functional TWA1 and was
moderate in WT protoplasts but more conspicuous in protoplasts of
twal-1and twal-2plants. The TWAl-mediated inhibition occurredirre-
spective of exogenous ABA and was temperature dependent (Fig. 2b,c).
There was nodetectable inhibition by TWAlat20 °C, whileincreasing
theincubationtemperature from the standard 25 °Cto 30 °Cincreased
the repressive effect (Fig. 2b). Homologues of TWALI are found in
monocots and dicots (Extended Data Fig. 3b). The coding sequences
of TWAlhomologues fromthe cold acclimated lyrate rock cress Arabi-
dopsis lyrata and white mustard Sinapis alba, which naturally occurs
in Mediterranean climates, were isolated and AITWAl and SaTWA1
were expressed in twal-2 protoplasts (Fig.2c). At 30 °C, they inhibited
expression of the ABA-responsive reporter, consistent with aconserved
function as orthologues. However, the temperature dependence diff-
ered with half-maximuminhibitory values (ITs,) of approximately 20 °C,
26 °C and 30 °C for AITWA1, TWAl and SaTWAL, respectively. High
variability between the A. thaliana and A. [yrata orthologues occursin
astretch of 20 amino acids within an amino-terminal region of TWAL
named HVR (Fig. 1d). We reasoned that the HVR might contribute to
thermal sensing. Exchanging the HVR for the AITWAldomainin TWA1
was sufficient to change the thermoresponse of the TWA1(A/HVR) chi-
merato mimic that of AITWAL1 (Fig. 2c). The truncated TWA1(AN) with
deletion of amino acid residues 1-554 was inactive in inhibiting gene
expression (Fig. 2¢). The findings imply a thermosensory function of
TWALlinvolving the HVR. The presence of EAR motifs suggested that
TWAI1 might function as a transcriptional coregulator like the NOVEL
INTERACTOR OF JAZ*. The search for TWAl-interacting proteins using
the yeast-two-hybrid (Y2H) system and indexed open-reading-frame
libraries” resulted in the identification of theJAM2 TF (Extended Data
Fig.4).JAM2isinvolved insignalling of the phytohormone jasmonate
(JA) by antagonizing the JA-promoting action of the TF MYC2, both
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Fig.2|The thermosensor function of TWA1L. a-c, TWAland TWAlvariants
inhibit ABA-responsive pRD29B:LUC expressionin leaf protoplasts. a, Protoplasts
of WT, twal-1and twal-2 plants were transfected with a TWAIor twal-1expression
cassette (shown as pg DNA per 10° protoplasts), incubated for 16 hat 25 °C with
10 pM ABA. Relative light units were normalized to fluorescence units of a
co-transfected control (RFU). The dashed lineindicates expression of mutant
twal productin twal-2 protoplasts. b, TWAlaction at different exogenous ABA
levels.c, The action of TWAland variants at differentincubation temperatures
with 0.3 pg effector DNA per 10° twal-2 protoplasts. The variantsincluded
TWA1(AN), A. lyrata AITWAIL, mustard SaTWAland TWAL(A[HVR).d, Top, GFP-
tagged TWAland twal productinyeast nucleiand temperature-dependent
phase separation. Bottom, nuclear subdomain formation of TWA1(A/HVR) at
22°C.Insets:1.5-fold magnifications. Scale bar, 10 um. See the ‘Statistics and
reproducibility’ section of the Methods. e, Temperature-induced changes in

as a homo- and heterodimer®?%. The related TFs JAM1-AIB%°, JAM3
and MYC2 did not interact with TWAL in the yeast analysis (Extended
Data Fig. 4). The specific JAM2 binding to TWA1 was corroborated in
yeast using Forster resonance energy transfer-fluorescence lifetime
imaging (FRET-FLIM). FRET analysis of fluorophores requires proxim-
ity in the nanometre range (<10 nm) and it reduces the fluorescence
lifetime (FL) of the excited donor fluorophore. Changes in the fluo-
rophore distance affect the FRET signal by a power of six®. We used
the protein fluorophores mono enhanced GFP (GFP) and mCherry
with GFP-TWA1 as donor and mCherry-tagged JAM2 or JAM3 as an
acceptor. GFP-TWAL s functional (Extended Data Fig. 5a) and showed
apreferential nuclearlocalizationin yeast (Fig. 2d,e). TWAlabundance
was not significantly affected by temperature (Extended Data Fig. 5b);
however, temperature affected nuclear TWA1 crowding. At 30 °C and
35°C, GFP-TWAlaccumulated in nuclear subdomains, which was not
observed at 20 °C or for the truncated product of twal-1 (twal prod-
uct, Fig.2d). mCherry-tagged JAM2 and JAM3 revealed a nuclear locali-
zation (Extended Data Fig. 6a). TWA1 physically interacted with JAM2
at 30 °C specifically within the nuclear subdomains, whereas JAM3
never detectably did (Extended DataFig. 6b).JAM2 interaction was not
observed with the twal product (Extended Data Fig. 6¢) and not with
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the proximity of TWAlamino- and carboxy-terminal domains as revealed by
intramolecular FRET-FLIM analysis. Top, false-colourimages of GFP FLs of
mCherry-TWA1-GFP (TWA1) inyeast nuclei.Scale bar, 2 pm. Bottom, GFP FL
of TWAland mCherry-GFP. n=10-15 per datapoint. Statistical analysis was
performed using Student’s t-tests; *****P =105, For the box plots, the centre
line shows the median, the box limits show the upper (25th percentile) and
lower (75th percentile) quartiles, and the whiskers show 1.5x the interquartile
range.f,g, The temperature dependence of JAM2 binding to TWAland variants
including the twalproduct (f) and binding to orthologues (g) was analysed
using a Y2H growth assay. The growth rate g was calculated on the basis of cell
density increase within 24 h.JAM2-JAM2 dimerization served as the control
(Extended DataFig.7).Fora-c,f,g, n =3 perdatapoint. Statistical significance
detailsare provided as Source Data.

TWAI1at 20 °C (Extended Data Fig. 6d) and therefore correlated with
TWAI aggregation in nuclear subdomains. In contrast to GFP-TWAI,
GFP-TWA1(A[HVR) accumulated in nuclear subdomains already at
22 °C, consistent with aregulatory role of the HVR domain for TWA1
crowding (Fig. 2d). Intramolecular FRET-FLIM analysis of TWAlinlive
yeast revealed proximity of the amino and carboxy terminiat 17 °C
(Fig. 2e). Anincrease in temperature moved the terminal domains of
the sensor apart, as evidenced by the FL increase.

As protein-protein interaction in the Y2H*? system provides
histidine-autotrophic growth, this read-out enabled examination of
thetemperature dependence of JAM2 binding to TWAL. At 20 °C, little
to no growth occurred with the JAM2-TWALI pair compared with the
dimer-formingJAM2-JAM2 combination under the histidine-selective
condition (Extended Data Fig. 7a). Increasing the incubation tem-
perature to 30 °C resulted in histidine-autotrophic growth of JAM2-
TWALl-expressing yeast, consistent with the physical interaction of
both proteins at permissive temperatures. Thus, yeast growth rates at
different temperatures provided a proxy forJAM2-TWALl interaction,
withJAM2 dimerization serving asareference (Fig.2f and Extended Data
Fig. 7b). In the temperature interval of 20 °C to 25 °C, TWAL switches
fromundetectable to close to maximumJAM2 interaction.JAM2 did not



bind to the twal product, whereas itinteracted with TWA1(AN), deleted
for the first 554 amino acid residues, at all temperatures (Fig. 2f).
Incontrastto TWA1, AITWA1supported yeast growth at 20 °C, whereas
SaTWAIlrequired temperatures of around 30 °C for optimal growth
(Fig. 2g and Extended Data Fig. 7b). TWA1(A[HVR) and AITWA1 were
indistinguishable in this analysis (Fig. 2g), consistent with the results
of the plant cell analysis of the thermal characteristics of both sen-
sor proteins (Fig. 2c). The findings reveal arole of the amino-terminal
HVR for the temperature-dependent regulation of JAM2 binding to the
carboxy-terminal half of TWAL.

TWAIl-mediated transcriptional regulation

The EARdomain provides aninteractionsurface for the co-repressors
TPLand TPRs, which suppress transcription and interact with the Medi-
ator complex®**, Y2H analysis revealed binding of TPL/TPRs to TWAI
(Extended DataFig.4). The TWAlinhibitory action on ABA-dependent
gene expression required TPL/TPRs in A. thaliana protoplasts. TWA1
did not inhibit reporter expression in the triple tpl tpr2 tpr4 mutant
(Fig. 3a). Expression of TPL or TPR2 recovered TWAl-mediated
gene regulation in the triple mutant, confirming a function of the
co-repressorsinthe TWAl-mediated downregulation (Fig. 3a). Similarly,
protoplasts of the jaml jam2 jam3 triple mutant were unresponsive
to ectopic TWAl expression unless JAM1 or JAM2 were co-expressed
(Fig. 3b).JAMs and MYC2 are basic helix-loop-helix TFs that compete
for binding to G-box cis-elements and related motifs*®® that include
the ABA-responsive regulatory element®*. Chromatin immunopre-
cipitationrevealed thatJAM2 binds to the ABA-responsive RD29B pro-
moter close to the transcriptionstart site and this interactiondepended
on both ABA and an ABA-responsive regulatory element (Extended
DataFig. 8a,b).

The physicalinteraction of TWA1with TPL andJAM2 was confirmed
using FRET-FLIM in Nicotiana benthamiana. Transient expression of
GFP-tagged TWAL in epidermal cells showed a nuclear localization of
TWAL that accumulated in subdomains (Fig. 3c), similar to the yeast
analysis (Fig. 2d). FRET-FLIM supported binding of TPL to TWAl and
corroborated the TWA1-JAM2 complex formation at 37 °C (Fig. 3d).
Bothinteractions occurred specifically in these nuclear subdomains
butnotat20 °C (Fig.3d). The datasupport the modelinwhich elevated
temperatures induce intramolecular rearrangements of TWAL1 that
allowinteractionwithJAM2 and TPL for assembly of the transcriptional
repressor complex (Fig. 3e) in nuclear subdomains.

Thermotolerance conferred by TWA1

In agreement with the functional interactions of TWA1 with TPL/TPR
and JAM proteins, seedlings of the jaml jam2 jam3 and tpl tpr2 tpr4
triple mutants showed acompromised acquired thermotolerance like
twal-1and twal-2 plants (Fig. 4a). Ectopic TWAI expression under the
viral 35S promoter resulted in15- and 18-fold increased TWAI transcript
levelsinthe twal-2 mutant compared withinthe WT intwo representa-
tive TWAIl-overexpression (TWA1(oe)) lines (Extended Data Fig. 9a),
which exhibited higher acquired (Fig. 4a and Extended Data Fig. 9b)
and basal (Fig. 4b) thermotolerance. The thermotolerance conferred
by TWA1 expression depended on JAMs, as shown by the thermosen-
sitivity of TWAl(oe) lines in the jaml jam2 jam3 genotype (Fig. 4a).
A. thaliana seedlings that were exposed to 37 °C responded with
chlorophyll loss that was enhanced in twal mutants and ameliorated
by ectopic TWA1 expression compared with the WT (Extended Data
Fig. 9¢). The improved basal thermotolerance of the TWA1(oe) lines
was also evidentinthereducedion leakage of 3-week-old plantlets that
were exposed for 24 h to 37 °C (Fig. 4c). Notably, the TWA1(oe) lines
cultivated at ambient conditions were indistinguishable from the WT
ingrowth, photosynthesis and gas-exchange parameters (Fig. 4d and
Extended Data Fig. 9d,e).
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Fig.3| The molecular mechanism of TWA1-mediated transcriptional
repression.a, TPLand TPR corepressors arerequired for TWAl-inhibited
reporter expression. Protoplasts of tpl tpr2 tpr4 triple-mutant plants were
transfected with TWA1, TPL and TPR2 effector DNA.b,JAM1 and JAM2
co-expressionrescues the TWAlresponsein protoplasts of jam1jam2jam3
plants.Fora,b, ABAresponse analysis was performedasin Fig.2bwith3 pg
effector DNA per 10° protoplasts. ¢,d, Accumulation and binding of GFP-TWAL1
toJAM2and TPLin nuclear subdomains of N. benthamiana epidermal cells.
GFP-TWAland mCherry-tagged JAM2 or TPL were transiently expressedin
leaves exposedto37 °Cfor2horkeptat20 °C.c, GFPimagingin the nucleus
(seethe ‘Statistics and reproducibility’ section in the Methods). Scale bar, 5 um;
insets arel.5-fold magnifications. d, FRET-FLIM analysis. Statistical analysis
was performed using two-sided Mann-Whitney U-tests; ***P=0.005.n=20-30
cells. Box plotsare as described in Fig. 2e. e, Simplified model of repressor
complex formation. Temperature transitions from 20 °Cto30 °Cinduce
conformational changesin TWA1that allowJAM2 binding to the carboxy-
terminal part of TWAland TPL binding to the amino-terminal domain through
EAR motifs (red). The HVR (yellow) isintegral to thermosensing.JAM2 interacts
with G-box-related cis-elements as dimers. TPLis tetrameric and targets subunits
of the Mediator complex™. Statistical significance details are provided as
Source Data.

The enhanced thermotolerance by TWAlexpression might be caused
by a preinduced HSR due to constitutive upregulation of HSP tran-
scripts®*, We examined the possibility. In WT seedlings, atemperature
shift to priming periods at 37 °C induced transcripts for small HSPs
and the major ATP-dependent chaperone HSP70 as part of the HSR
(Extended DataFig.10a). Atambient temperatures, the levels of these
transcripts were similar to the WT in TWA1-deficient and TWA1(oe)
lines, therefore not supporting preinduction of HSR transcripts in
the TWAI1(oe) lines (Extended Data Fig. 10b,c). A4 h priming phase
increased HSP transcript levels in the TWA1(oe) lines up to 30-fold
higher for HSP26.5 compared with the WT, while the increases were
marginally reduced in both twal mutants (Extended Data Fig. 10b,c).
Given theIT,, value of TWAl around 26 °C, the induction of early HSR
transcripts was monitored at lower temperatures. First, we used the
activation of the HSFA2 promoter as a readout. The HSFA2 promoter
is directly targeted by the master HSF1-class TFs, HSFAls in plants,
and the HSFA2 induction is HSFA1 dependent and sufficient for
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Fig.4|Thermotolerance and heatshock transcripts are controlled by
TWAL. a, Acquired thermotolerance depends on TPL/TPR-type corepressors
and onJAM TFswith loss of thermotolerance conferred by TWAl expression
(TWA1(oe) lines) injamljam2jam3 (jam) plants. TWAlwas expressed under
theviral 35S promoter in twal-2 plants. tprsignifies the tpl tpr2 tpr4 genotype.
Photographs were taken1day after heat stress (150 min, 45 °C) or without heat
stress.Scalebar,1cm. b, The basal thermotolerance of 5-day-old seedlings.
Rootgrowth analysis asin Fig.1b but without priming. ¢, lon leakage of 3-week-
old plantlets that were exposed to 37 °C for 24 hor keptat 22 °C.lon leakage
was expressed relative to maximum leakage by boiling. Dataare mean + s.d.
n=12fromthreerepetitions.Scalebar,1cm.d, Improved thermotolerance

establishing heat tolerance®*”. In WT protoplasts, a shift from 20 °C
to 25 °Cincreased HSFA2-promoter-driven LUC expression with optimal
values at 30 °C and 35 °C (Fig. 4e).

Theinduction did not occur in twal protoplasts and was enhanced
in TWA1(oe) cells (Fig. 4e). A thermal response shift to lower and
higher temperatures occurred in protoplasts from AITWA1(oel) and
SaTWAI1(oel) plants expressing the lyrate and mustard orthologue
in the twal-2 genotype compared with protoplasts of the WT and
TWAI(oe) plants (Fig. 4e). The TWAldependence of the response was
corroborated by transcript analysis of seedlings that were exposed to
alhtemperature shift from 20 °C to 25 °C (Extended Data Fig. 10d).
Compared with the WT, the transcript increase for HSFA2, HSP21 and
HSP26.5was supressed in twal-1, twal-2 and SaTWA1(oe) seedlings,
while it was enhanced in TWA1(oe) and AITWAIl-expressing seedlings
(Extended DataFig.10d). At 35 °C, the transcript levels were comparable
inSaTWA1(oe), TWA1(oe) and AITWA1(oe) seedlings and consistently
higherthaninthe WT (Extended Data Fig.10e-g). To further elucidate
therole of TWA1, WT and TWAI-deficient A. thaliana seedlings were
exposed to 5 up to 20 minutes of heat stress (Fig. 4f). The transcript
levels of HSFA2, HSP17.6, HSP21 and HSP26.5 were clearly induced in both
WT lines but did not change inboth twal mutants, inagreement witha
positive regulatory function of the thermosensor for the upregulation
of HSR transcripts.

In summary, our study reveals a thermosensor function of TWA1
thatis required for heat tolerance and timely induction of HSFA2 and
HSPtranscripts in A. thaliana. The HSR is triggered by activation of
key HSF1-type TFs. In A. thaliana, three related HSFAls redundantly
initiate the HSR*, The combined inactivity of two of those master TFs
still allows HSFA2 induction and thermotolerance to heat-induced
ionleakage®*. Both responses are impaired in plants with TWA1 defi-
ciency, supporting anaction of the thermosensor upstream of HSFAls
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of TWA1(oe) lines without trade-offsin growth or changesinapparent
photosynthetic parameters (Extended DataFig. 9d,e). Photograph of plants
grown for 38 days under short-day conditions at 22 °C and thermalimagesin
false colours. Scale bars, 3 cm. e, Temperature-and TWAl-dependentinduction
ofthe HSFA2 promoter driving LUC expression in leaf protoplasts of different
lines. Analysis was performed asin Fig. 3a. Expression of AITWAland SaTWAlin
twal-2plants. Dataare mean + s.d. n =3 per datapoint.f, Transcript changes in
5-day-old WT and twal seedlings grownat 20 °C and exposed to 37 °C for up to
20 min. Thetranscriptlevelatt=0wassettol.Dataaremeants.d.n=3,10
seedlings per n. Statistical analysis details for b,c,e are provided as Source Data.

or, alternatively, in parallel. Ectopic expression of constitutively active
HSFA1 TFs***° and of TWALI provide improved thermotolerance.
Constitutive heat tolerance by HSFAl is associated with preinduced
HSR and growth penalty®, traits that are also conferred by ectopic
HSFA2 and HSFA3 expression®**, However, neither adverse physiologi-
cal effect was observed in TWAl-mediated heat tolerance. Moreover,
theinduction of HSR transcripts within minutes required afunctional
TWAL. The findings point to aninducible protective function of TWA1
in early signalling in response to temperature rise.

Thermal activation of TWAl involves the HVR and temperature-
induced domain rearrangements that control the binding of JAM2
and repressor proteins. The role of TWA1 bears parallels to the ther-
mosensor EARLY FLOWERING 3 (ELF3)®. ELF3 is a component of the
evening complex, which functions as a transcriptional co-repressor
in the control of the circadian clock and flowering time in A. thaliana.
Thermally, TWAlactsinthe opposite manner to ELF3 by repressing gene
expression at elevated temperatures, and it responds more sensitively
totemperature changes. The TWAlresponse hasanapparent Q,, value
of around 150, that s, a 10 °C difference caninduce a 150-fold change
in activity as deduced from growth rates in Y2H analyses (Methods).
This responsiveness of TWALl is in the range of the most thermosensi-
tive proteins known, including members of the TRPA1 Ca® channel of
snake*?and mosquitos* thatare used for thermal prey localization. In
eukaryotes, heat stressinduces cytosolicand organellar stress granules
pioneered in plants** and the formation of nuclear subdomains that
arereversible aggregates of proteins and RNA for cellular adaptation
to thermal challenges®* . Liquid-liquid phase separation (LLPS)
has a prominentrole in the formation of multilayered nuclear subdo-
mains as sites of active gene expression*®. After thermal activation,
TWAIl accumulated in nuclear subdomains that are reminiscent of
LLPS. These subdomains are the sites for TWAl interaction withJAM2



and TPL, indicating the formation of active repressor complexes spe-
cifically in the presumed LLPS. Proteins with intrinsically disordered
regions have a propensity for LLPS* and include plant proteins witha
prion-like domain®**!, Under heat stress, the intrinsically disordered
region of the yeast HSF1 promotes condensate formation and multiple
chromatin interactions for transcription within a single LLPS*2. The
temperature-sensing mechanism leading to HSF1 activation in yeast
and mammals is still not clarified, while there is mounting evidence
for the chaperone HSF1 titration model®.

TWAIl-type sensors might be unique to plants. TWAl sensed sub-heat
temperature elevations between 20 °C and 30 °C and was required for
the induction of early HSR transcripts. However, after a 4 h priming
phase, HSPtranscript levels were comparable betweenthe WT and twal
mutants, implying additional modes of transcript upregulation. In
plants, heat-triggered increases in hydrogen peroxide**** and nitrogen
oxide*activate HSFAls and allow for redox signal integration into the
HSR. TWA1 possibly provides another node of signal integration. Plants
frequently experience combined stress with the challenge tointegrate
conflicting single stress responses®. For example, the ABA-mediated
prolineincrease under water deficit provides protective osmolytes, but
high proline levels are toxic under heat”. TWA1 probably orchestrates
the acclimation responses by integrating temperature with ABA and
JA signalling®® that relay abiotic and biotic cues, respectively. In the
future, using TWAIl-type temperature sensors with different ther-
mal characteristics through breeding and biotechnology will enable
the adjustment of the acclimation responses of crops to a warming
climate®. Moreover, TWAl and its orthologues provide prototypes
for engineering temperature switches in the emerging field of ther-
mogenetics®®.
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Methods

Plant materials and growth conditions
Plants of A. thaliana Heynh. ecotype Col and La-er were grown in pots
on a perlite/soil mixture at 22 °C under long-day conditions with 16 h
light (150 pE m™2s™) unless otherwise stated. The plants were used for
stable transformation, protoplast preparation and DNA extraction.
A. thaliana seedlings were grown on agar plates with half-strength
Murashige and Skoog agar medium for physiological assays as previ-
ously described®. For thermotolerance tests, growth conditions were
asreported previously™. T-DNA knockout lines of the GABI-Kat collec-
tion®, including GK-476H03 (At5g13590; twal-2) and SALK collection®
including SALK 143411 (At2g33540; designated cpl3-10) were obtained
from The European Arabidopsis Stock Centre.
The/AM2/bHLHO13(At1g01260) gene wasinactivated in the pHB6:LUC
line using the CRISPR-Cas9 system®*®* and vector pDGE63, (Addgene
plasmid, 79445). Two independentjam2isolates contained a frameshift,
which resulted in early termination of translation after amino acid 12
and we designated them as jam2-2. DNA-sequencing analysis revealed
the absence of off-target mutations in the closely related genes JAM1/
bHLHO17 (At2g46510) and JAM3/bHLHOO03 (At4g16430). The triple
mutantjamlI-2 jam2-2 jam3-2 (jam) was generated by crossing jam2-2,
jamI-2(GK_285E09) and jam3-2 (GK_301G05)* plants and selecting for
the homozygous jam mutantin the offspring. Similarly, the tpl-8 tpr2-2
tpr4-2triple mutant (¢pr) was obtained by crossing tpl-8 (SALK_036566)
with SALK 112730 (tpr2-2) and SALK_002209 (designated tpr4-2) plants.
The generation of RCARI- and RCAR6-overexpressing lines has been
reported previously®’. Quadruple RCAR-knockout lines were obtained
by combining the multiple PYR/PYL knockout line pyr1 pyl1 pyl2
pyl4 pyls pyl8*, the rcar9 mutant® and lines SALK_083621 (rcar1) and
GK-012D02 (rcar13). The triple mutants abil-2 abi2-2 habl1-1 (pp2c_a)
and abil-2 habl-1 pp2ca-1 (pp2c b)* were a gift from P. L. Rodriguez
together with the multiple PYR/PYL knockout. Mutants were crossed to
the ABAreporter lines pRD29B:LUC and pHB6:LUC®. Lines homozygous
for reporter constructs and for mutant alleles were used throughout
the experiments.

Mutantisolation and ABA exposure

Mutants with ABA-hypersensitive reporter activation were recov-
ered from a screen of the maternal second generation (M,) of ethyl
methanesulfonate-mutagenized A. thaliana seeds of the ABA reporter
line pHB6:LUC® in the Col-0 background. In brief, the M, seedlings were
grown on solidified half-strength MS medium for 5 days before transfer
to medium supplemented with 3 pM (+)-cis-trans-ABA (Chemos; www.
chemos-group.com) or 0.3 M mannitol for 24 h followed by life lucif-
erase imaging with the intensity of light emission from plant organs
of interest being measured using Simple PCI 6.6 software (https://
hcimage.com/)*. Among the mutants recovered, certain mutants were
hypersensitive to exogenously applied ABA, while mutants with an
unaltered response to ABA were considered to carry lesions in drought
stress signalling upstream of the canonical ABA signalling pathway.
About 115,000 seedlings were screened and 109 putatively hypersen-
sitive mutants were selected. Candidates showing a hypersensitive
reporter response were propagated and the progeny was re-examined.
Finally, 24 mutants were confirmed, among which 16 were found to be
ABA-hypersensitive and 8 were found to be affected in drought stress
signalling upstream of ABA. We selected mutants with a robust phe-
notype for map-based cloning in combination with next-generation
sequencing and identified twal-1together with mutantsallelic to cpl1
and cpl3. The twal-1 mutant was backcrossed to the pHB6:LUCreporter
line four times.

Gene identification
The TWAI locus has been identified by bulked segregant analysis®s. In
brief, approximately 50 homozygous mutant seedlings were pooled

and processed for next-generation DNA-sequencing analysis to identify
single-nucleotide polymorphisms (SNPs) compared with the reference
genome Col-0. The analysis confined the location of the target gene
withina 180 kb genomic fragment on chromosome 5. In this fragment,
four SNPs were found within genes, two of them were synonymous.
The non-synonymous mutations generated a premature TGA stop
codonin At5g13590 at nucleotide 744 of the coding sequence and the
other caused a conservative amino acid exchange in At5g13930. The
identity of TWAI (At5g13590) was confirmed by complementation of
the ABA-hypersensitive phenotype by gene transfer of a7 kb genomic
fragment encompassing 1.1 kb of the promoter region, the structural
gene and the terminator (alist of the primers and restriction sites used
for cloning is shown in Supplementary Table 1).

Effector constructs and analysis of gene expression

Plant RNA extraction, cDNA synthesis and construction of plasmids for
effector expression were performed as described previously®. Inbrief,
cDNA was generated from mRNA isolated from leaves of A. thaliana
Col-0,A.lyrataandS. alba. Total RNA was purified from leaves using the
analytik jena-innuPREP Plant RNA Kit (Analytik Jena) and cDNA was syn-
thesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). The coding sequences of effectors were integrated
into amodified Bluescript vector with an expression cassette consist-
ing of the 35S promoter, followed by the coding sequence and the NOS
terminator®. Alist of the primers and restriction sites used for cloning
is provided in Supplementary Table 1. The 363 bp Avrll-HindIll DNA
fragment of the AITWAI gene encompassing the HVR was exchanged
with the Avrll-Hindlll fragment of TWAI to yield TWAI(AIHVR). Con-
structs used for FRET-FLIM analysis were cloned using the Golden-Gate
system®. TWAI, twal-1,JAM2 and JAM3 cDNAs were cloned into the
level I vector (LI_Bpil) and subsequently into LIl expression vectors
(JAM2and JAM3: LI1_3-4_CEN_LEU with promoter pTDH3 and terminator
tDH1, plus an N-terminal mCherry tag; TWAIand twal: LIl_1-2_CEN_LEU
with pTDH3 and tDH1I, plus an N-terminal GFP tag). Forintramolecular
FRET, TWAI was cloned into LII_3-4_CEN_LEU with pTDH3 and tDH1,
including an N-terminal mCherry tag and a C-terminal GFP (GFP used
inall constructs was mono enhanced GFP) tag linked to TWA1 through
a glycine-serine linker (mCherry: GGGGSGGGGSGGGGSG; GFP:
GGGGGSGGGGSGGGGEGS). As acontrol, both fluorophores were fused
with the same glycine-serine linkers and expressed using the LII_3-4_
LEU expression cassette. The GFP-TWA1(A/HVR) construct was cloned
into pGREG5747° using the TWAI(AIHVR) cassette (see above) and Sall.
The reporter construct pHSFA2:LUC was generated by replacing the
RD29B promoter in pRD29B:LUCwith an amplified 2 kb fragment of the
HSFA2promoter region as described previously**. The correctness of all
constructs was verified by DNA-sequencing analysis. Quantitative gene
expression was monitored with BRYT Green Dye-based qPCR (GoTaq
qPCR Master Mix kit, Promega) using the LightCycler 480 instrument
(Roche) and gene-specific primers. TIP41L, UBC9 and UBI10 were used
for normalization. Alist of the primers used for quantitative PCR with
reverse transcription is shown in Supplementary Table 2.

Protein sequence alignments

Homologues of TWAI were identified through BLASTp searches
against genomes on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PAGE=Proteins). Amino acid sequences of TWA1 and representa-
tive proteins were aligned with the NCBI COBALT alignment tool™.

Prediction of intrinsically disordered proteins
Prediction of intrinsically disordered regions was performed using
metapredict (https://metapredict.net/)”.

Protoplast assays and transgenic plants
Transient expression analysis in A. thaliana protoplasts, and expres-
sion cassettes for pRDB29:LUC, p35S:GUS and effectors have been
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described previously”. Primers for DNA amplification and restriction
sites used for generation of effector constructs are listed (Supplemen-
tary Table 1). Protoplasts were isolated from leaves of Columbia WT
accession (Col-0) or from mutant lines of the Col-0O background. Inbrief,
10°protoplasts were transfected with DNA of different expression cas-
settesincluding the ABA-responsive pRD29B:LUC reporter (5 pg), the
p35S:GUS control reporter (3 pg) for expression normalization and the
indicated amounts of various effector plasmids and incubated at 25 °C,
unless otherwise stated, for 16 h before assessment of luciferase and
glucuronidase activity. Ectopic expression of TWAI and twal (mutant
allele of twal-1), AITWAI and SaTWAI in A. thaliana plants was under
the 35S promoter inthe twal-2background. The cDNA expression cas-
settes of the TWA1 variants and orthologues were inserted as an Ascl
DNA fragment into the pGreenll 0179 vector’ modified with an Ascl
cloning site in the T-DNA region. Transgenic plants were generated
by Agrobacterium tumefaciens-mediated gene transfer as described
previously”.

Thermotolerance evaluation

Thermotolerance was analysed as reported previously™. In brief,
5-day-old light-grown seedlings (22 °C) were exposed to heat stress
at 45 °C for 90 min to 180 min with 15 min intervals for assessment
of basal thermotolerance. For analysis of acquired thermotolerance,
seedlings had a preceding 90 min acclimation period at 38 °C followed
by a120 min recovery phase (22 °C) before heat stress at 45 °C. For
root growth assays, seedlings were allowed to recover for 5 days under
continuous light (22 °C) and the root extension after heat stress was
determined.

Determination of chlorophyll content and of electrolyte leakage
For chlorophyll analysis, the seedlings were frozen in liquid nitrogen
after their freshweight had been determined, homogenized using the
TissueLyser Il (Qiagen) and extracted with methanol for determination
of chlorophyll as reported previously”. Absorption of cleared extracts
was recorded at 665 nm and 652 nm. In the electrolyte-leakage assay,
leaves of 3-week-old A. thaliana plants were placed into Petri dishes
containing 25 mlwater and wereincubated at 37 °C or 22 °Cin the light
(65 umol m2s™) for 24 h. Thereafter, single leaves were immersed in
1ml of double-distilled water in Eppendorf tubes and incubated for
30 minwith gentle shaking®. Conductivity was measured using a Con-
ductivity Meter (Seven Easy Mettler Toledo, InLab 752-6 mm conduc-
tivity sensor). Electrolyte leakage was normalized to the conductivity
after heating the samples to 99 °C for 10 min.

Chromatinimmunoprecipitation experiments

GFP-JAM2was expressedinA. thaliana Col-0 protoplasts that wereincu-
bated for16 hin the absence or presence of ABA (10 1M). Protoplasts
transfected with an empty vector served as the control. Protoplasts
were collected by centrifugation (500g, 2 min) and the supernatant
was discarded. Subsequent steps (nucleus isolation, shearing of chro-
matin, preclearing, immunoprecipitation, reverse cross-linking and
DNA purification) were performed as described previously””. Anti-GFP
antibodies were obtained from Santa Cruz Biotechnology (1:2,000
dilution was used for antibodies) and ChromoTek GFP-Trap Agarose
was obtained from Proteintech. The enrichment of different DNA frag-
ments encompassing the RD29B promoter in the antibody containing
fraction (as compared to the control without antibody) was quantified
using quantitative PCR from immunoprecipitated samples.

Photosynthetic parameters and thermoimaging

Gas-exchange measurements and thermoimaging were performed
as described previously’. For quantifying net photosynthesis (4,),
transpiration (£) and stomatal conductance (g,) of the whole rosette,
the GFS-3000 gas-exchange system was equipped with custom-built
whole plant cuvettes (Heinz Walz). The analyses were conducted at

150 pmol m™2s™ PAR, 400 pmol mol ™ external CO,and awater vapour
deficit of 1.3 + 0.1 kPa using the software of the instrument supplier.
PAMimaging was performed by using a MAXI version of IMAGING PAM
(Heinz Walz). The operation of the PAM imaging system was performed
according to the manufacturer’s instructions. In brief, plants were
dark-adapted for 30 minand then subjected to asaturatinglight pulse,
and the maximum quantum efficiency of photosystem Il (¢PSII,,,,)
was calculated from basic (F,) and maximum level of fluorescence
(F). Actinic light was then applied (150 pmol m?s™ PAR) and, after
1hofillumination, asaturating light pulse was triggered to determine
transient fluorescence (F,) and maximal fluorescence (F,,). The corre-
sponding quantum efficiency of photosystem Il (¢PSII) was calculated
as (F,, — F)/F,,. The non-photochemical quenching (NPQ) was deter-
mined as the ratio of (F,, — F.)/F,. The images of NPQ are presented
using the standard false colour code, with rescaled values (original
values divided by 4) ranging fromOto 1.

Confocal microscopy

Confocal microscopy and FRET-FLIM analyses were performed as
described previously”. Inbrief, leaves of 5-week-old tobacco (N. bentha-
miana) were infiltrated with a suspension of A. tumefaciens GV3101
(MP90) for expression of the viral p19 protein and A. thaliana proteins.
Thebacteria contained binary level Il plasmids” for the expression of
GFP-TWA1/twal, and mCherry fusions with JAM2, JAM3 and TPL under
the control of the viral 35S promoter in plant leaves. Infiltrated plants
wereincubated for 2 daysat20 °C and exposed for2 hto37 °Cor20 °C.
For analysis of yeast, freshly transformed yeast cells of strain AH109
(MATa, obtained from]J. Uhrig, Cologne) were cultivated overnightin
1 mlsynthetic dextrose medium (SD) at different temperatures asindi-
cated before confocal analysis. Confocal analysis was conducted using
the Olympus FluoView 3000 inverse laser-scanning confocal micro-
scope withthe UPLSAPO 60XW 60x/NA1.2/WD 0.28 water-immersion
objective (Olympus). Forimaging of the GFP and mCherry fluorophore,
tissue samples were excited at 488 and 561 nm, respectively. Specific
GFPfluorescencein the nucleus was calculated by subtracting the back-
ground fluorescence®’. For FRET-FLIM data acquisition, the PicoQuant
advanced FCS/FRET-FLIM/rapidFLIM upgrade kit (PicoQuant) was
used. GFP was excited at 485 nmwith a pulsed laser (pulse rate, 40 MHz;
laser driver, PDL 828 SEPIAII; laser, LDH-D-C-485, PicoQuant), and
fluorescence emission was collected using the Hybrid Photomultiplier
Detector Assembly 40 (PicoQuant) and processed by the TimeHarp
260 PICO Time-Correlated Single Photon Counting module (resolu-
tion, 25 ps; PicoQuant). At least 250 photons per pixel were recorded
for each analysed sample. Data were fitted to a bi-exponential decay
function and convoluted using SymPhoTime 64 software (PicoQuant).

Yeast constructs and growth analyses

Yeast growthand Y2H assays were performed as reported previously®’
unless otherwise stated using pGAD424 (GenBank: U07647) and
pBRIDGE vectors for expression of A. thaliana proteins (Clontech). A
screen for proteins interacting with TWA1 was performed with A. thali-
anaY2H libraries”®. Coding sequences of TWAIand homologues were
expressed as fusions with the GAL4-activation domain (AD), whileJAM,
MYC2, TPL and TPRs were fused to the GAL4-DNA binding domain. For
analysis of yeast growthinliquid culture, precultures of threeindepen-
dently transformed yeast colonies per construct were used forinocula-
tion of 1.5 mI SD medium containing 2% glucose supplemented with
20 mg I uracil, 20 mg I methionine and, for selection of plasmids and
protein interaction, supplemented with 20 mg 1 histidine, 60 mg I
leucineand 50 mg I tryptophan asindicated. After growth overnight
inagyratory shaker at 200 rpm and 30 °C, 13.5 ml supplemented SD
was added, and the suspension culture was further cultivated until
the beginning of the exponential growth phase was reached at optical
densities at 600 nm (OD,,) of between 0.6 and 0.8. Subsequently, cells
were sedimented (1,500g, 5 min), resuspend in selective SD and used


https://www.ncbi.nlm.nih.gov/nuccore/U07647

to inoculate 20 ml fresh SD to a final OD, of 0.020 for monitoring
growth at different temperatures (200 rpm). The apparent growth
rate u was calculated in the first 24 h of culturing using the formula
1= (In[0OD,,,/OD,1)/24 h. The growth rate in yeast was used to approxi-
mate the Q,, temperature coefficient of the TWAl response as Q,, =
[po/p '™~ ™ where T'is temperature in Celsius and yy, and uy, are
the rates at T1 and T2, respectively. The Q,, value of ~150 was esti-
mated using the measured rates of 0.138 and 0.011 h™ at 25 °C and
20°C, respectively.

Statistics and reproducibility

Statistics were derived from data of biological replicates excluding
technicalreplicates. The sample size was calculated using the G*Power
v.3.1.9.7 software® for unpaired two-sided t-tests, with n = 3 for proto-
plastand yeast experiments with a presumed effect size of 5, a and S of
0.05,and power (1- ) = 0.95. The number of biological replicates was
n=6forsingle datapointsintheseedling growth assay withapresumed
effect size of 2.5, aand  of 0.05, and power (1 - 8) = 0.95. Each experi-
ment was repeated at least twice with similar results. Representative
confocalimages are shown in Figs. 2d and 3c. In yeast, approximately
85% of fluorescent cells showed the GFP-TWA1 subnuclear crowding
at 30 °C, never observed with the twal product (Fig. 2d, n>100). In
tobacco epidermal cells, the nuclear subdomain accumulation of
GFP-TWA1lwas 75% at 37 °C (Fig.3c, n > 50). The nuclear TWA1 crowd-
ing was consistent in independent experiments. Data were analysed
using Mann-Whitney U-tests unless otherwise stated (https://www.
socscistatistics.com/tests/mannwhitney and https://www.statsking-
dom.com/170median_mann_whitney.html, to calculate exact Pvalues
of <0.0001). One-way analysis of variance was performed using SPSS
v.16.0 software for Windows. Student’s ¢-tests were performed using
Excel 2016. Box plots were drawn using OriginPro 2020. Details on the
statistical analyses are found in the Source Data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
Article. Dataon TWAIl protein and transcript abundancein A. thaliana
organs are from the ATHENA proteomics database (https://athena.
proteomics.wzw.tum.de). Source data are provided with this paper.
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Extended DataFig.1|Seedlings with enhanced ABA signalling areimpaired
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different times. Inhibition was determined 5 days after stress. e, Inhibition of
rootgrowth by heatstressin the dark. 4 day-old acclimated seedlings of wild
type, mutants pp2c_a and pp2c_b,and RCAR1and RCAR6 overexpressinglines
were exposed to 45 °C heat stress for the indicated times in darkness. Root
extensionwas measured 5 days after treatment. c-e, Mean £ s.d. (n = 6). Statistical
significance and source dataare provided in the Supplementary Information
(SI) File Extended DataFig. 1.
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Extended DataFig.7 | Dependency ofJAM2 interaction with TWAland
TWAIlorthologues ontemperature.a, Temperature dependence of JAM2

20°C

30°C

6 420°C 25°C
-L-W-H A |-L-w-H
JAM2 —@— A. thaliana
—i— A. lyrata
—¥—S. alba
o © |-e—TwA1_AIDR1
3 3 |A—uam2
a3 TWA1 a3 -
o o
—@— A. thaliana
—i—A. lyrata
~W¥—S. alba
—@—TWA1_AIIDR1
—A— JAM2
0 ) 4 v——y
6 430°C 35°C
JAM2 ; JAM2 -L-W-H -L-W-H
S TWA1 TWA1 o
© 8
0 34 a3 -
(]
i —@— A. thaliana
o =i
—¥—S. alba —%—S. alba
—@—TWA1_AIIDR1 —&— TWA1_AIIDR1
—A—JAM2 —h— JAM2
0-4 T T T T T T 0 T T T T T T
0 24 48 72 0 24 48 72 4 48 72 4 48 72
Time (h) Time (h) Time (h) Time (h)

binding to TWAland variants. Y2H growth assay for histidine autotrophy. The

JAM2-JAM2 pair (JAM2) served as positive control. b, Histidine autotrophic
yeastgrowthinthe Y2H assay provided by the binding of JAM2 fusion with
Gal4-BD to Gal4-AD fusions of JAM2 (JAM2), TWAL, and orthologues from

A.lyrata, S. alba,and aTWAlversionin which the Arabidopsis HVR has
been exchanged for the corresponding domain of A. [yrata (TWA1_AIHVR).
a, b, Theinoculumwas 0.020 optical density (OD) at wavelength 600 nmin
growth medium lacking leucine, tryptophan, and histidine (-L,-W,-H), and
dataaremean +SD, n =3 per data point).
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Extended DataFig. 8| Transactivation and binding of JAM2 to the vicinity
ofthe transcriptionstartsite within the RD29B promoter.a, Enhanced
ABA response by ectopic expression of JAM2. Protoplasts of wild type were
transfected withJAM2 effector cassette (3 ug DNA/10° protoplasts) and the
promoter pRD29B or pRD29B with mutated ABA-responsive cis elements
(ABRE), mMABRE1or mABRE2, driving luciferase expression. After incubation
inthe presence of 10 uM ABA for 16 h, the luciferase activity was measured
(kRLU/RFU), (mean = SD, n=3).b,JAM2 interaction with RD29B s stimulated
inthe presence of ABA. Top, ChIP analysis of the promoter region of RD29B.
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Bottom, Scheme of pRD29B with the transcriptional start site at position1.
ABREs (motif ACGTG) are signified by filled boxes and their nucleotide distance
relative tothe startsiteis given with ABRE1and ABRE2 closest and next closest
tothestartsiterespectively. Potential JAM2 binding sites, thatisimperfect
G-boxes with one nucleotide deviation from the core CACGTG motif®?, are
indicated withopenboxes. Middle, the positions of the amplified DNA
fragments are shown. Protoplasts were analysed after transient expression of
JAM2 effector (3 pg DNA/10° protoplasts) or not (control) with or without

10 t(MABA (mean £s.e.m.,n=3-4).
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Extended DataFig. 9 |Ectopic expression of TWAlenhances
thermotolerance but does not affect growth and photosynthesis.a, TWA1
transcriptlevelsintwo representative TWAl-overexpressing (TWAloe) lines in
comparisontowild type and the twal mutants. 5-d old seedlings were analysed
for TWAltranscriptabundance by RT-qPCR with UBC9, UBI10 and TIP41L
transcripts as reference. Ectopic TWAI expression was under the control of the
viral 35 S promoter in twal-2mutant background. The TWAltranscriptlevel
inwild type (pHB6:LUC) was set to1and fold change of abundance in mutants
and TWAIoe linesis presented. Dataare mean = SD, n =3, tenseedlings pern.
b, Enhanced acquired thermotolerance of TWAloe lines. Inhibition of root
growthin TWAloe lines (red) compared to WT inresponse to various 45 °C
exposure times (mean +s.d.,n=6).c, Basal thermotoleranceisimprovedin
TWAIloelines and impaired in twal-1and twal-2. Chlorophyll content per

fresh weight of 5d-old seedlings one day after exposure to 37 °C asindicated
(mean+s.d.,n=15fromthreerepetitions). The chlorophyll contentatt=0was
settol.d, e, Improved thermotolerance of TWAloe lines without tradeoffsin
growth and changesin apparent photosynthetic parameters. Comparison of
totalleafarea (leafarea; n = 4), leaf temperature (T.,; n =4), net photosynthesis
(A,;n=7),transpiration (E; n=7),and stomatal conductance (g, n=7) of plants
grown for 38 days at short-day conditions with 22 °C daytime temperature and
150 pmolm™s™ photosynthetic active radiation (mean +s.e.m.). e, 20-day-old
plantlets analysed for maximum quantum efficiency of photosystemII (FPSII,,,,),
quantum efficiency of photosystem II (FPSII), and non-photochemical quenching
(NPQ). Nostatistically significant differences were found (n=9; P> 0.05,
one-way ANOVA). Left, Values are expressed in false colours. Right, mean+s.e.m.
Statistical analysis for b-eis provided in Sl Extended DataFig. 9.
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Extended DataFig.10|Transcriptlevelsinseedlings expressing TWAlor
TWA1lorthologsin comparisontowild type and twal mutants. a, Left,
Changesintranscriptabundance for HSPs and ABA-induced RD29B in wild
type of 5 days-old seedlings exposed to a shift from 22 °Cto37°Cforupto6 h.
Transcripts were quantified by realtime PCR after 4 hrecoveryat22°C.The
transcriptlevel in WT (pHB6:LUC) without heat treatment was setto1.

b, Transcript changesin TWAl-deficientand TWAoe lines comparedtoWT asin
a,with37°Cexposure for 4 h (treatmentand symbols asina. Transcripts were
analysed by RT-PCR). ¢, Analysis asinb, however, with arecovery time of 0.5 h.
d, Transcript changes of HSFA2, HSP21, and HSP26.5 affected by TWAland
orthologsin5-d old seedlings from ten differentlines grownat 20 °Cand

exposed for1hto25°C, orkeptat20 °C,with 0.5 hrecovery period at 20 °C
prior to RT-qPCR analysis. e-g, Transcriptabundancein A. thaliana seedlings
grownat20 °Candexposedto35°Cforlhafter30 minrecoveryat20 °Cthat
expressed TWAL, the orthologues from A. lyrata AITWAl and Sinapis alba
SaTWAlunder the control of the viral 35 S promoter in the twal-2background.
Theanalysis of two representative linesis shownin comparisonto WT lines
(pHB6:LUC and Col-0) and both twal mutants for e, HSFA2,f, HSP21and g,
HSP26.5transcriptlevels. The transcriptabundance of WT pHB6:LUCline at
20°Cissettol.a-g,Dataaremeants.d., n=3, tenseedlings per n. Statistical
significancein SI_Extended Fig. 10.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

OO0

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

NN

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OO0 X X OO

XX X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For FRET-FLIM data acquisition, SymPhoTime 64 software (PicoQuant) was used. The intensity of light emission from plant
organs of interest was measured using Simple PCl 6.6 software (https://hcimage.com/).

Data analysis FRET-FLIM data were analysed using SymPhoTime 64 software (PicoQuant). Box plots were drawn using OriginPro 2020. Mann-Whitney U-
Test was performed online (https://www.socscistatistics.com/tests/mannwhitney and - to calculate exact P values < 0.0001 - https://
www.statskingdom.com/170median_mann_whitney.html). One-way ANOVA analysis was done using SPSS version 16.0 software for
Windows. Student's t test was done using Excel 2016. Amino acid sequences of TWA and representative proteins were aligned with NCBI's
COBALT alignment tool (https://www.ncbi.nIm.nih.gov/tools/cobalt/re_cobalt.cgi). Sample size was calculated by using the G*Power 3.1.9.7
software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information. TWA protein and TWA1 transcript abundance were
obtained from the ATHENA proteomics database (https://athena.proteomics.wzw.tum.de).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnicity, or not applicable
other socially relevant

groupings

Population characteristics not applicable

Recruitment

Ethics oversight

not applicable

not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Only data of biological replicates were used for statistical tests. Analysis of large sample size experiments with seedlings, protoplasts, and
yeast revealed normal distribution with an average s.d. of about 20% for seedling data and 15% for protoplast and yeast measurements. The
sample size was calculated by using the G*Power 3.1.9.7 software (Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical power
analyses using G*Power 3.1: Tests for correlation and regression analyses. Behavior Research Methods, 41, 1149-1160.) for an unpaired, two-
sided t-test with n=3 for protoplast and yeast experiments (presumed effect size of 5, a and b of 0.05, and power (1- b) =0.95) and n=6 for
assay of seedling growth (presumed effect size of 2.5, a and b of 0.05, and power (1- b) =0.95).

Sample size varied from n=3 to n=36 per data point and is specified for each experiment below..
“n” represents the number of distinct samples.
Mann Whitney U test, two-tailed, was applied unless otherwise stated.

Box plots: center line, median; box limits, upper (25th percentile) and lower quartils (75th percentile); whiskers, 1.5 times interquartile range.

Fig. 1
b) Data are presented as the mean +s.d., n = 6 per data point
c) Data are presented as single data points (n = 18 from three repetitions for each line and treatment)

Fig. 2
a)-c) Data are presented as the mean *s.d, n =3 per data point
d) Asterisks indicate a significant difference (P < 0.00001, Student's t-test, 11-16 cells)

Fig. 3
a), b) mean +s.d., n = 3 per data point
e) Asterisks indicate a significant difference (P < 0.0001, two-tailed Mann-Whitney U test, 16-30 cells)

Fig. 4
b) mean ts.d., n = 6 per data point
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c) mean *s.d., n = 12 from three repetitions
e), f) mean + s.d., n = 3 per data point

Extended Data
ED Fig. 1
c)-e) mean * s.d., n = 6 per data point

ED Fig. 2

a) mean +s.d., n = 36 from 6 repetitions
b) mean £ s.d., n = 36 from 6 repetitions
d) mean+s.d., n=10

ED Fig. 5
a) mean +s.d., n = 3 per data point
b) n=12

ED Fig. 6

b)-d) n=20-30

b) Asterisks indicate a significant difference (P < 0.0001, two-tailed Mann-Whitney U test, 16-30 cells)
c) two-tailed Mann-Whitney U test, P = 0.82 (JAM2, twal); P = 0.68 (mCherry, GFP)

d) two-tailed Mann-Whitney U test, P = 0.238 (JAM2,TWA1); P = 0.07 (JAM3, TWA1)
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ED Fig. 7
a),b) mean +s.d., n = 3 per data point

ED Fig. 8
a)meantsd,n=3
b) mean +s.e.m., n=3-4

ED Fig. 9

a) mean +s.d., n =3, ten seedlings per n

b) mean +s.d., n = 6 per data point

c) mean *s.d., n = 15 from 3 repetitions

d) mean +s.e.m., n = 4-7 (leaf area, leaf temperature, n = 4; net photosynthesis, transpiration, stomatal conductance, n = 7)
e) mean *+s.e.m.,, n=9; P>0.05, one-way ANOVA

ED Fig. 10
a) - g) mean *s.d., n = 3, ten seedlings per n
All data supporting the findings of this study are available within the paper and its Supplementary Information. TWA protein and TWA1
transcript abundance were obtained from the ATHENA proteomics database (https://athena.proteomics.wzw.tum.de).
Data exclusions  No data were excluded from the analysis
Replication All attempts at replication were successful. Experiments were repeated on different days at least twice.
Randomization  Sample allocation was randomised.
Blinding Blinding was not deemed necessary in our study since we made no a priori assumptions on the response of the different samples to the

experimental treatment, samples were all treated in parallel (e.g. on the same solid agar Petri dish, cf. Fig. 1a) and there was no selection
prior measurement since all samples treated were always measured.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.




Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

>
Q
=
<
=
®
©
]
=
o
=
®
§o}
]
=
>
Q@
wv
-
3
3
eV)
5
<

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,

describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale | /ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? []ves []No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

IZI Antibodies IZI D ChlIP-seq

|:| Eukaryotic cell lines IZI D Flow cytometry

|:| Palaeontology and archaeology IZ |:| MRI-based neuroimaging

[ ] Animals and other organisms
[] clinical data

[ ] Dual use research of concern

IXI Plants
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Antibodies
Antibodies used anti-GFP (B2) sc-9996, Santa Cruz at a dilution of 1:2000
Validation https://datasheets.scbt.com/sc-9996.pdf

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.




Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

O0Oodos

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

~<
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OO00o0o0oods
Oooodoogo

Any other potentially harmful combination of experiments and agents

Plants

Seed stocks T-DNA knockout lines of the GABI-Kat collection including GK-476H03 (At5g13590; twal-2), GK_285E09 (At2g46510; jam1-2),
GK_301GO05 (At4g16430; jam3-2), GK-012D02 (At1g73000; rcarl13) and SALK collection including SALK_143411 (At2g33540; cpl3-10),
SALK_036566 (At1g15750; tpl-8), SALK_112730 (AT3G16830; tpr2-2), SALK_002209 (At3g15880; tprd-2) and SALK_083621
(At1g01360; rcarl) were obtained from The European Arabidopsis Stock Centre. The JAM2/bHLH013 (At1g01260) gene was
inactivated in pHB6:LUC line using the CRISPR/Cas9 system as described in the material and methods section. The triple mutants
abil-2 abi2-2 hab1-1 and abil-2 hab1-1 pp2ca-1 were a gift of Pedro L. Rodriguez together with the multiple PYR/PYL knockout pyrl
pyll pyl2 pyl4 pyl5 pyl8.

Novel plant genotypes  Mutant twal-1 was recovered from a screen of EMS-mutagenized Arabidopsis seeds of the ABA reporter line pHB6:LUC.
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Authentication Primers used for genotyping T-DNA insertion lines are provided in Table 1 in the methods section. The identity of the ABA response-
gene TWA1 was confirmed by complementation of the mutant phenotype by gene transfer of an 7 kb genomic fragment and by
alllelism test of the F1 generation of a twal-1 x twal-2 crossing as specified in Extended Data Figure 2. Out of more than 10
independent transgenic lines with ectopic TWA1 expression using the viral 35S promoter, 2 were selected randomly and used in the
experiments.

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.
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Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable” for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
D All plots are contour plots with outliers or pseudocolor plots.

D A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument Identify the instrument used for data collection, specifying make and model number.
Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a

community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.qg. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
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subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI D Used D Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,




Graph analysis subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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