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Abstract

Plants code for a multitude of heat stress transcription factors (Hsfs). Three of them

act as central regulators of heat stress (HS) response in tomato (Solanum lycopersicum).

HsfA1a regulates the initial response, and HsfA2 controls acquired thermotolerance.

HsfB1 is a transcriptional repressor but can also act as co‐activator of HsfA1a.

Currently, the mode of action and the relevance of the dual function of HsfB1 remain

elusive. We examined this in HsfB1 overexpression or suppression transgenic

tomato lines. Proteome analysis revealed that HsfB1 overexpression stimulates the

co‐activator function of HsfB1 and consequently the accumulation of HS‐related pro-

teins under non‐stress conditions. Plants with enhanced levels of HsfB1 show aberrant

growth and development but enhanced thermotolerance. HsfB1 suppression has no

significant effect prior to stress. Upon HS, HsfB1 suppression strongly enhances the

induction of heat shock proteins due to the higher activity of other HS‐induced Hsfs,

resulting in increased thermotolerance compared with wild‐type. Thereby, HsfB1 acts

as co‐activator of HsfA1a for several Hsps, but as a transcriptional repressor on other

Hsfs, including HsfA1b and HsfA2. The dual function explains the activation of

chaperones to enhance protection and regulate the balance between growth and

stress response upon deviations from the homeostatic levels of HsfB1.
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1 | INTRODUCTION

Heat stress (HS) response (HSR) mechanisms include signal percep-

tion, activation of HS transcription factors (Hsfs), and production of

heat shock proteins (Hsps). All events are a prerequisite for protection

from stress and maintenance of protein homeostasis (Qu, Ding, Jiang,

& Zhu, 2013). At the organismic level, HSR leads to reduced growth,

alterations in the timing of developmental transitions, and anomalies

in developmental programs including impaired male and female game-

togenesis (Bokszczanin & Fragkostefanakis, 2013; Lavania, Dhingra,

Siddiqui, Al‐Whaibi, & Grover, 2015; Mesihovic, Iannacone, Firon, &

Fragkostefanakis, 2016).

The activation of HSR is mediated by the activity of Hsfs

(Scharf, Berberich, Ebersberger, & Nover, 2012; Ohama, Sato,

Shinozaki, & Yamaguchi‐Shinozaki, 2016). Plant Hsfs are catego-

rized in classes A, B, and C based on structural peculiarities in the

DNA binding domain (DBD) and oligomerization domain (OD) and

the presence of class‐specific motifs (Nover et al., 2001; Scharf

et al., 2012). Class A Hsfs are characterized by a specific C‐terminal

activator domain conferring transcriptional activator function

(Döring et al., 2000; Mishra et al., 2002). Class B Hsfs harbour a

conserved amino acid motif LFGV in their CTD discussed to confer

repressor function (Bharti et al., 2004; Czarnecka‐Verner, Pan,

Salem, & Gurley, 2004; Ikeda & Ohme‐Takagi, 2009), whereas class

C has neither activation nor repressor domains.

In tomato, the onset of the response requires the activity of

HsfA1a, which is constitutively expressed, but remains inactive under

non‐stress conditions by interaction with cytosolic Hsp70 and Hsp90

chaperones (Hahn, Bublak, Schleiff, & Scharf, 2011; Mishra et al.,

2002). In Arabidopsis thaliana, the master regulator function is shared

among the four members of the HsfA1 subfamily (Liu, Liao, & Charng,

2011). Upon onset of stress response, additional Hsfs are induced

such as HsfA1b, HsfA2, and HsfA3 to allow stress signal amplification

and establishment of thermotolerance and stress memory as shown in

A. thaliana and Solanum lycopersicum (Bharti et al., 2000; Charng et al.,

2006; Giorno et al., 2010; Kumar et al., 2009; Lämke, Brzezinka,

Altmann, & Bäurle, 2016; Scharf et al., 1998; Schramm et al., 2008;

Yoshida et al., 2011).

In tomato, HsfA2 is deposited to cytosolic HS granules during

HS upon interaction with small Hsps (sHsps; Port et al., 2004). Upon

several cycles of HS or during long‐term stress, HsfA2 is released

from the HS granules and interacts with HsfA1a to facilitate the

stronger transcriptional activity required for protection of protein

homeostasis (Chan‐Schaminet, Baniwal, Bublak, Nover, & Scharf,

2009; Fragkostefanakis et al., 2014, 2016; Scharf et al., 1998).

In contrast to the established activator function of several HsfAs,

the role of class B Hsfs is less understood. In A. thaliana, HsfB1 and

HsfB2b act as repressors of HSR genes in non‐stressed cells and

during recovery from stress (Ikeda, Mitsuda, & Ohme‐Takagi, 2011).

hsfb1‐hsfb2b knock‐out mutants show increased basal thermotolerance

(BTT) compared with wild‐type (WT) due to induction of HS‐related

genes and exhibit also higher disease resistance due to enhanced levels

of defence‐related genes (Ikeda et al., 2011; Kumar et al., 2009).

Furthermore, hsfb1‐hsfb2b mutants exhibit reduced acquired thermo-

tolerance (ATT) due to the weaker induction of HS‐related genes (Ikeda
et al., 2011). However, the mechanism by which HsfB

members A. thaliana can have a stimulatory effect on transcription of

HS‐responsive genes remains unknown as only a direct repressor

function has been reported yet.

Tomato HsfB1 acts as a repressor of HS‐inducible genes but as

a co‐activator of HsfA1a and other non‐Hsf transcription factors

(Bharti et al., 2004). The latter has been concluded from GUS

reporter assays in tobacco protoplasts, in which tomato HsfB1

was shown to co‐activate promoters of A. thaliana housekeeping

genes including actin and Hsc70 (Bharti et al., 2004). Consequently,

detailed information on the role of HsfB1 in the regulation of stress

responsive networks and particularly on the endogenous tomato

system are still lacking.

The activity of tomato HsfB1 is controlled by feedback mecha-

nisms, which regulate the protein levels in a condition‐ and function‐

dependent manners (Röth, Mirus, Bublak, Scharf, & Schleiff, 2016).

The strict regulation is essential for proper cellular surveillance as,

for example, enhanced expression of A. thaliana HsfB1 induces cell

death in tobacco leaves (Zhu, Thalor, Takahashi, Berberich, & Kusano,

2012). Tomato HsfB1 is produced under non‐stress conditions, but

the protein is rapidly degraded via the 26S proteasome (Hahn et al.,

2011). The latter requires the interaction of HsfB1 with Hsp90 and

binding to promoter elements (Hahn et al., 2011). Moreover, HsfB1

is rapidly degraded when acting as repressor in a repressor domain‐

dependent manner (Röth, Mirus, Bublak, Klaus‐Dieter, & Schleiff,

2016). Under HS, HsfB1 is stabilized by recruitment into activator

complexes with HsfA1a (Röth et al., 2016).

Summarizing, on the one hand, a direct correlation of HsfB1 mode

of action between A. thaliana and tomato is not possible due to the

seemingly functional differences between the two proteins. On the

other hand, HsfB1 function proposed from Bharti et al. (2004) provides

only a general model for function. Consequently, neither the array of

genes and proteins affected by HsfB1 activity are known nor the

physiological relevance of HsfB1 mode of action is understood.

We addressed the mode of the repressor and co‐activator func-

tion of HsfB1 by analysing transgenic tomato plants with ectopic or

suppressed levels of HsfB1. The ectopic accumulation of HsfB1

under non‐stress conditions alters growth and development. More-

over, overexpression as well as suppression of HsfB1 leads to

increased seedling thermotolerance and results in the activation of

protection mechanisms for photosystems in young leaves. We

observed that HsfB1 manipulation alters the abundance of proteins

involved in various biological processes including several with puta-

tive housekeeping functions, such as cognate Hsps, translation

elongation factors, and proteasome‐related proteins. In addition,

we show that the co‐activator function of HsfB1 is not general for

all HS‐induced genes, as HsfB1 acts as repressor on promoters of

stress induced Hsfs, such as HsfA2 and HsfA1b. Consequently, sup-

pression of HsfB1 reliefs the repression on these Hsfs, which in turn

leads to a stronger response under HS and thereby increased ther-

motolerance. We conclude that the deviation from the homeostatic

levels of HsfB1 activate gene networks to ensure adequate

response and protection under high temperatures. Our results shed

light to the complex role of the bifunctional HsfB1 and give further

insights into the regulation of HSR in an important crop.
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2 | MATERIALS AND METHODS

2.1 | Generation of HsfB1 transgenic plants

S. lycopersicum plants (cv. Moneymaker) were transformed using the

Agrobacterium tumefaciens strain GV3101(pMP90) (Koncz & Schell,

1986) as described for HsfA1a transgenic plants (Mishra et al.,

2002). In brief, the β‐glucuronidase (uid A) gene was removed from

the binary vector pGPTV‐KAN (Becker et al., 1992), followed by inser-

tion of a DNA fragment containing the sense or antisense Solanum

peruvianum HsfB1 cDNA expression cassette from the corresponding

pRT vectors under the control of CaMV 35S promoter to generate

B1OE (overexpression) and B1AS (antisense) transgenic lines, respec-

tively (Scharf, Rose, Zott, Schöff, & Nover, 1990). T4 generation plants

were used for analyses, derived fromT3 homozygous plants, based on

segregation analysis tests.
2.2 | Heat stress treatment

Eight‐week‐old WT and HsfB1 transgenic tomato plants grown in a

glasshouse under a 16/8 hr day/night cycle (25–20°C) were trans-

ferred to a growth chamber (120 μmol m−2 s−1 light intensity) and

exposed to HS for 1 hr at 39°C and then allowed to recover for

1.5 hr at 25°C or kept for the same time at 25°C as control. Each bio-

logical replicate was consisted by young leaves or stems pooled from

at least eight control and stressed plants, respectively. HS in all cases

was applied around 11–12:00 a.m.
2.3 | Thermotolerance assays

BTT and ATT were examined in 4‐day‐old seedlings of WT and all

transgenic lines as described previously (Fragkostefanakis et al.,

2016). Thermotolerance in relation to photosynthetic capacity was

investigated in plants grown on soil in a glasshouse under long day

(16/8 hr, 25/20°C, day/night) conditions.
2.4 | Pulse amplitude modulated fluorometry
measurements

The photosynthetic activity of control and stressed young and old

leaves was estimated by pulse amplitude modulated (PAM) fluorome-

try (Walz). Six‐week‐old plants were transferred to a climate chamber

with artificial illumination at 120 μmol. HS treatments were performed

during daytime by a gradual increase of the temperature from 25°C to

43°C within 90 min. After additional 90 min at 43°C, temperature set-

ting was returned to 25°C to allow slow cooling down of the chamber.

The HS regime was repeated daily for the subsequent 3 days before

the return of the plants to the glasshouse for an additional period of

5 days for recovery. Photosynthetic activities were followed by PAM

measurements on isolated leaflets from younger and older leaves,

respectively, after dark adaptation for 30 min. Effective photochemical

quantum yield of the photosystem II (Φ (II)), quantum yield of light‐

induced non‐photochemical fluorescence quenching (Φ (NPQ)), effec-

tive photochemical quantum yield of open photosystem II centers

(Φ (II)/qL), and electron transport rate of the photosystem II (ETR)

were determined according to the instructions of the manufacturer.
Five different areas from each young and old leaf were measured

(technical replicates), and for each genotype, three different plants

were used. The experiment was repeated three independent times.

2.5 | RNA extraction and qRT‐PCR

Total RNA was extracted using the E.Z.N.A. Plant RNA Kit (Omega

Bio‐Tek, Norcross, GA, USA) following the manufacturer instructions.

One microgram of total RNA was used for cDNA synthesis with

Revert Aid reverse transcriptase (Thermo Scientific) following the

manufacturer's protocol. Expression of selected genes was deter-

mined using quantitative real‐time PCR (qRT‐PCR) on a Stratagene

Mx3000P cycler (Agilent Technologies). The reaction (10 μl) consisted

of gene primers (Dataset S1), PerfeCTa® SYBR® Green FastMix Low

ROX™ (Quanta Biosciencies) and the template. Thermal cycling

conditions were 95°C/3 min followed by 95°C/15 s, 60°C/30 s, and

72°C/30 s for 40 cycles. Gene primers were designed using PRIMER3

(www‐genome.wi.mit.edu/cgi‐bin/primer/primer3.cgi/). Data were

analysed by standard methods (Livak & Schmittgen, 2001) and pre-

sented as relative levels of gene expression using EF1α

(Solyc06g005060) gene as internal standard.

2.6 | Two‐dimensional differential in gel
electrophoresis (2D‐DIGE)

Total protein extracts from young leaves and stem sections of the

youngest internodes were prepared as previously described (Mishra

et al., 2002) and precipitated with 80% acetone. After successive

washing steps in 80% acetone and 70% ethanol, protein precipitates

were dissolved in 8 M urea/2 M thiourea solution. Protein concentra-

tion was determined by the Bradford assay (Bradford, 1976). Quanti-

fied protein extracts were minimally labelled using the Refraction‐

2D™‐kit (NH DyeAGNOSTICS GmbH, Halle/S., Germany). Aliquots

corresponding to 50 μg of protein were labelled with 400 pmol of

either G‐200 or G‐300 dyes, in which labelling of all samples was done

by dye swapping. As an internal standard, aliquots of all individual

samples were pooled and labelled with G‐100.

Linear pH 3–10, 24 cm IPG strips (GE Healthcare) were rehydrated

overnight in rehydration solution containing two labelled samples

(G‐200 and G‐300, each 50 μg) and the corresponding internal standard

(G‐100, 50 μg) for first dimension separation. Isoelectric focusing

(IEF) was performed using a Multiphor II apparatus (GE Healthcare).

The second dimension separation of proteins was done on 12.5%

SDS‐polyacrylamide gels (Nishtala et al., 2013; Thiele et al., 2007).

2.7 | Image analysis and statistical tests

After separation in the second dimension, the gel images were

recorded on a Typhoon 9400 Scanner (GE Healthcare) and analysed

with Delta2D software version 4.6 (Decodon, Greifswald, Germany;

Hammer et al., 2010). After gel matching, spot volumes were

analysed by Delta2D and the TMEV (Multi Experiment Viewer)

statistic module (Howe, Sinha, Schlauch, & Quackenbush, 2011).

Statistically significant differences in spot intensities among the

groups consisting of two replicates each were calculated by one‐

way ANOVA applying Welch's t test.
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2.8 | In‐gel digestion of proteins and mass
spectrometry

Preparative 2D gels were run each with 550 μg of the pooled leaf and

stem samples, respectively. Protein spots were visualized by colloidal

coomassie staining (Thiele et al., 2007), and images were recorded

and aligned with those of analytical gels in Delta2D. Spots of interest

were processed for identification as described by Eymann et al. (2002).

Briefly, tryptic digestion was performed automatically in an Ettan Spot

Handling Workstation (Amersham Biosciences) as well as the subse-

quent spotting of peptide solution onto MALDI targets. Samples were

measured using the Matrix‐Assisted Laser Desorption‐Ionization

Time‐of‐Flight (MALDI‐TOF‐TOF) instrument (Proteome‐Analyser

4800; Applied Biosystems, Foster City, CA, USA) as described

previously (Lendeckel et al., 2015). Peak lists from combined MS and

MS/MS measurements were compared with a UniProt‐SwissProt

database (Rel. 51.5 restricted to human taxonomy) by the MASCOT

search engine Version 2.1. Protein identifications and statistically

relevant data were combined via unique spot‐IDs using the MSRepo

database software (Decodon, Greifswald, Germany).

2.9 | LC‐MS/MS analysis

Aliquots of protein extracts corresponding to 4 μg of total protein were

digested overnight at 37°C with trypsin (Promega) after protein reduc-

tion and alkylation. Tryptic peptides were desalted with C‐18 ZipTip

(Millipore) following the manufacturer's instructions. LC‐MS/MS

measurements were done as described before (Palm et al., 2016),

including reverse phase separation of tryptic peptides performed on a

Proxeon Easy nano‐LC system and mass spectrometric analysis using

the Orbitrap Velos MS. Peptides were identified by an automated

SORCERER/SEQUEST search (Sorcerer built 4.04, Sage‐N Research

Inc., Milpitas, CA, USA) against a S. lycopersicum database generated

from ITAG 2.4 (https://www.solgenomics.net/). Only proteins with at

least two significant peptides (greater than 95.0% probability) were

considered for identification and Sequest identifications required at

least XCorr scores of greater than 2.5 for double and 3.0 for triple

charged ion (Keller, Nesvizhskii, Kolker, & Aebersold, 2002;

Nesvizhskii, Keller, Kolker, & Aebersold, 2003).

2.10 | Principal component analysis (PCA) and
k‐means clustering

All identified spots via 2D‐DIGE for the different proteome samples

were used for PCA and k‐means clustering. The FactoMineR package

(version 1.31.4; http://factominer.free.fr/) was used to perform the

PCA (Lê, Josse, & Husson, 2008) using RStudio (https://www.

rstudio.com/). The three main principal components (PCs) were used

for separating the single samples. For each PC, the percentage of

partitioning of all spots among the samples was calculated.

k‐means clustering was performed by Multiple experiment Viewer

tool (MeV version 4.9.0; https://sourceforge.net/projects/mev‐tm4/).

The number of clusters (k) was chosen based on a 50 times Figure Of

Merit (FOM). The LC‐MS/MS and DIGE values were transformed in

relative abundance of each leaf and stem datasets. Each k‐means

clustering of each approach was performed 25 times, and the result
with the lowest variance was chosen. For cluster comparison,

Euclidean hierarchical clustering of mean cluster values was performed

by MeV. Functional categorization of selected proteins was done using

MapMan (http://mapman.gabipd.org/) using the mapping file for

S. lycopersicum ITAG2.3 (http://mapman.gabipd.org/de/mapmanstore).
2.11 | Protein analysis by immunodetection

For immunoblot analysis, frozen leaves (50–100 mg) were used for

protein extraction as previously described (Mishra et al., 2002);

15–20 μg of protein extracts were mixed with an equal volume of

2×SDS sample buffer and separated on 10% SDS‐polyacrylamide gel.

Proteins were transferred to nitrocellulose membrane (PROTRAN®

Nitrocellulose Transfer Membrane, Whatman) and processed

for chemiluminescence detection following the manufacturer's

protocol (PerkinElmer). Hsp101 antibody was purchased from Agrisera

(AS07‐253).
2.12 | GUS reporter assay

Tomato (S. lycopersicum cv. Moneymaker) mesophyll protoplasts were

purified and transformed by polyethylene glycol‐mediated transforma-

tion as previously described (Mishra et al., 2002). Fifty thousand pro-

toplasts were transformed with a total of 10 μg of plasmid DNA per

sample consisting of 0.5 μg of each Hsf expressing plasmid and 1 μg

of the reporter construct. The total amount of plasmids was

complemented with pRT‐Neo mock plasmid to 10 μg. Upon transfor-

mation, protoplasts were incubated for 6 hr at 25°C. GUS activities

were determined as described previously (Chan‐Schaminet et al.,

2009; Treuter, Nover, Ohme, & Scharf, 1993).

Plasmids encoding for HsfA1a, HsfA2, HsfA3, and HsfB1 as well as

PHsp17*::GUS have been described elsewhere (Hahn et al., 2011;

Nover et al., 2001; Treuter et al., 1993). The promoter reporter con-

structs of HsfA1b (Solyc03g097120), HsfA2 (Solyc08g062960), HsfA3

(Solyc09g009100), Hsp70‐1 (Solyc06g076020), and Hsp21.5‐ER

(Solyc11g020330) were generated by cloning approximately 1 kb frag-

ments upstream of the start codon for each gene in the pRT‐GUS vec-

tor. The expression construct of HsfA1b, HsfA6b (Solyc06g053950),

and HsfA7 (Solyc09g065660) was prepared by cloning the open read-

ing frame to the carboxyl terminus of a 3xHA coding sequence under

the control of CaMV 35S promoter using SalI‐XbaI restriction sites

(Table S1). HsfA4b and HsfA9 have been described elsewhere (Baniwal,

Kwan, Scharf, & Nover, 2007; Röth et al., 2016). The levels of each pro-

tein were detected by immunoblot analysis using either anti‐HA or Hsf‐

specific antibodies (Chan‐Schaminet et al., 2009; Hahn et al., 2011).
3 | RESULTS

3.1 | Identification of HsfB1 suppression and
overexpression transgenic plants

We generated transgenic plants with ectopic or suppressed HsfB1

expression in the background of S. lycopersicum cv. Moneymaker.

The transgenic lines were produced by expression of a cDNA cassette

of tomato HsfB1 (CAA39034; Scharf et al., 1990) in the sense or

https://www.solgenomics.net
http://factominer.free.fr/
https://www.rstudio.com/
https://www.rstudio.com/
https://sourceforge.net/projects/mev-tm4
http://mapman.gabipd.org/
http://mapman.gabipd.org/de/mapmanstore
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antisense (AS) orientation under the control of CaMV‐35S promoter,

aiming for overexpression or suppression, respectively.

The level of the endogenous HsfB1 transcripts in the transgenic

lines was analysed by qRT‐PCR in leaves of 6‐week‐old plants and

compared with WT. Plants were exposed either to 39°C for 1 hr

(Figure 1a, sample “HS”), followed by 1.5 hr recovery at 25°C (sample

“HR”) or kept at 25°C (non‐treated plants; sample “C”). We selected

two antisense lines (B1AS‐18, AS‐21) and one sense co‐suppression

line (B1CS‐39) with significantly reduced levels of HsfB1 transcripts

in control and stressed samples (Figure 1a).

Overexpression lines were identified by qRT‐PCR using primers

amplifying both the endogenous and the transgene mRNA.

We selected three sense lines (B1OE‐5, −41 and −46) with fivefold

to 15‐fold higher expression of HsfB1 total levels in non‐stressed

and stressed leaves when compared with the level in WT plants

(Figure 1b). The transcript level of the endogenous HsfB1 was

enhanced in the recovery sample in all three sense lines compared

with WT (Figure 1a).

The impact of the antisense repression (AS), co‐suppression (CS),

or overexpression (OE) on HsfB1 protein level was confirmed. HsfB1

protein was barely detectable under control conditions in WT plants,

strongly accumulated after treatment at 39°C and rapidly reduced to

basal control levels after recovery (Figure 1c). Significantly reduced

levels of the endogenous HsfB1 were detected in control and

stressed B1AS and B1CS lines (Figure 1c). In turn, HsfB1 accumulates

at higher levels in all three sense lines under all conditions when

compared with WT (Figure 1c). Collectively, we identified three
independent HsfB1 suppression and three overexpression lines, which

were used for further investigation.
3.2 | Accumulation of HsfB1 affects plant growth
and development

Phenotypic analysis revealed that the overexpression of HsfB1 affects

tomato plant growth and development, whereas suppression of HsfB1

has only minimal effects under normal growth conditions (Figure 2a).

The B1OE lines have reduced stem growth compared with WT plants

at 36 and 44 days post seed imbibition (dpi), whereas there is no

significant difference at earlier time points (Figure 2b). No significant

differences exist in seed germination or seedling early growth

between the transgenic and WT plants (data not shown). Thus, the

growth retardation coincides with first flower bud appearance,

approximately 5 weeks dpi.

In agreement, the youngest internodes of the overexpression lines

are significantly shorter compared with WT or the suppression lines

(Figure 2c). Suppression of HsfB1 results in enhanced length of the

older internodes; however, this does not have a significant effect on

the overall stem growth, which is similar to WT (Figure 2c).

WT and suppression plants develop side shoots after transition of

the primary apical shoot meristem to the formation of the first inflo-

rescence mainly at apical internodes numbers 10–12 (Figure 2d). In

contrast, B1OE lines develop adaxial side shoots at the older inter-

nodes 1–8. Although the duration of flowering time until fruit set is

similar for all lines (not shown), HsfB1 overexpression leads to earlier
FIGURE 1 Expression of HsfB1 in leaves of
sense and antisense transgenic tomato lines.

Relative transcript levels of (a) endogenous
and (b) endogenous and transgene HsfB1
(total) in leaves of wild‐type (WT), antisense
(AS), co‐suppression (CS), or sense
overexpression lines (OE) exposed either for
1 hr to 39°C (HS) and subsequently 1.5 hr to
25°C (HR) or for the same time at 25°C (C)
were determined by qRT‐PCR. EF1a was used
as housekeeping gene and results were
normalized to control WT sample. Bars are
means of four replicates ± SD. Different
letters denote statistically significant
difference at p < 0.05 (ANOVA and Duncan's
multiple range test). (c) Leaves of WT and
transgenic plants were treated as in (a). HsfB1
levels in 40 μg of total protein extract of WT
and transgenic lines were determined by
immunoblot analysis with an HsfB1 antibody.
Ponceau S staining of large subunit of Rubisco
(Rbc) is shown for loading control. Asterisks
indicate cross reactivity of the antibody with
non‐HsfB1 proteins



FIGURE 2 Effect of overexpression and suppression of HsfB1 on growth and development. (a) Images of representative WT, B1AS‐21, and
B1OE‐5 plants at 65 dpi grown under standard control conditions. (b) Stem length of WT and transgenic plants 28, 36, and 44 dpi, and (c)
internode length of WT and transgenic plants 52 dpi. The cumulative length of the internodes is the average stem length 52 dpi. Asterisks indicate
significant difference between transgenic and WT plants for the respective internode (right side of bar) or stem length (top; p < 0.05). (d) Length of
side shoots at each internode of WT and transgenic plants. Each data point is the average ± SD of at least 10 plants grown under standard
conditions from one representative experiment. (e) Percentage of flowers at pre‐anthesis (closed), anthesis (open), post‐anthesis (withered petals),
flowers with fruit set or aborted flowers on the first inflorescence 65 dpi. Different letters denote statistically significant difference at p < 0.05, as
indicated by ANOVA and Duncan's multiple range test

FRAGKOSTEFANAKIS ET AL. 879
fruit set of approximately 1 week compared with WT (Figure 2e),

which coincides with the observed growth retardation. We also

detected a higher frequency of flower or fruit abortion in HsfB1

overexpression lines compared with the WT plants (Figure 2e).

Collectively, HsfB1 overexpression leads to retarded plant growth until

the reproductive period of the plant and to defects in flowering and

fruit set. Suppression of HsfB1 does not yield notable phenotypic

differences with the exception of the longer basal internodes. We

exclude the possibility that the phenotype is due to the transformation

event itself, as on the one hand the transgenic lines derived from

independent transformation events whereas on the other hand the
co‐suppression transgenic line did not show any defects on growth

or development (Figure 2).
3.3 | Effect of HsfB1 expression level manipulation
on basal and acquired thermotolerance

The importance of HsfB1 in tomato BTT and ATT was determined by

relative hypocotyl elongation of seedlings during the recovery period

after a HS treatment (Figure 3). Four‐day‐old dark grown seedlings

were exposed to 42.5°C or 45°C for 1.5 hr followed by 4 days of

recovery in darkness. Both HS treatments caused a reduction in



FIGURE 3 Effect of HsfB1 overexpression or suppression on
thermotolerance of tomato seedlings. (a) Four‐day‐old seedlings
were exposed to 42.5°C or 45°C for 1 hour, followed by
determination of hypocotyl elongation relative to seedlings at control
conditions (25°C) after 4 days (BTT). (b) Four‐day‐old seedlings were

pretreated at 37.5°C for 1 hr, incubated at 25°C for 3 hr and then
exposed to the indicated temperatures for 1.5 hr (ATT).
Thermotolerance is expressed as hypocotyl elongation after 4 days
relative to seedlings exposed to 37.5°C. The pictographs indicate the
treatments used. Bars are means of 8–10 seedlings per genotype ± SE.
Asterisks indicate significant differences to untreated seedlings of the
respective genotype compared with WT (pairwise t test analyses:
*p < 0.05, **p < 0.01)

FIGURE 4 HsfB1 dependence of performance of the photosystems
II. (a) The effective photochemical quantum yield of open PSII
centers Φ (II)/qL, (b) the quantum yield of light‐induced non‐
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relative hypocotyl elongation of WT seedlings (Figure 3a). Both, B1OE

and HsfB1 suppression lines, show similar reduction in hypocotyl

elongation after treatment at 42.5°C, but an enhanced recovery

compared with WT seedlings after HS at 45°C (Figure 3a).

For ATT measurements, seedlings were pretreated at 37.5°C for

1 hr, followed by 3‐hr recovery at 25°C, and a 1.5‐hr treatment at

different temperatures between 45°C and 50°C. Direct exposure to

47.5°C or 50°C was lethal for all lines (not shown). After 4 days of

growth, WT and transgenic lines treated at 45°C or 47.5°C did not

show significant differences (Figure 3b). Only B1AS‐21 exhibits an

enhanced ATT at 47.5°C. In contrast, all transgenic lines exhibit a

significantly increased hypocotyl elongation in response to 50°C.

These results show that both overexpression and suppression of

HsfB1 lead to increased BTT and ATT in seedlings exposed to the

higher temperature regimes.
photochemical fluorescence quenching Φ (NPQ) after 230 s, and (c)
the maximal relative electron transfer rates (ETRmax; in μmol m−2 s−1)
for WT, B1AS‐21, and B1OE‐5 determined for old (OL) or young
leaves (YL) before (C) and after heat treatment (HS). The dashed line
indicates the level of the C‐OL sample. The results are the average of
three independent experiments each consisted of three plants for
each genotype and five technical replicates
3.4 | Alteration of HsfB1 levels enhances the
protection of photosystems under heat stress

The observed phenotype of the transgenic lines with respect to growth

behaviour and enhanced thermotolerance prompted the determination
of the photosynthetic capacity by pulse amplitude modulation (PAM)

measurements (Figures 4 and S1). For that six‐week‐old WT, B1OE‐5

and B1AS‐21 plants as representative transgenic lines were exposed

to 43°C for 1.5 hr (HS) or kept under control conditions (C). At the

stage of the treatment, B1AS plants were phenotypically similar to

WT, whereas B1OE plants were slightly shorter as described above

(Figure 2). We analysed the effective photochemical quantum yield

of the photosystem II (Φ (II)), the quantum yield of light‐induced non‐

photochemical fluorescence quenching (Φ (NPQ), the effective photo-

chemical quantum yield of open photosystem II centers (Φ (II)/qL), and

the maximal electron transport rate of the photosystem II (ETRmax). To

address developmental effects, we measured old (OL; fourth fully

emerged leaf) and young leaves (YL, youngest fully emerged leaf)

individually.

The Φ (II) of B1AS‐OL, but not B1OE‐OL, was reduced when

compared with WT in both control and stressed plants (Figure S1a).

Similarly, the Φ (II)/qL in old leaves was not influenced by HS irrespec-

tive of the genetic background, but was generally lower in the B1AS

and higher in the B1OE lines when compared with WT (Figure 4a,

OL). In young leaves, Φ (II) was only reduced in the B1AS line after HS

(Figure S1a). The comparison of the Φ (II)/qL revealed a similar yield
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for all three lines before treatment, but a reduction in the B1AS and

increase in the B1OE line after HS was observed (Figure 4a, YL‐HS).

The B1AS‐OL and B1OE‐OL have enhanced NPQ (Figures 4b and

S1b). This suggests that an induction of protective mechanisms exists

in old leaves of both transgenic lines. In young leaves, this protection

was not present, but was activated in the B1AS line after heat

treatment (Figure 4b). The relative ETR (Figure S1c) and the maximal

relative ETR (Figure 4c) in young leaves were largely comparable

between all lines and were not affected by the heat treatment. In

old leaves, the ETR was reduced in the B1AS line, whereas the rate

was enhanced in the B1OE line after HS (Figure 4c).

Summarizing, the performance of the photosystem II in OL is

HsfB1‐dependent as reflected by the Φ (II)/qL, whereas in young

leaves, the photosynthetic performance appears independent of

HsfB1. In turn, HS uncovers the impact of HsfB1 for adaptation of

the photosynthetic performance, as HS reduces the Φ (II) in the AS

line.
3.5 | Alterations in protein abundance related to
HsfB1 expression level manipulation

HsfB1 overexpression and suppression have positive effects on seed-

ling BTT and ATT and enhance the NPQ in response to HS. Conse-

quently, we performed a quantitative 2D‐DIGE analysis using protein

extracts from young leaves and stems of 6‐week‐old WT, B1AS‐21,

and B1OE‐5 plants to identify alterations in abundance of proteins

that are affected by manipulation of HsfB1 activity. We investigated

plants exposed to 39°C for 1 hr, which was followed by 1.5‐hr recov-

ery at 25°C (Figure 5a; sample HR) or kept for the same time at 25°C

as control (C). We identified in total 1712 protein spots in all samples

that were quantified (Dataset S1) and excised for protein identification

by mass spectrometry (Dataset S2). Out of all, 478 spots were

assigned to a single gene Solyc ID and 252 spots to more than one

gene (Figure S2; Dataset S2).

PCA analysis using quantified and normalized values from all spots

resulted in a separation of stems and leaves by the first component

representing 61% of the information (PC1; Figure 5a,b). For leaves, a

distinction between WT and B1OE or B1AS lines for control and HS

samples is represented by PC2 (15.6%; Figure 5a). PC3 (8%) showed

a separation between WT or B1AS and B1OE control samples for

leaves and stem (Figure 5b), between HS‐treated WT, AS, and B1OE

leaf samples, as well as between HS‐treated WT or B1OE and B1AS

stem sample.

PC2 and PC3 suggest that B1AS stem samples before and after

HS behaves like WT stem control, whereas B1OE shows characteris-

tics of the HS‐treated WT‐stem sample (Figure 5a,b). For leaves, this

conclusion holds partially true for PC3, but not for PC2. However, in

PC2 and PC3, the separation of control and HS samples is most pro-

nounced for WT when compared with the transgenic lines. Calculating

the ratio of intensity between the HS and control samples for each

spot in each genotype shows that more proteins retained at steady

levels in leaves and stems of transgenic lines compared with WT

(Figure S3). This supports the notion for a weaker stress response

regarding proteome changes.
For a more detailed picture of the protein changes, we performed

hierarchical k‐means cluster analysis individually for leaf and stem

samples using the quantitative data from all spots (Figure 5c; Tables S1

and S2). The analysis was done individually for leaves and stems as

these two tissues showed distinct profiles in PCA (Figure 5a,b). Clus-

ters 1–7 contained spot IDs (533 for leaves and 282 for stems;

Figure 5c) representing proteins with enhanced or reduced levels in

at least one sample. In turn, clusters 8–10 (1179 spots for leaves “L”

and 1420 for stems “S”) showed an overall steady protein level

(Dataset S2). The clusters 7L, 7S, and 4S represent proteins with a

profile found only in the according tissue. Moreover, leaf and stem

clusters with comparable profile largely contained different spot IDs,

suggesting a tissue‐specific regulation by HsfB1 for different proteins

(Figure 5c; Dataset S2).

Spot IDs in clusters 1L and 1S represent proteins with highest

abundance in WT under control conditions, but generally lower

abundance in B1AS and B1OE samples compared with WT control

(Figure 5c). Clusters 4L, 5L, and 5S represent proteins with highest

abundance in WT upon HS, whereas the abundance in the trans-

genic lines after HS remained comparable to WT control. However,

proteins in 5S are somewhat more abundant in B1OE under normal

conditions.

The clusters 2L and 2S contain proteins with high levels in control

B1AS samples only, and 6L and 6S represent proteins with highest

abundance in B1AS after HS (Figure 5c). Proteins with highest abun-

dance in B1OE (i) in general or (ii) under control conditions are repre-

sented by clusters (i) 3L and 3S or (ii) 7S. Cluster 7L unifies proteins

with highest abundance in B1OE and B1AS leaves after HS (Figure 5

c). Proteins unified in cluster 4S show a high abundance in WT and

B1AS only under control conditions, whereas they are only high abun-

dant in B1OE after HS. Thus, it is the only cluster where WT and AS

show a comparable behaviour, whereas the situation in B1OE is

contrasting.

Next, we aimed to identify proteins that are putatively related to

the observed growth and thermotolerance phenotypes (Figure 6a, left).

We directly compared the abundance of individual proteins in trans-

genic lines and WT under control conditions. A low number of proteins

is affected by HsfB1 suppression, but a larger number is differentially

abundant in B1OE (Figure 6a). Several Hsps accumulate upon HsfB1

overexpression in control leaves including the stress‐induced

Hsp101 and the cognate Hsp70‐2, whereas BIP4, Hsp21.6‐ER, and

Hsp17.6‐CII were increased in stems of B1OE plants (Figure 6b;

Tables S1 and S2).

Comparing the heat‐treated samples yielded a similar number of

proteins affected in B1OE and B1AS and generally enhanced number

when compared with the control sample (Figure 6a, right). Remarkably,

we found several proteins either higher or lower abundant in both,

B1AS and B1OE when compared with WT, but no proteins with con-

trasting behaviour (e.g., higher in B1OE, lower in B1AS).

Many chaperones showed enhanced levels in HR leaves of B1OE

and B1AS plants. We also observed increased levels for the cognates

Hsp90‐1 and Hsp90‐2 in HS samples (Figure 6b). This can be related

to the increased thermotolerance. Beyond Hsp70‐4 and BIP1, we also

identified the Hsp70‐Hsp90 interacting co‐chaperone HOP and other

proteins with housekeeping functions, such as translation elongation



FIGURE 5 Proteome changes in WT, B1AS,
and B1OE leaves and stem from control and
heat stressed plants at recovery stage (HR).
Principal component analysis was performed
and variations of (a) PC1 versus PC2, and (b)
PC1 versus PC3 for all examined samples are
shown. (c) Protein abundance profile
clustering. A hierarchical cluster analysis was
performed as described in methods. The
average normalized levels of the proteins in
leaves (L) and stems (S) of WT and transgenic
lines in each cluster are presented in a heat
map. The number of spots assigned to each
cluster is shown on the right
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factors (e.g., ID14507/Solyc08g079180), and actin (e.g., ID14836/

Solyc03g078400) that were reduced by HS in WT tissues but

sustained steady levels in the transgenic lines (Figure 6b; Dataset S2).
3.6 | Biological processes related to HsfB1
expression level manipulation

2D‐DIGE allowed the identification of quantitative changes in the

abundance of individual proteins; however, due to the low number

of spots assigned to single proteins, we were not able to conclude

on global changes regarding biological processes affected by HsfB1

manipulation. Thus, we performed a shotgun proteomic analysis by

LC‐MS/MS on samples derived from plants treated the same way as

for 2D‐DIGE; 1270 different proteins were detected (Dataset S3)

and quantified by MaxQuant for comparative analysis between trans-

genic lines and WT leaf and stem for each experimental condition, as

shown for 2D‐DIGE (Figure 5a).
Proteins affected by HsfB1 overexpression and suppression most

frequently are involved in translation, abiotic stress response, redox

regulation, photosynthesis, and protein folding and degradation in

both leaves and stems under control and stress conditions (Figure 7;

Dataset S4). Remarkably, proteins of these categories were both

increased or reduced in B1AS and B1OE tissues compared with WT.

However, a higher number of proteins related to translation and pro-

tein degradation was reduced in B1AS and B1OE leaves and stems

after heat treatment. Furthermore, most proteins affected by HsfB1

overexpression and suppression in leaves are related to transcription

and signalling, whereas in stressed stem tissues, most of the proteins

are involved in lipid metabolism as well as cell wall synthesis and mod-

ification (Dataset S4).
3.7 | Regulation of transcript abundance by HsfB1

We selected seven proteins induced or reduced in B1AS or B1OE

leaves to analyze whether the differences on protein level



FIGURE 6 Protein affected by HsfB1 suppression or overexpression in leaves and stems. (a) Venn diagram showing the number of identified
spots with higher (AS or OE to WT ratio > 2, p < 0.01) or reduced levels (AS or OE to WT ratio < 0.5‐fold, p < 0.01) in control and HR samples
of leaves and stems (for details, see Dataset S1). (b) Levels of indicated proteins determined by 2D‐DIGE showing enhanced or reduced abundance
due to HsfB1 overexpression or suppression in control and HR leaves and stems. Asterisks indicate significant differences between the indicated
samples (ratio > 2 or < 0.5, p < 0.01) based on the Student's t test
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correspond to alterations on the transcript level. We examined the

abundance of the according mRNAs isolated from two suppression

(AS‐18, AS‐21) and two overexpression (OE‐5, OE41) lines as well as

WT by qRT‐PCR. The transcript level of none of the genes was

affected by HsfB1 suppression or overexpression, with the exception

of a gene coding for a putative ATP‐dependent chromatin‐remodelling

protein SWIB/MDM2 (Solyc01g107330). This gene was slightly

higher in stressed and non‐stressed B1AS lines, and in non‐stressed

B1OE lines when compared with WT (Figure S4). In line, the putative

SWIB/MDM2 protein was more abundant in both AS and OE heat

stressed leaves (Figure S4). Thus, we assume that the differences on

the levels of most of the proteins observed by 2D‐DIGE and LC‐MS
are not directly correlated to alterations of transcript levels as conse-

quence of HsfB1 expression level manipulation.

As HsfB1 is primarily expected to regulate chaperones, the

transcript levels of several Hsps were monitored in AS and OE

leaves. As the transcriptional activation of stress‐induced Hsps

occurs during the stress treatment, we included in this analysis an

additional sample directly taken after 1 hr of HS. The levels of

Hsp101, the cytosolic Hsp90‐1, Hsp90‐2, Hsp70‐1, and Hsp70‐3

were comparable in all lines under normal conditions or in the

recovery phase (Figure 8). Only after HS, a higher accumulation

was observed for these genes in B1AS and B1OE lines when com-

pared with WT, with the exception of Hsp70‐3. For Hsp101, the



FIGURE 7 Functional categorization of
proteins affected by HsfB1 overexpression or

suppression in control leaf (a) and stem (b) and
HS leaf (c) and stem (d) samples. Protein
groups identified by LC‐MS/MS analysis were
subjected to Mapman functional classification.
The categories with the highest number of
proteins are shown here, whereas the whole
dataset is present in Dataset S4

FIGURE 8 Effect of HsfB1 suppression or overexpression on the transcript levels of Hsfs and Hsps. Relative expression of Hsfs and Hsps in
leaves of wild‐type (WT) antisense (AS‐18, AS‐21) or sense overexpression lines (OE‐5, OE‐41) exposed to 39°C for 1 hr (HS) followed by
recovery (HR) at 25°C for 1.5 hr or kept for the entire period at 25°C (C) was determined by qRT‐PCR using EF1a as housekeeping gene and
normalization relative to WT control sample. The average derives from three independent experiments. Statistically significant differences
between the transgenic lines and the WT for each condition are denoted by asterisks based on pairwise comparisons with Student's t test
(*p < 0.05, **p < 0.01, ***p < 0.001)
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increased accumulation in both AS and OE lines after 1.5 hr

recovery from stress was confirmed at the protein level as well by

immunoblot analysis (Figure S4b).

The stress‐induced Hsp90‐3 was by large not affected by HsfB1

expression level manipulation under all conditions tested, whereas
Hsp90‐4 and Hsp70‐5 were more abundant in both OE lines after

1‐hr HS. Interestingly, the transcript levels of the Hsp70‐2 were

increased in heat stressed leaves of B1OE and B1AS plants

(Figure 8). Hsp70‐4 had enhanced levels after HS and recovery of

B1OE and B1AS leaves. Thus, Hsp70 appears to be the gene family
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largely affected in its transcription in the transgenic lines (Figure 8). In

contrast, Hsp17.6‐CII transcripts were reduced in B1AS heat stressed

leaves but were similar to WT in B1OE samples. A slight induction of

Hsp17.6‐CII transcripts was observed under control conditions in

B1OE leaves.

The major HS‐inducible Hsfs were affected in a different man-

ner by HsfB1 suppression and overexpression than Hsps. HsfA1b

showed enhanced transcript levels under control conditions in leaves

of both B1AS and B1OE lines, with more prominent upregulation in

B1AS (Figure 8). After HS, the level of HsfA1b was similar to WT but

remained higher in the B1AS plants after recovery. HsfB1 suppres-

sion led to an increased accumulation of HsfA2, whereas overexpres-

sion of HsfB1 led to reduced induction of HsfA2. After 1.5 hr of

recovery, both B1AS and B1OE plants maintained higher HsfA2

levels. HsfA7 levels were also higher than WT in B1AS heat stressed

leaves and were higher in the recovery sample of B1OE leaves when

compared with the WT. In contrast, we only noticed a repression of

HsfA3 by HsfB1 overexpression in control and HS leaves (Figure 8).
3.8 | Co‐activator and repressor activity of HsfB1

The effect of HsfB1 expression on HS‐inducible Hsf and Hsp pro-

moters including the one of HsfA1b and HsfA2 found to be altered in

expression in transgenic plants (Figure 8) was examined in a reporter

assay. In parallel, the co‐activation of HsfA1a by HsfB1 and HsfA2

was tested. HsfA1a has strong activity on HsfA2 and Hsp21.5‐ER pro-

moters and weak activity on HsfA1b, HsfA7, Hsp70‐1, and Hsp17‐CI

(Figures 9a and S5a). HsfB1 repressed the activity of HsfA1b, HsfA2,

HsfA7, Hsp70‐1, and Hsp21.5‐ER, but had no significant effect on

Hsp17*‐CI (Figure 9a). Co‐expression of HsfA1a and HsfB1 led to a

stronger induction of GUS activity on Hsp17*‐CI and a slighter

increase in Hsp70‐1 when compared with HsfA1a alone. In contrast,

co‐expression of HsfB1 with HsfA1a represses the transactivation

activity of HsfA1a on the three Hsf promoters, whereas it did not

significantly affect HsfA1a activity on the Hsp21.5‐ER promoter

(Figure 9a and S5a). In A. thaliana, HsfA1b shares the master regulator

function with the other HsfA1 genes. As HsfA1a and HsfB1 form a co‐

activator complex on the Hsp17 promoter (Figure 9a), we examined

whether HsfB1 co‐activates Hsp17 expression driven by other class

A Hsfs. HsfA1b has only minor activity per se and does not act as

co‐activator of HsfA1a or HsfB1 (Figure S6). However, HsfA1b has

synergistic activity with HsfA2 and HsfA3, which are both HS‐induced

proteins. These results suggest that the accumulation of HsfA1b in

AS plants under control conditions has no effect on regulation of

HS‐induced genes, but its presence can cause a stronger induction

of HS‐related genes under stress conditions when HsfA2 and HsfA3

are present (Figure S6).

HsfB1 acts as a co‐activator or repressor of HsfA1a in a pro-

moter‐dependent manner (Figure 9a). To examine whether this is

restricted to a co‐action with HsfA1a, we co‐expressed in protoplasts

combinations of HsfB1 with several class A Hsfs and determined their

activity on HsfA2 and Hsp17*‐CI promoters using the GUS reporter

assay (Figures 9b and S5b). In addition to HsfA1a shown before,

HsfA1b, HsfA3, HsfA6b, HsfA7, and HsfA9 had a basal activity on

the HsfA2 promoter, whereas HsfA4b alone had a very strong
activation potential. In all cases, co‐expression of HsfB1 had a clear

repressor effect with all Hsfs examined.

The picture was different when the Hsp17 promoter was tested.

Here, HsfB1 acts as a co‐activator only with HsfA1a, HsfA2, HsfA6b,

and HsfA9; however, the synergistic activity is the strongest for the

HsfA1a‐HsfB1 co‐activator complex (Figures 9b and S5b). In contrast,

in presence of HsfB1, HsfA4b and HsfA7 were repressed irrespective

of the promoter tested.

The stimulatory effect of HsfA1a‐HsfB1 is much stronger, lead-

ing to a 13‐fold induction in GUS activity, compared with the activity

of HsfA1a alone. In turn, the activity of HsfB1 with HsfA2, HsfA6b,

and HsfA9 ranges from 0.3‐fold to sixfold (Figure 9b). We asked if

the weak activation conferred by HsfB1 co‐expression with some

Hsfs, like HsfA2 is dependent on the endogenous HsfA1a. For this,

the activity of Hsf‐dependent PHsp17*::GUS reporter construct was

determined in the presence of constant levels of HsfA2 and increas-

ing amounts of HsfB1 in WT protoplasts (Figure 9c). HsfB1 stimu-

lated the activity of HsfA2 in WT protoplasts. In contrast, HsfB1

failed to co‐activate HsfA2 when both proteins were co‐expressed

in A1CS protoplasts derived from transgenic plants with HsfA1a

co‐suppression (Mishra et al., 2002; Figure 9c). Similar results were

obtained in WT and A1CS protoplasts expressing HsfB1 and HsfA3

(Figure S7). These results suggest that HsfB1 can modulate the

activity of the Hsf network in an HsfA1a‐dependent manner.
4 | DISCUSSION

4.1 | Effects of HsfB1 in non‐stressed cells

The functional relevance of HsfB1 for development, growth, and

thermotolerance was examined using three independent HsfB1

overexpression and suppression plant lines, respectively. Pheno-

typic, gene expression, and proteome analyses revealed that over-

expression and suppression of HsfB1 yield unique as well as

similar responses. The latter highlights the functional complexity

of HsfB1 in tomato due to its seemingly unique ability among Hsfs

to act as repressor as well as co‐activator (Bharti et al., 2004).

Extending the initial evidence on the dual function of HsfB1 based

on transient and reporter assays (Bharti et al., 2004), we provide

insights into the regulation of Hsf‐dependent networks by HsfB1

and their relation to physiological responses under control and

aberrant temperatures.

HsfB1 protein is kept at minimal levels under non‐stress condi-

tions (Figure 1) by Hsp90‐dependent protein degradation (Hahn

et al., 2011; Röth et al., 2016). Nevertheless, suppression of HsfB1

leads to changes of the abundance of several transcripts (Figure 8)

and proteins under normal growth conditions (Figure 5, clusters

1L/S and 2L/S; Figures 6 and 7). Irrespective whether these alter-

ations are direct effects of HsfB1 manipulation or phenotypic

effects due to alteration of the Hsf‐involving network, these find-

ings document a basal activity of HsfB1 in leaves and stems of

non‐stressed plants.

Although manipulation of HsfB1 results in alterations of

transcript and protein levels (Figures 5–8), B1AS/CS plants show



FIGURE 9 Regulation of Hsf and Hsp activity by HsfB1. (a) Tomato protoplasts were co‐transformed with different promoter GUS reporter
plasmids together with expression constructs encoding HsfA1a, HsfB1, and HsfA2. The values are expressed as relative to a mock control (no
Hsf). The red line depicts the level of the mock sample (onefold). Different letters show statistically significant differences as calculated by ANOVA
and Duncan's test for p < 0.05. Error bars show the standard error of three replicates. (b) Activity of HsfB1 in combination with other Hsfs on
PHsfA2::GUS and PHsp17*::GUS reporters in wild‐type protoplasts. The values are the mean of three replicates of GUS activities in relative
fluorescence units (RFU) ± SE. (c) Tomato protoplasts from wild‐type and A1CS leaves were co‐transformed with the PHsp17*::GUS reporter
together with constant amount of HsfA2 expression constructs and increasing amounts of HsfB1 indicated as microgram of plasmid DNA. GUS
activities are represented as relative to the activity in protoplasts transformed with only HsfA2 for each genotype. The insert shows the repressor
activity of HsfB1 on the sHsp promoter in WT and A1CS protoplasts. The values are the mean of three independent replicates ± SD. The protein
levels of HsfB1 and HsfA2 are shown on the immunoblots using specific antibodies against the two proteins
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the same phenotype as WT (Figure 2), and the protein pattern is

comparable for B1AS and WT under non‐stress conditions

(Figure 5, leaf, PC2). A similar result was observed for A. thaliana

single hsfb1 and double knock‐out hsfb1‐hsfb2b mutants that were

phenotypically similar to WT under control conditions with the

exception of elongated hypocotyls in young seedlings (Ikeda

et al., 2011; Kumar et al., 2009). We only detected a lower

photosynthetic rate in old leaves of the antisense line (Figure 4)

and a slightly stronger apical dominance and longer basal inter-

nodes, which did not affect the overall stem length (Figure 2).
We conclude that HsfB1 is not essential for tomato plant growth

and development, but its basal activity is required for optimum,

eg, of photosynthetic performance and for maintaining a low

activity of Hsfs, such as HsfA1b and consequently of several Hsps

under non‐stress conditions. In contrast to the effect of HsfB1

suppression in tomato, A. thaliana hsfb1‐hsfb2b mutants are

characterized by a dramatic upregulation of HS‐induced genes

including several Hsfs and sHsps (Ikeda et al., 2011), which is

not apparent in tomato B1AS lines. This marks a major difference

between the two Hsf systems.
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4.2 | HsfB1 links environmental signals to
developmental and growth responses

Ectopic expression of HsfB1 protein accumulates in the overexpres-

sion lines under non‐stress conditions (Figure 1c). The ectopic levels

of HsfB1 lead to reduced stem growth, weaker apical dominance,

and lower fruit set (Figure 2). B1OE leaves show increased photosyn-

thetic rate and a higher NPQ indicating an induction of protective

mechanisms for photosystem II under non‐stress conditions

(Figure 4). The thylakoid‐bound ascorbate peroxidase 6 (tAPX6,

Solyc11g018550; LC‐MS/MS) and the plastidic chaperonin Cpn60‐β

(Solyc01g028810; 2‐DIGE and LC–MS/MS) are enhanced in B1OE

leaves (Tables S2 and S4). In line, mutants of wheat TaAPX‐6B

show lower photosystem II ETR and photosynthetic activity under

high‐intensity light conditions (Danna et al., 2003), whereas plastid

chaperonins are important for the biogenesis of RuBisCO (Vitlin,

Nisemblat, Azem, & Weiss, 2013). Supporting the notion that

enhanced chaperonin levels could lead to increased biogenesis of

RuBisCO, spots corresponding to the large subunit of RuBisCO were

identified in cluster 3L, containing proteins with higher levels in OE

leaves (Dataset S2). We assume that the accumulation of these pro-

teins contributes to the increased photosynthetic rate in B1OE leaves.

The phenotype of B1OE—reduced growth, alterations in apical

dominance, and reduced fruit set—resembles the one of heat stressed

plants (Sato, Peet, & Thomas, 2000), which is in line with the low sep-

aration between control and HS B1OE samples in PCA (Figure 5a,b). In

this direction, several Hsps are enhanced in OE leaves and stems

(Figure 6; Tables S1–S4). The latter likely depends on the cooperation

of HsfB1 with HsfA1a through the formation of ternary complexes

with HAC1 in stressed cells (Bharti et al., 2004). Thus, the ectopic

accumulation of HsfB1 enhances the basal activity of HsfA1a on

Hsp activation. The activation of HsfA1a by HsfB1 accumulation is

also supported by the lost of co‐activator capacity of HsfB1 on HsfA2

and HsfA3 in A1CS protoplasts (Figures 9c and S7). One explanation

might be that the accumulation of HsfB1 reliefs HsfA1a from chaper-

one‐mediated repression by enhancing its recruitment in ternary acti-

vator complexes (Bharti et al., 2004; Hahn et al., 2011).

The upregulation of cognate Hsps, such as Hsp70‐2, which are not

regulated by class AHsfs (Fragkostefanakis et al., 2015, 2016), indicates

a co‐activator function of HsfB1 for non‐Hsf transcription factors as

previously suggested (Bharti et al., 2004). The accumulation of Hsps

under non‐stress conditions in B1OE lines is also consistent with the

growth and developmental defects, as overexpression of HSC70‐1 in

A. thaliana caused similar phenotypes (Cazalé et al., 2009). Such

an accumulation of cognate Hsps was not observed in HsfA1a overex-

pression plants (Mishra et al., 2002), which can explain the absence

of developmental and growth defects of A1OE transgenic plants.

In line, we detected higher steady‐state levels of several proteins

in B1OE leaves involved in translation processes such as tRNA synthe-

tases, ribosomal proteins, elongation factors, and several eukaryotic

translation initiation factors (Figure 6; Tables S1 and S4). The higher

levels of such proteins might support a more robust protein translation

under stress conditions and subsequently explain the increased pro-

tein levels of several proteins that are not regulated by HsfB1 at the

transcript level (Figure S4a). Analysis of the thermosensitive hot3‐1
mutant in A. thaliana revealed the essential role of eIF5B in initiation

of translation (Zhang et al., 2017). In addition the higher accumulation

of chaperones can also promote protection and stability of translation

factors, as, for example, CI and CII sHsps are involved in the recovery

of translation factors from stress granules during recovery from stress,

in a process that involves Hsp101 as well (McLoughlin et al., 2016).

These results point to a role of HsfB1 as regulator of cellular homeo-

stasis networks via modulation of chaperone networks.
4.3 | Co‐activation and repression by HsfB1 fine
tune heat stress response and thermotolerance

HsfB1 expression level manipulation led to increased capacity of seed-

lings to recover from HS by enhancing both BTT and ATT (Figure 3).

Moreover, B1OE and B1AS old leaves showed increased NPQ indicat-

ing higher protection of photosystems despite the differences in photo-

synthetic rates (Figure 4). In B1OE, the increased thermotolerance

might result from the accumulation of proteins with protective func-

tions under control conditions or from a stronger induction or mainte-

nance of higher protein levels in HS samples (e.g., Hsp90‐1, Hsp90‐2;

Figures 6b and 8). The increased accumulation of chaperones in

stressed B1OE leaves can be explained by the enhanced levels of Hsps

already induced under control conditions due to the co‐activator

function of HsfB1 (Figures 8, 9, and S4b). In turn, suppression of HsfB1

did not have significant effects under control conditions when

compared withWT, but allowed a stronger accumulation of chaperones

in response to HS, leading to enhanced protection (Figures 6b, 8,

and S4b).

In contrast to the currently available model for HsfB1 (Mishra

et al., 2002), our results indicate that the co‐activator function of

HsfB1 with HsfA1a is promoter specific. HsfB1 acts as co‐activator

on promoters of Hsps and as a repressor to HsfA1a on promoters of

HsfA1b, HsfA2 and HsfA7 (Figure 9). Consequently, these three Hsfs

show enhanced transcript levels in either control or in stressed B1AS

samples, and therefore, the transactivation reporter assays are in

agreement with the responses of the transgenic plants. This is in line

with the stronger stress response and protection in the absence of

HsfB1 (Figures 3–5 and 8). Remarkably, the repressor function of

HsfB1 on these promoters is not rescued by any of the examined Hsfs,

and even the highly active HsfA4b on the HsfA2 promoter was largely

repressed in the presence of HsfB1 (Figure 9b). We conclude that

HsfB1 has a general repressor effect for at least a subset of HS genes

linked to the activity of HS‐induced Hsfs.

The induction of HsfA1b in B1AS plants did not result in an

accumulation of stress‐induced genes due to the very weak tran-

scriptional activator capacity of HsfA1b (Figure S6). Instead, a

preformed HsfA1b has strong synergistic activity with HsfA2 or

HsfA3 under HS, which supports the absence of a phenotype in

B1AS plants under control conditions, and explains the stronger

response under HS compared with WT. For the latter, the increased

accumulation of HsfA2 likely contributes to enhanced stress

response and thermotolerance as well. In a similar manner, the

A. thaliana hsfb1‐hsfb2b mutant showed enhanced HsfA2 levels

and accordingly increased levels of several stress induced Hsps

(Ikeda et al., 2011; Kumar et al., 2009).



FIGURE 10 Proposed model for the role of the bifunctional HsfB1 in
modulation of cellular homeostasis. HsfB1 plays a central role in fine
regulation of HSR and thermotolerance capacity. HsfB1 acts as a co‐
activator of HsfA1a, thereby, accumulation of HsfB1 leads to
increased synthesis of chaperones, particularly cognate Hsps, probably
as a co‐regulator of other transcription factors (TF) even under non‐
stress conditions as shown in OE lines. The activation of HSR
networks under physiological conditions results in aberrant growth
and development. In addition, HsfB1 acts as a direct transcriptional
repressor of stress induced Hsfs. Consequently, suppression of HsfB1
(AS lines) leads to increased accumulation of Hsfs, including HsfA1b,
HsfA2, and HsfA7 and consequently to stronger activation of HSR and
synthesis of Hsps. The stronger accumulation of Hsps leads to the
induction of proteostasis‐related protective mechanisms not directly
regulated by HsfB1, to ensure thermotolerance and surveillance. For
further details, see text
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We could not identify proteins that are enhanced in B1OE and

repressed in B1AS, or vice versa, neither in control nor in HS samples

(Figure 7a; Dataset S4). This compromises the assignment of an exclu-

sive co‐activator or a repressor function of HsfB1 to specific genes,

with the exception of HsfA2 under HS conditions (Figure 8). The latter

explains the similar effect of HsfB1 overexpression and suppression

on many Hsps under HS, as overexpression stimulates transcription

due to the co‐activator function of HsfB1, whereas the same occurs

when HsfB1 is suppressed due to the relief of its repressor function

on other Hsfs (Figure 9). In line, many proteins with similar biological

functions were affected in the same manner by HsfB1 overexpression

or suppression (Figure 7; Dataset S4). Thus, HsfB1 is a central compo-

nent of a versatile regulatory system and not by itself target specific.

The regulatory system ensures protection from HS by the fine adjust-

ment of protein homeostasis, for example, by enhancing chaperone

capacity (Figures 6 and 8) or reducing translation and protein degrada-

tion (Figure 7). All of them ensure proteome stability (Figure S3) and

eventually increase thermotolerance (Figures 3 and 4).
5 | CONCLUSIONS

We propose that HsfB1 fine tunes the regulatory network by co‐

activation of HsfA1a activity on HS‐inducible genes and repression

of Hsf expression, for example, of HsfA1b and HsfA2 (Figure 10).
Consequently, the increase and the decrease of the homeostatic

HsfB1 levels activate far‐reaching responses through induction of

Hsps by either direct activation or by reduction of Hsf repression.

The response occurs by triggering forward and feedback reactions

through chaperone‐controlled networks similar to those induced by

changes in ambient temperatures. This marks HsfB1 as central

control unit of complex networks that interfere with the regulation

of multitude processes involved in adaptation and maintenance of

the cellular homeostasis under constantly changing environmental

conditions (Figure 10). At least in part, this would explain the strict

requirement for the tight control of HsfB1 levels in non‐stressed

and stressed plants (Hahn et al., 2011; Röth et al., 2016) to ensure

sufficient robustness for optimal plant growth and development.
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