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Abstract

A comparative investigation of heat stress-mediated physiological and biochemical parameters in conjunction with the 
expression analysis of heat shock transcription factors (BrHSF) from two different Chinese cabbage genotypes was 
done to understand the mechanism of heat tolerance. Our results show that the heat-tolerant (2013-33) genotype had a 
smaller relative electric conductivity, a less malondialdehyde content and a higher maximal efficiency of photosystem II 
photochemistry than the heat-sensitive (AM160) genotype, and was able to develop the leaf head under heat stress, whereas 
‘AM160’ flailed to develop it. The results also indicate that ‘2013-33’ accumulated a higher amount of soluble sugars and 
protein under heat stress condition than ‘AM160’. However, it warrants to mention that proline content and antioxidant 
enzymes, such as the peroxidase, catalase, and superoxide dismutase activities, in the 2013-33 genotype under HS were 
recorded, being significantly lower than in ‘AM160’. Additionally, the expression profile of BrHSF genes was checked 
and classified to three main groups, (i) HS-induced HSFs expressed in both genotypes ( group I), (ii) suppressed by HS in 
both genotypes (groupII), and (iii) genotype-specific expression of HSFs (repressed in the AM160 heat-sensitive genotype 
whereas induced in the ‘2013-33’ heat tolerance genotype; group III). Furthermore, the result of promoter analysis shows 
that group III BrHSFs, i.e., 23, 30, and 33 gene promoter regions possessed a difference between ‘2013-33’ and ‘AM160’. 
In conclusion, the results of our study identify that ‘2013-33’ had more heat tolerance than ‘AM160’ because of a higher 
accumulation of sugar and protein and an enhanced expression of group III HSFs, and the differential response of group III 
HSFs to HS in these two genotypes may be because of a promoter sequence difference. The study provides us a clue 
towards understanding the mechanism of heat tolerance in Chinese cabbage and offers a valuable source for further 
improvement of heat tolerance in Chinese cabbage.
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Introduction

Heat stress is one of the environmental cues limiting crop 
growth and productivity worldwide (Bita and Gerats 2013, 
Hasanuzzaman et al. 2013, Long and Ort 2010). Crop-
based model analysis has indicated that a 1°C increase in 
seasonal temperature leads to 2.5–16 % direct yield losses 

for essential crops in tropical and subtropical regions 
(Lobell et al. 2008). Due to enhancing anthropogenic 
activities following the increasing concentration of the 
greenhouse gasses, the global mean temperature was 
predicted to rise by 0.3 °C per decade, which seriously 
threatens the food security (Jones et al. 1999, Wahid 
et al. 2007).
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Heat stress causes significant impacts on various 
physiological and metabolic processes in plants, such as 
membrane injury, protein inactivation, reactive oxygen 
species (ROS) production and metabolic destruction 
(Quinn 1988, Iba 2002,). As sessile organisms, plants have 
evolved various physiological and molecular mechanisms 
to resist heat stress such as accumulation of compatible 
osmolytes, an increase of heat shock proteins, production of 
antioxidants, as well as synthesis of secondary metabolites 
(Wahid et al. 2007, Hasanuzzaman et al. 2013). During 
this process, a heat shock transcriptional factor (HSF), 
which widely exists in plants to regulate the expression 
of heat shock proteins and other stress proteins, plays a 
central role in modulating heat stress response (Baniwal 
et al. 2004, Kotak et al. 2007, Qu et al. 2013, Scharf 
et al. 2012, Xue et al. 2015). 

The HSFs contain a highly conserved N-terminal 
DNA-binding domain, which recognizes special elements 
(5′-AGAAnnTTCT-3′) in promoters of heat stress-inducible 
genes (Nover et al. 2001, Scharf et al. 2012). Based on 
the structural features of their oligomeric domains, plant 
HSF proteins can be sorted into three classes: A, B, and 
C (Nover et al. 2001), and class A HSFs contains the 
AHA motif that is essential for transcriptional activation, 
whereas classes B and C HSFs do not possess this motif 
(Kotak et al. 2004). Among them, class A HSFs has been 
relatively well studied, and the results show that HSFA1a 
is a master regulator and HsfA2 is a major heat stress 
factor in plant heat stress responses (Scharf et al. 2012). 
Up to now, the HSF family has been thoroughly identified 
in various plants such as Arabidopsis (Nover et al. 2001), 
tomato (Yang et al. 2016), soybean (Li et al. 2014), potato 
(Tang et al. 2016), maize (Lin et  al.  2011), as well as 
Chinese cabbage (Song et al. 2014) with a fully sequenced 
genome. 

Chinese cabbage (Brassica rapa L. ssp. pekinensis) is 
one of the most important leafy vegetables in Asia, and 
the leaf head is the standard edible part. In the heading 
stage, 15 °C to 18 °C is the adaptable growth temperature 
for Chinese cabbage, and a mean temperature higher 
than 25 °C usually causes difficulty in forming leaf head 
(Ke 2010). Therefore, the production of Chinese cabbage 
is severely threatened by heat stress in many regions. At 
present, physiological parameters of Chinese cabbage 
regarding heat stress response have been identified (Yang 
et al. 2017). Unfortunately, to our knowledge, a systematic 
analysis of physiological, biochemical, and heat stress-
induced HSF family genes in responses to heat stress in 
Chinese cabbage is ignored, especially under the natural 
growth conditions. 

In this study, physiological responses, such as the 
maximal efficiency of photosystem (PS) II photochemistry 
(Fv/Fm), biochemical parameters, such as soluble sugar 
content, antioxidant enzymes, and other parameters were 
measured in two genotypes of Chinese cabbage with 
different heat tolerance potentials under normal (August 14 
to October 14, Jinan, China) and heat stress  (June 1 to 
August 1, Jinan, China) growth conditions. Additionally, 
the real time quantitative PCR based expression profiles 
of the HSF family genes were detected under the same 

growth conditions. The objectives of this study were: (1) 
physiological responses of Chinese cabbage under heat 
stress conditions; (2) the role of HSF genes in heat-stress 
tolerance in Chinese cabbage; and (3) to promote future 
breeding strategies directed towards enhancing heat stress 
tolerance in Chinese cabbage.

Materials and methods

Plant materials and growth conditions: The inbred 
lines AM160 and 2013-33 of Chinese cabbage (Brassica 
rapa L. ssp. pekinensis), which are heat sensitive and 
heat tolerant genotypes, respectively, were chosen for 
this study. The seeds from these two inbred lines were 
sowed in the field at the Vegetable and Flower Research 
Institute, the Shandong Academy of Agricultural Sciences 
farm station (Jinan, China) from June 1 to August 1 heat 
stress conditions (HSC) and from August 14 to October 14 
normal conditions (NC) in 2017, respectively. Plants at 
the end of rosette stage with 8-10 expanded leaves were 
marked for sampling. The same position full extend leaves 
from individual plants were harvested and immediately 
frozen in liquid nitrogen and stored at -80 °C for subsequent 
physiological parameter measurements and RNA isolation.

Determination of PSII photochemistry and relative 
electric conductivity: The maximal efficiency of PSII 
photochemistry (Fv/Fm) was determined using a plant 
efficiency analyzer (Handy PEA, Hansatech Instrument 
Ltd., UK) by measuring a modulated light at a constant 
light intensity of 3000 μmol·m-2·s-1.

Leaf relative electric conductance (REC) was 
determined according to the method described by Wang 
et al. (2011). The REC was evaluated as REC [%] = 
= (S1 / S2) × 100, where S1 and S2 refer to the electric 
conductivity of live leaves and boiled leaves, respectively.

Determination of malondialdehyde, proline, 
soluble sugars and soluble protein content: Leaf 
malondialdehyde (MDA) content was determined 
according to the method of Hodges et al. (1999). In brief, 
a total of 1.0 g of fresh leaves was homogenized in 10 cm3 
of 10 % (m/v) trichloroacetic acid. After centrifugation 
at 12000g for 6 min, 2 cm3 of the supernatant and 2 cm3 
0.6 % (m/v) thiobarbituric acid was mixed and boiled for 
15 minutes. Absorbances were measured at 450, 532 and 
600 nm after cooling down to room temperature.

Leaf proline content was determined using the method 
of Bates et al. (1973). Proline was extracted from 1.0 g of 
fresh samples into 10 cm3 of 3% (m/v) sulfosalicylic acid 
and by using the L-proline as a standard; absorbance was 
taken at 520 nm.

The Jermyn (1975) method was used for leaf soluble 
sugar content measurement. Firstly, a total of 1.0 g 
of fresh leaves was homogenized in 10 cm3 of water. 
After centrifugation at 12000g for 6 min, a 1 cm3 of the 
supernatant was added to 0.5 cm3 of 2 % (m/v) anthrone  
and 5 cm3 98% (m/m) H2SO4. When the mixture was cooled 
down to room temperature, absorbance was recorded at 
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620 nm using glucose as a standard. Leaf soluble protein 
content was determined according to the method of 
Bradford (1976) using bovine serum albumin as a protein 
concentration standard.

Determination of antioxidant enzyme activities: Totally 
1.0 g of fresh leaves was homogenized in 10 cm3 of a cold 
buffer containing potassium phosphate (50 mM, pH 7.0), 
20 % (v/v) glycerol, 1 mM DTT, 1 mM Na2EDTA, 1 % 
PVP (m/v), and 5 mM MgSO4. After centrifugation at 
12000 g for 6 min and immediately then at 26000 g for 
15 min	 , the supernatant was transferred to a new tube 
for subsequent peroxidase (POD), catalase (CAT), and 
superoxide dismutase (SOD) measurements. 

Leaf POD activity was determined according to the 
method described by Chance and Maehly (1955) by 
monitoring the absorbance of tetraguaiacol at 470 nm. A 
reaction mixture contained potassium phosphate (50 mM, 
pH 7.0), 5 mM H2O2, 18 mM guaiacol and 0.02 cm3 of the 
supernatant.

Leaf CAT activity was determined according to the 
method described by Knöraer et al. (1996) by monitoring 
the absorbance of H2O2 at 240 nm. A reaction mixture 
contained potassium phosphate (50 mM, pH 7.0), 10 mM 
H2O2, and 0.1 cm3 of the supernatant. 

Leaf SOD activity was determined according to the 
method described by Beyer and Fridovich (1987). A 
reaction mixture contained potassium phosphate (50 mM, 
pH 7.5), 13 mM methionine, 75 μM nitro blue tetrazolium, 
10 μM Na2EDTA, 2 μM riboflavin and 0.02 cm3 of the 
supernatant. After the reaction, absorbance was recorded 
at 560 nm, and one unit of SOD was defined as the amount 
of the extract needed for a 50 % decrease in nitro blue 
tetrazolium reduction. 

Real-time quantitative PCR: For real time quantitative 
PCR, the total RNA was first extracted from the leaves of 
the two genotypes of Chinese cabbage under NC (June 1 
to August 1 2017) and HSC (August 14 to October 14 
2017) using TRNzol A+ (Tiangen, Beijing, China). Then, 
first strand cDNA was synthesized from 1 μg of the total 
RNA using a PrimeScript RT reagent kit with gDNA 
Eraser (Takara, Dalian, China). Real time quantitative 
PCR was carried out using an SYBR Green PCR master 
mix (Takara) on a CFX96 Optics real-time PCR system 
(Bio-Rad, Hercules, CA, USA). In this experiment, actin 
was used as a constitutive expression control. Real time 
quantitative PCR was performed according to a previous 
report (Qiu et al. 2017). The relative expression level was 
calculated by the comparative 2-ΔCt method.

Promoter analysis of the BrHSFs: For cloning promoter 
regions of BrHSF9, 21, 23, 30, and 33 genes, the sequences 
of 1500 bp upstream to the start codon of these genes were 
taken for designing specific primers. Then, PCR amplified 
promoter DNA fragments were cloned into the pMD18-T 
cloning vector (Takara) and sequenced using an ABI 
3730XL DNA Sequencer. The identification of cis-acting 
regulatory elements (CARE) was carried out on an online 
software (PlantCARE, http://bioinformatics.psb.ugent.be/

webtools/plantcare/html/).

Results and discussion

Physiological influence of heat stress on Chinese 
cabbage: A series of cellular injuries and even cell 
death have been reported under acute heat stress due to 
membrane injury, protein inactivation, production of ROS, 
and metabolic destruction (Quinn 1988, Iba 2002,). These 
injuries lead to an inhibition of growth, productivity, 
and even plant death (Wahid et al. 2007). Repression of 
the frequency of leaf head formation and physiological 
injury at a higher mean temperature (> 25 °C) has been 
reported in Chinese cabbage (Ke 2010). Therefore, two 
different heat tolerance genotypes of Chinese cabbage 
were selected for the study, and the seeds were sown in the 
field (Farm station, Jinan, China) twice in a year (i.e., from 
June 1 to August 1 and from August 14 to October 14 
2017). According to our recording, a mean temperature 
from June 1 to August 1 was 27.8 °C (Fig. 1 Suppl.). 
Especially at the heading stage (July 12 to August 1) a 
mean temperature was even as high as 28.7 °C, and only 
the 2013-33 genotype usually formed the leaf head (Fig.  2 
Suppl.). Even if from September 10 to October 14 (the 
heading stage), a mean temperature was only 20.9 °C 
(Fig. 1 Suppl.), both the genotypes customarily formed 
the leaf head (Fig. 2 Suppl.). The results suggest that the 
temperature from June 1 to August 1 had a significant 
influence on heading in Chinese cabbage and can be 
defined as heat stress conditions (HSC), whereas the 
temperature from August 14 to October 14 can be described 
as normal conditions (NC) for the selected genotypes since 
it has no noticeable influence on them. Additionally, the 
maximal efficiency of PSII photochemistry (Fv/Fm) had no 
significant difference on ‘2013-33’ and ‘AM160’ under 
NC, whereas Fv/Fm in ‘AM160’ was significantly lower 
than in ‘2013-33’ under HSC (Fig. 1A). Therefore, the 
result of Fv/Fm reconfirmed that the period June - August 
imposed a significant influence on Chinese cabbage 
heading and could be defined as HSC.

Abiotic stresses, such as heat, drought, and salt, usually 
cause ROS production and membrane  lipid  peroxides, 
leading to the increase of membrane permeability 
and electrolyte leakage rate (Quinn 1988, Iba 2002, 
Cramer et al. 2011). Malondialdehyde content and 
REC are important traits and could present the level of 
membrane  lipid  peroxides and membrane permeability, 
respectively (Asthir 2015). An increased membrane 
permeability and electrolyte leakage rate in Chinese 
cabbage have been identified under heat stress (Luo et  al. 
1996, Ye et al. 1996). Therefore, we also determined 
the effect of heat stress on electrolyte leakage in the 
two genotypes. An increase of REC was recorded in 
the 2013-33 and AM160 genotypes under both NC and 
HSC. However, the REC in ‘2013-33’ was substantially 
lesser than in ‘AM160’ (Fig. 1B). The result of our study 
is consistent with the research of electrolyte leakage in 
Chinese cabbage (Luo et al. 1996). Additionally, MDA 
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content was also checked in the two genotypes, and the 
result shows that an accumulation of MDA was identified 
in ‘2013-33’ and ‘AM160’ under NC and HSC (Fig. 1C). 
It is worthwhile to mention that under NC and HSC, MDA 
content in ‘2013-33’ was still lower than in ‘AM160’ 
(Fig. 1C). Our results are in line with the study of Wang 
et al. (2005) on Chinese cabbage. The results of Fv/Fm, 
REC, and MDA content show that these parameters have 
a tight correlation with heat tolerance and could be used 
as good physiological traits for the identification of heat 
tolerance genotypes of Chinese cabbage and other crop 
plants as well.

Biochemical responses of Chinese cabbage to exposure 
to heat stress: Plants have evolved various strategies 
to reduce the damage induced by heat stress (Wahid et 
al. 2007). The methods that are universally employed 
by plants to enhance heat tolerance and to cope with 
heat stress as well include accumulation of compatible 
osmolytes, an improved expression of heat shock proteins, 
production of antioxidants, and secondary metabolite 
syntheses (Wahid et al. 2007, Hasanuzzaman et al. 2013). 

Accumulation of soluble sugars and proline have been 
identified as compatible osmolytes, which significantly 
contributes to an enhanced plant heat stress tolerance 
(Wahid 2007, Wahid and Close 2007). Accumulation 
of soluble sugars was associated with improved heat 
and drought stress tolerance of the sid2-1  mutant of 
Arabidopsis (Kumazaki and Suzuki 2018). Here, the high 
temperature induced accumulation of soluble sugars in 
both the genotypes, higher in ‘2013-33’ than in ‘AM160’ 
under HSC (Fig. 2A). However, a reduced proline content 
was recorded in both the genotypes under HSC (Fig. 2B). 
This result confirms the previous findings of plant-specific 
proline accumulation in response to HSC (Bokszczanin 
et al. 2013). For example, proline content significantly 
increases in heat stressed leaves of tomato (Rivero et al. 
2004) and tobacco (Cvikrová et al. 2012), whereas it only 
slightly accumulated in heat stressed leaves of chickpea 
(Chakraborty and Tongden 2005), barley and radish (Chu 
et al. 1974). Even more, proline content does not alter in heat 
stressed Arabidopsis (Hua et al. 2001, Rizhsky et al. 2004, 
Yoshiba et al. 1995), and is even reduced in heat stressed 
germinating wheat seeds (Song et al. 2014). Interestingly, 
the high temperature induced enhanced proteins content in 
‘2013-33’ compared to ‘AM160’ (Fig.  2C). Similar results 

Fig. 1. The influence of heat stress on Chinese cabbage ‘AM160’ 
and ‘2013-33’: A - maximum efficiency of photosystem II 
photochemistry (Fv/Fm); B - relative electric conductivity (REC); 
C - content of malondialdehyde (MDA). Means ± SDs, n = 10, 
3, and 3 for Fv/Fm, REC, and MDA, respectively; *  and ** - 
significant differences at P < 0.05 and P < 0.01. NC - normal 
conditions, HSC - heat stress conditions.

Fig. 2. The heat stress responses in Chinese cabbage ‘AM160’ 
and ‘2013-33’: A - content of soluble sugars; B - content of 
proline; C - content of soluble proteins. Means ± SDs, n = 3; 
* and ** - significant differences at P < 0.05 and P < 0.01. NC - 
normal conditions, HSC - heat stress conditions.
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were also reported in Chinese cabbage (Wang et al. 2005). 
The HSC induced accumulation of a heat shock protein 
(Wahid et al. 2007, Hasanuzzaman et al. 2013), ubiquitin 
(Sun and Callis 1997), and late embryogenesis abundant 
protein (Arora et al. 1998, Wahid and Close 2007), have 
been reported to protectcellular and sub-cellular structures 
against oxidative and dehydration forces (Ortiz and 
Cardemil 2001, Li et al. 2014, Mishra et al. 2018,). The 
results of enhanced accumulation of proteins in the heat 
tolerant genotype 2013-33 may be attributed to its heat 
stress tolerance.

Accumulated ROS under HSC causes autocatalytic 
peroxidation of membrane lipids thus leading to the loss 
of membrane stability (Wahid et al. 2007, Hasanuzzaman 
et al. 2013). Peroxidase, CAT, and SOD are three 
antioxidant enzymes, which have been identified to play 
crucial roles to cope with ROS produced under HSC 
(Wahid et al. 2007). Therefore, we have measured their 
activities in the two genotypes of Chinese cabbage. In this 
study, POD activity was found to be reduced in both the 
genotypes, and even it significantly declined in ‘2013-33’ 
(Fig. 3A). Although enhanced CAT activities were recorded 

in both the genotypes under HSC, no significant difference 
in CAT activity between ‘2013-33’ and ‘AM160’ under 
NC and HSC were found (3B). Being congruous with 
POD and CAT activities, the high temperature inhibited 
SOD activity in ‘2013-33’, whereas it was enhanced in 
the AM160 genotype (Fig. 3C). Our findings are entirely 
different from a previous study of Ye et al. (1996) with 
an improved SOD, CAT, and POD activities in a heat 
tolerant cultivar (Yashu No. 1) under heat stress, whereas 
activities of SOD and POD decreased in a heat-sensitive 
variety (106), though with a slightly increased CAT 
activity. However, Wu et al. (1995) reported a declining 
POD activity, whereas CAT activity increases during heat 
treatment, and POD activity in a heat-tolerant genotype 
was higher than in a heat-sensitive genotype in both 
control and heat treatments.

Expression profiling Chinese cabbage HSF genes 
in response to heat stress: Reports have indicated that 
HSFs play a central role in regulation of the expressions 
of HSPs and other stress-responsive proteins under heat 
stress (Baniwal et al. 2004, Kotak et al. 2007, Scharf 
et al. 2012, Qu et al. 2013). Thirty-five HSF genes have 
been identified in Chinese cabbage and were classified to 
A, B, and C groups (Song et al. 2014). Therefore, in this 
study, to understand the function of BrHSF genes in heat 
tolerance in Chinese cabbage, the 35 BrHSF genes were 
subjected to real-time quantitative PCR based expression 
profiling across the 2013-33 and AM160 genotypes under 
NC and HSC. Based on the expression profiles, a heat map 
was generated, and clustering analysis was done by using a 
multiple experiment viewer (Fig. 4). The clustering analysis Fig. 3. The activities of antioxidant enzymes in Chinese cabbage 

‘AM160’ and ‘2013-33’ under normal (NC) and heat stress 
(HSC) conditions: A - peroxidase (POD); B - catalase (CAT); 
C  - superoxide dismutase (SOD). Means ± SDs, n = 3; *  and 
** - significant differences at P < 0.05 and P < 0.01. NC - normal 
conditions, HSC - heat stress conditions.

Fig. 4. The expression of BrHSF genes in Chinese cabbage 
‘AM160’ and ‘2013-33’ under normal (NC) and heat stress (HSC) 
conditions. I - induced by heat stress in both; II - suppressed by 
heat stress in both; III - suppressed in AM160, induced in ‘2013-
33’. * - the expression varied more than two times just in one 
genotype, ** - the expression varied more than two times in both 
the genotypes.
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classified the BrHSFs into three groups viz: induced by 
heat stress in both the genotypes (group I), suppressed by 
heat stress in both the genotypes (group II), and repressed 
in the heat-sensitive genotype whereas induced in the 
heat tolerance genotype (group III, Fig. 4). However, it 
warrants mentioning that the results of our study contrast 
with the previous research of Song et al. (2014), in which 
all BrHSF genes of Chinese cabbage were up-regulated 
under a heat treatment. The possible reason for different 
results could be due to the use of a controlled environment 
growth chamber for the treatment, and the five-leaf stage 
chosen for the treatment (Song et al. 2014). In this study, 
the plants were grown under a natural environment, i.e., in 
the field, and were continuously subjected to the long-term 
heat stress (Fig. 1 Suppl.).

A tomato HSFA1a gene has been identified as a 
master regulator for acquired thermo-tolerance (Mishra 
et al. 2002). However, no AtHSFA1 gene has a comparable 
role with the master regulator since knocking-out every 
single HSFA1 gene as well as knocking-out double or 
triple HSFA1 genes have no significant defects in the 
overall heat stress response of Arabidopsis (Lohmann 
et al. 2004, Nishizawa-Yokoi et al. 2011). But, knocking-
out four AtHSFA1 genes, the mutant plant shows a severely 
impaired heat stress (HS) response, and this suggests these 
four AtHSFA1 genes together as a “master regulator” (Liu 
et al. 2011). Eight BrHSFA1 genes have been identified 
in Chinese cabbage: Nos. 2, 5, 6, 12, 21, 26, 29, and 32, 
and were shown to have a similar expression profile (Song 
et al. 2014). However, the results of our study show that 
the genes of the BrHSFA1 group of transcription factors 
did not have the same expression profiles as shown in 
Fig. 4. The BrHSF29 was categorized into group I, and 
BrHSF5, 6, 12, 26, and 32 belonged to group II, whereas 
BrHSF2 and BrHSF21 were classified into group III 
(Fig.  4). Hence, the expression profile-based analysis 
unveiled diversity in functions of BrHSFA1 genes in 
response to the heat stress. However, a possibility that 
the gene of BrHSFA1 transcription factors may act as a 
“master regulator” of heat stress response in Chinese 
cabbage remains elusive. However, our study has provided 
a platform for understanding the roles of BrHSF genes in 
heat stress response. 

Previously, the classes B and C HSFs were usually 
identified with no transcriptional activity because of the 
absence of AHA motif (Scharf et al. 1990, Czarnecka-
Verner et al. 2000, Li et al. 2014). However, a recent 
research evidenced that they play essential roles in the 
modulation of heat stress response in plants (Ikeda 
et  al. 2011, Zhang et al. 2013). Furthermore, HSFB1 and 
HSFB2b positively regulate an acquired thermotolerance 
in Arabidopsis thaliana (Ikeda et al. 2011). Additionally, 
the over-expression of an HSFB2 subgroup gene 
(TaHSF3) of wheat significantly increases heat tolerance 
in transgenic Arabidopsis (Zhang et al. 2013). Ten and 
two heat stress transcription factors (HSFs) of class B 
and class C BrHSFs, respectively, were characterized in 
Chinese cabbage (Song et al. 2014). Here, the analysis 
of the expression profile shows that two class B BrHSF 
genes (BrHSF22 and 25) belonged to group I, that six class 

B BrHSF genes (BrHSF1, 7, 8, 11, 18, and 35) fitted to 
group  II, and that two class B BrHSF (BrHSF9 and 31) 
and two class C BrHSF genes (BrHSF14 and 23) belonged 
to group III (Fig. 4). A Similarresult was also found in the 
previous studies on Chinese cabbage (Song et al. 2014) as 
well as on other plants in which class B and class C HSFs 
genes were induced by heat stress (Nover et al. 2001, Tang 
et al. 2016, Yang et al. 2016). 

The differences of BrHSF promoter sequences 
between ‘2013-33’ and ‘AM160’: Further, to understand 
the differential mechanisms of the heat stress expression 
profile of group III BrHSFs (2, 9, 14, 15, 21, 23, 27, 28, 
30, 31, and 33) across the two genotypes, BrHSFs (9, 21, 
23, 30, and 33) with > 2-fold changes in their expression 
profile were subjected to promoter analysis. Promoter 
regions (~1500 bp up-stream to the start codon) for BrHSFs 
9, 21, 23, 30, and 33 genes from the two genotypes were 
sequenced and subjected to PlantCARE database analysis 
for promoter analysis. The result of promoter analysis 
shows that the promoter regions of only three BrHSFs, 
i.e. 23, 30, and 33, possessed a difference between ‘2013-
33’ and ‘AM160’. Among them, BrHSF23, BrHSF30, and 
BrHSF33 promoter regions contained 30 single nucleotide 
polymorphisms (SNPs) and 2 Indels, 2 SNPs and 1 Indel, 
and 18 SNPs and one Indel, respectively (Fig. 1 Suppl.). 
Additionally, the CARE database was checked, and it was 
found that some CARE caused by a sequence variation 
disappeared or were formed in the promoter region (Table 1 
Suppl.). These results suggest the different response of 
these two genotypes to the heat stress maybe due to the 
promoter sequence difference because some of the changed 
CARE have a tight correlation with the response to various 
stresses. For example, ABRE is the cognate cis-element 
for ABRE-binding factors, which is a crucial transcription 
factor mediating abscisic acid signaling and abscisic acid-
regulated stress response (Yoshida et  al.  2010, Yoshida 
et al. 2015, Wang et al.  2018). Additionally, the G-box 
is a cognate cis-element for bZIP, bHLH, and NAC 
proteins, and the W box is a cognate cis-element for 
WRKY proteins (Liu et al. 2016). Of course, there are 
other factors also involved in the different responses to 
the heat stress in these two genotypes since no sequence 
difference was found in BrHSF9 and 21 promoter regions 
between ‘AM160’ and ‘2013-33’. In any case, it gives us 
a good clue to understanding the mechanism of different 
responses to heat stress of BrHSF genes although it is a 
very complicated regulating process.  

Conclusions

To our knowledge, this study first systematically analyzes 
the impact of heat stress on Chinese cabbage regarding the 
physiological defense response, biochemical variables, 
and HSF expression profiles. Firstly, the results show 
that the parameters Fv/Fm, REC, and MDA content 
had a tight correlation with heat tolerance and could 
be used as good physiological traits for heat tolerance 
genotype determination in Chinese cabbage. Secondly, 
accumulation of soluble sugars and soluble proteins maybe 
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partly contribute to the heat tolerance in Chinese cabbage. 
Thirdly, the analysis of BrHSF expression profiles of heat 
stress response gave us a good clue to understanding its 
function and improving heat resistance in Chinese cabbage. 
Overall, the results of this study will be useful for us to 
build understanding the mechanism of heat tolerance in 
Chinese cabbage and provides a basis for creating Chinese 
cabbage cultivars with enhanced heat stress tolerance. 
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