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Abstract
Haloxylon ammodendron, an important shrub for desert afforestation, can adapt to harsh ecological
environments such as drought, saline and extreme high temperature. Therefore, the study of H.
ammodendron stress adaptation mechanism is of great practical significance for ecological
improvement in desert areas. Previously, a heat stress (HS) responsive H. ammodendron 14-3-3 protein
gene HaFT-1 with HS memory characteristics found in transcriptome was cloned and its transgenic
Arabidopsis lines were obtained. In this study, its role in HS tolerance was further investigated. qRT-PCR
analysis showed that HS priming enhanced the expression of HaFT-1 under the second HS and
subsequent recovery treatment, indicating expression of HaFT-1 had transcriptional memory to HS.
Subcellular localization showed that YFP-HaFT-1 fusion protein located in the cytoplasm of protoplasts.
The survival rates of HaFT-1 overexpression seedlings were higher than that of WT after priming-and-
triggering and non-primed control treatments. Cell death staining showed that cell death in HaFT-1
overexpression lines was more significantly inhibited than that in WT seedlings when treated with HS.
Transcriptome analysis showed that energy generation, protein metabolism, signal transduction,
biosynthesis, proline metabolism, autophagy, chlorophyll metabolism, and peroxisome were related to
resistance of HaFT-1 transgenic plants to the second HS. Growth physiology analysis showed that
priming-and-triggering treatment in HaFT-1 overexpression Arabidopsis promoted regulation on proline
content and strengthened reactive oxygen species (ROS) scavenging activity. These results demonstrated
that overexpression of HaFT-1 strengthened not only HS priming but also tolerance to the second HS of
transgenic Arabidopsis, suggesting HaFT-1 as a positive regulator in acquired thermotolerance.

Introduction
Plants can be primed by recurrent stresses to obtain stress adaption, which is related to "stress memory"
(Vriet et al. 2015, Avramova 2015, Hilker et al 2015, Lämke et al. 2017; Avramova 2018). Stress memory
represents an intrinsic response to repeated stress events (Avramova 2015). It is involved in
modifications at different levels, including morphological, physiological, transcriptional, translational, and
epigenetic levels (Kinoshita and Seki 2014; Baulcombe and Dean 2014; Sun et al. 2018; Srikant and Drost
2021). Heat stress (HS) is one of the major abiotic stresses in crop growth and productivity. Studies have
shown that HS induces stress response in higher plants, leading to photosynthesis inhibition, chlorophyll
degradation, protein denaturation and aggregation, loss of plasma membrane integrity, and accumulation
of reactive oxygen species (ROS), thus disturbing cell metabolism and homeostasis (Dobrá et al 2015;
Bäurle 2016; Lämke and Bäurle 2017; Ohama et al 2017). In recent years, studies on Arabidopsis, rice and
other plants have found that the response of plants to HS is not limited to immediate responses to HS or
heat shock response (HSR) (Grinevich et al. 2019). In nature HS is often recurring, many plants have
evolved the ability to “memorize” the previous HS exposure (HS memory), by maintaining some stress-
related changes, thereby preparing them for a better response to future HS stress. HS memory can last for
several days under normal growth temperature, which is also called "acquired heat tolerance" (Bäurle
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2016; Ohama et al 2017). HS memory has a unique adaptive significance of plants growing in the
environment of long-term high temperature or frequent high temperature stress (Liu et al. 2019a).

14-3-3 proteins are members of a highly conserved dimer protein family. A typical 14-3-3 protein contains
three regions: the N-terminal and C-terminal regions with high variability, and the conserved core region.
The N-terminal region is the key region for protein dimer formation, and the C-terminal region is directly
involved in protein-protein interaction (Gökirmak et al 2015, Chen et al. 2018). As a molecular chaperone,
14-3-3 protein mainly exists in the form of homodimer or heterodimer in plants. It binds to the target
protein in a sequence specific and phosphorylation dependent manner, and deeply participates in the
protein-protein interaction of various signaling pathways. The distribution of 14-3-3 proteins in cells is
diverse, mainly in the cytoplasm, but also in nucleus, Golgi apparatus, mitochondria, chloroplast and
plasma membrane (Stevers et al. 2018; Obsilova et al 2020). 14-3-3 protein genes have been found in
soybean, tobacco, tomato, Arabidopsis, rice and barley. In plants, 14-3-3 proteins have been shown to
regulate many biological processes, such as metabolism, light and hormone signaling, apoptosis, cell
cycle control and protein transport. More and more reports have described the role of 14-3-3 proteins in
plant stress response by interacting with key proteins in biotic and abiotic stresses (Gökirmak et al. 2015;
Lyu et al. 2021; Mikhaylova et al. 2021). Studies on Arabidopsis 14-3-3 protein GRF9 showed that its
function was related to the synthesis of isopentenyl diphosphate, the common precursor of cytokinin
(CTK) and abscisic acid (ABA) biosynthesis. Under long-term HS, the expression of GRF9 was promoted
in Arabidopsis leaves and roots. In Arabidopsis, the expression of GRF9 was still up-regulated within 2–6
hours after HS, indicating that the function of GRF9 may be related to HS adaptation (Dobrá et al. 2015).

Haloxylon ammodendron is a perennial shrub belonging to Haloxylon of Chenopodiaceae. It grows in
gravel desert, clay desert, sandy or saline alkali land. It plays an important role in ecological restoration
and maintaining the stability of ecological structure. It is an effective tool for vegetation reconstruction in
arid desert (Yu et al. 2012; Wang et al. 2018). Adult H. ammodendron plants have strong stress tolerance
to heat, drought, cold and salinity stresses, while the survival rates of H. ammodendron seedlings are very
low under these abiotic stresses, indicating that its seedlings may acquire stress memory through priming
in the growth process to adapt to environmental stresses (Wang et al. 2021). However, there are few
studies on the role of memory related genes in H. ammodendron seedlings under HS. Previous
transcriptome analysis of H. ammodendron indicated that its 14-3-3 gene HaFT-1 (NCBI ACCESSION:
KU565486) might be involved in the regulation of HS memory (unpublished data). HaFT-1 gene has been
cloned and its transgenic Arabidopsis lines have been obtained. Expression of HaFT-1 was found to be
upregulated by salt and dehydration stresses in H. ammodendron seedlings (Li et al. 2017; Liu 2019b). In
this study, we further analyzed the function and mechanism of HaFT-1 gene in thermotolerance from
aspects of its expression, subcellular localization, and phenotype of HaFT-1 overexpression Arabidopsis
under priming-and-triggering treatment. It will expand our knowledge on the role of H. ammodendron 14-
3-3 family in stress tolerance, and will lay a foundation for studying the molecular mechanism of 14-3-3
protein in plant adaptability to HS.
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Materials And Methods

Plant Materials and Growth Conditions
The seeds of H. ammodendron were collected from Turpan Desert Botanical Garden in Xinjiang. The
surface-sterilized seeds sown in Murashige-Skoog (MS) solid medium plates at 25℃±2℃ were grown
under a diurnal cycle of 16 h light and 8 h dark with light intensity of 1500–2000 LX. One month old H.
ammodendron seedlings were treated with HS priming-and-triggering procedure as described previously
(Wang et al. 2020). In brief, samples grown at 26℃ (CK') were primed at 37℃ for 1 d (S1'), followed by 3
d recovery at 26℃ (R1'), then triggering was performed at 45℃ for 4 h (S2'), followed by 10 d recovery at
26℃ (R2'); while samples directly subjected to triggering at 45℃ for 4 h (FS2'), followed by 10 d recovery
at 26℃ (FR2') as the non-primed control. At the end of each time point (CK', S1', R1', S2', R2 ', FS2', and
FR2'), samples were frozen in liquid nitrogen and stored in a refrigerator at -80℃. The three biological
replicates were taken from each sample.

Wild-type (WT) Arabidopsis (Col-0) and HaFT-1 transgenic Arabidopsis (Col-0 background) heterozygous
T2 lines were obtained from previous research (Liu 2019b). Screening of T3 HaFT-1 transgenic
homozygous lines were carried out as previously described (Wang et al. 2017). 2-week-old Arabidopsis
seedlings were subjected to HS priming-and-triggering procedure as described in the reference (Charng et
al. 2007). In brief, samples grown at 22℃ (CK) were primed at 37℃ for 90 min (S1), followed by 2 d
recovery at 22℃ (R1), then triggering was performed at 47℃ for 1 h (S2), followed by 2 d recovery at
22℃ (R2); while samples directly subjected to triggering at 47℃ for 1 h (FS2) followed by 2 d recovery at
22℃ (FR2) as the non-primed control. At the end of each time point (CK, S1, R1, S2, R2, FS2, and FR2),
samples were frozen in liquid nitrogen and stored in a refrigerator at -80℃. The three biological replicates
were taken from each sample.

RNA Extraction, Reverse Transcription and PCR
Total RNA from each sample was extracted with Trizol reagent (Takara). Quality of total RNA was
determined by using agarose gel electrophoresis and nano drop nd-1000 full wavelength
spectrophotometer. About 2 µg of total RNA was reverse transcribed into cDNA using cDNA first strand
synthesis kit (TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix) (TaKaRa) in a 20 µL
reaction. Reverse transcription PCR (RT-PCR) was conducted by 35 cycles, with 18S rRNA as internal
controls for H. ammodendron. Quantitive real-time PCR (qRT-PCR) was performed with an ABI 7500 fast
real-time PCR system (Applied Biosystems). qRT-PCR reaction was performed using TB Green® Premix Ex
Taq™ II (Tli RNaseH Plus) (TaKaRa) according to the manufacture instructions. 18S rRNA gene was used
as the internal reference gene (Wang et al. 2018), primers used are listed in Supplementary Table 1. The
relative expression levels were calculated using the relative 2−△△CTmethod (Livak and Schmittgen 2001)
in three independent biological samples with three technical replicates.

Vector Construction and Subcellular Localization
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Full length HaFT-1 coding region was amplified by using TRANS high fidelity DNA polymerase
(Transgene) with specific primers (Supplementary Table S1). The sequence-confirmed PCR product was
ligated into the gateway pDONR221 vector and transferred to the 35S promoter driven plant
overexpression vector pEarleygate104 according to the manufacturer’s instructions (Invitrogen). The
construct was introduced into Arabidopsis protoplasts for subcellular localization with procedure as
described in the reference (Yoo et al. 2007). YFP signal was observed with a ZEISS LSM510 confocal
laser scanning microscope.

Cell Death Staining
Cell death staining was performed according to the references (Zhu et al. 2015;Wang et al. 2021). For
Hoechst 33342 staining, roots were soaked in assay buffer containing Hoechst 33342 for 30 min at 4℃
using the Apoptosis and Necrosis Assay Kit (Beyotime Institute of Biotechnology). After washing twice
with ddH2O, samples were observed with a confocal laser scanning microscope (ZEISS LSM510) with an
excitation filter of 350 nm. For trypan blue staining, leaves were soaked in PBS buffer containing trypan
blue (0.4%) for 3–5 min at room temperature. After washing with PBS buffer and fixing with methanol for
30 min, decolorize samples with 75% ethanol. Samples were observed with an optical microscope
(ECLIPSE Ts2R-FL, Nikon). All images were processed with ZEN 2009 Light Edition and Adobe
Photoshop. The percentage of cells death compared with the total cell number was estimated from three
different samples, each containing at least 30 cells. One-way analysis of variance (ANOVA) was
performed with SPSS13.0.

DAB Staining
Peroxide levels were measured by 3,3’-diaminobenzidine (DAB) staining (Orozco-Cardenas and Ryan
1999, Kawai-Yamada et al. 2004). Seedlings were immersed in freshly prepared 0.1% (w/v) DAB-HCl (pH
3.8) in potassium phosphate buffer (pH 7.8) containing 10 mM NaN3. After vacuum infiltration, samples
were incubated in darkness at 22℃ for 10 h for DAB staining. For peroxide determination, seedlings were
placed in acetic acid: glycerol: ethanol (1: 1: 3, by vol.) solution at 95℃ for 10 min and then stored in 95%
ethanol until photographed.

Measurment of Chlorophyll and Proline Contents and ROS
Scavenging Activity
WT and HaFT-1 transgenic Arabidopsis chlorophyll content were monitored as described previously (Li
and He 2021). Proline content, SOD and POD activity were measured with proline test kit, plant POD test
kit and plant SOD test kit (all from Nanjing Jiancheng Biology) following the kit instructions. Three
replicates of individual leaves were used for each sample.

Transcriptome Analysis
2-week-old HaFT-1 transgenic and WT Arabidopsis seedlings taken at CK, S2, and FS2 time points were
used for transcriptome analysis. A total of 2 mg RNA per sample was used as the input material for the
RNA sample preparations. Sequencing libraries were generated using a NEBNext UltraTM RNA Library
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Prep Kit for Illumina (NEB, United States) following a manufacturer’s recommendations. After the library
was constructed, Qubit2.0 fluorometer was used for preliminary quantification. The library was diluted to
1.5 ng/ul, and then Agilent 2100 Bioanalyzer was used to detect the insert size of the library. After
passing the library inspection, different libraries were pooled according to the requirements of effective
concentration and target offline data volume, and then Illumina sequencing was carried out. All
downstream analyses were performed with high quality clean data. About 3 Gb of clean data for each
sample were used to perform the transcriptional analysis. Statistically significant differentially expressed
genes (DEGs) were discovered using the DESeq2 R package, and DEG was defined by the adjusted P-
value (FDR) < 0.05 and Fold Change ≥ 2.

Results

Expression of HaFT-1 during heat stress priming-and-
triggering treatment
Previous transcriptome analysis showed that HaFT-1 expression is significantly promoted by triggering at
45℃ after priming at 37℃ in H. ammodendron seedlings (unpublished data). To further verify whether
HaFT-1 has HS primed expression pattern at transcriptional level, qRT-PCR was used to detect expression
of HaFT-1 during HS priming-and-triggering treatment (CK', S1', R1', S2', R2') and non-primed control
treatment (CK', FS2 ', FR2') (Fig. 1a). As shown in Fig. 1b, with priming, the relative expression level of
HaFT-1 was significantly induced at triggering (S2') and subsequent recovery stages (R2'); while in non-
primed H. ammodendron seedlings, the relative expression level was much lower at triggering (FS2') and
subsequent recovery stages (FR2') compared to that in primed plants. These results indicated that HS
priming enhanced the expression of HaFT-1 during the second HS and subsequent recovery phase, thus
suggesting that HaFT-1 has the transcriptional memory to HS in H. ammodendron.

Subcellular localization of HaFT-1
CNLS Mapper (http://nls-mapper.iab.keio.ac.jp) prediction did not find any nuclear localization signal in
HaFT-1 protein. In order to further determine the subcellular localization of HaFT-1, recombinant vector
pEarleygate104-HaFT-1 expressing YFP-HaFT-1 fusion protein was transformed into Arabidopsis
protoplasts for microscopical observation. The results showed the YFP-HaFT-1 fluorescent signals in the
cytoplasm of Arabidopsis protoplasts (Fig. 2), indicating subcellular localization of HaFT-1 in the
cytoplasm.

HaFT-1 overexpression enhanced thermotolerance of
transgenic Arabidopsis seedlings
T3 generation homozygous lines of HaFT-1 overexpression Arabidopsis were obtained from previous
research. In this study, P1 and P8, which showed the highest expression level of HaFT-1 among all T3
homozygous lines, were selected using semi-quantitative PCR screening (Supplementary Fig. 1). To
assess whether overexpression of HaFT-1 led to enhances HS tolerance of transgenic Arabidopsis, we
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designed experiments to qualitatively evaluate growth morphology and cell death characteristics of HaFT-
1 transgenic Arabidopsis during HS priming-and-triggering treatment (CK, S1, R1, S2, R2) and non-primed
control treatment (CK, FS2, FR2) (Fig. 3a). The growth of P1, P8 lines, and WT Arabidopsis was inhibited
at S2, FS2, R2, and FR2 stages, and the inhibition of WT Arabidopsis growth was more obvious than that
of P1 and P8 lines (Fig. 3b). Furthermore, the survival rates of P1, P8 lines, and WT Arabidopsis at the R2
stage were higher than those at the FR2 stage. Moreover, the survival rates of P1and P8 lines were higher
than those of WT Arabidopsis at the R2 and FR2 stages (Fig. 3c). In addition, qRT-PCR showed that at the
S1 stage, the expression levels of HsfA2 (AT2G26150), HSP21 (AT4G27670), and HSP101 (AT1G74310)
in P1 and P8 were much higher than those in WT Arabidopsis, while at other stages, their expression
levels did not significantly differ compared to the S1 stage (Fig. 3d). These results showed that HaFT-1
overexpression not only promotes HS priming and resistance to second HS of transgenic Arabidopsis, but
also improves thermotolerance of transgenic Arabidopsis without HS priming.

HaFT-1 overexpression inhibited cell death of transgenic Arabidopsis seedlings after heat stress with or
without HS priming

To investigate the mechanism of promoted survival rates of HaFT-1 transgenic Arabidopsis after HS, cell
death of Arabidopsis overexpressing HaFT-1 and WT Arabidopsis was analyzed by cell staining. Trypan
blue staining was used to observe cell death in leaves. With TB staining, the dead cells were colored in the
dark blue, while living cells were not stained. At S2 and FS2 stages, the numbers of stained cells in the
same blade area in WT Arabidopsis leaves were higher than that of P1 and P8 leaves (Fig. 4a). The cell
death rates of P1 and P8 leaves were significantly lower than that of WT Arabidopsis at the S2 and FS2
stages. Furthermore, the leaves’ cell death rates of P1, P8, and WT Arabidopsis at the S2 stage were
significantly lower than those at the FS2 stage (Fig. 4b). Next, roots of HaFT-1 overexpression lines and
WT Arabidopsis were stained with Hoechst33342 (a fluorescent dye that can bind to nuclear DNA, where
the dead cells are deeply stained due to chromatin concentration) to show the vitality and morphology of
the cells (Fig. 4c). Hoechst33342 staining showed that the number of dead cells in the main root
meristem zone of P1 and P8 at the S2 and FS2 stages were significantly lower than that of WT
Arabidopsis. Moreover, similar to leaves, the roots cell death rates of P1, P8, and WT Arabidopsis at the
S2 stage were significantly lower than those at the FS2 stage (Fig. 4d). To sum up, the results of TB and
Hoechst33342 staining further proved that HaFT-1 overexpression reduces the cell mortality of transgenic
Arabidopsis seedlings after HS and after HS priming.

Transcriptome analysis of HaFT-1 overexpression lines
under HS priming-and-triggering treatment
To further investigate the mechanism of enhanced survival rate of HaFT-1 transgenic Arabidopsis after
second HS on the transcriptional level, RNA-seq was used to monitor differential expression of genes
after priming-and-triggering treatment. Compared to untreated control (CK), 3427 and 2701 genes, were
up- and downregulated in P1 plants at the S2 stage, while in WT plants, 3255 and 3094 genes were up-
and downregulated at the S2 stage, respectively (Fig. 5). At the FS2 stage, compared to CK, 4882 and
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5033 genes were up- and downregulated in P1 plants, respectively, while in WT plants, 4585 genes were
upregulated and 4934 genes downregulated (Fig. 5). Among the upregulated genes, 1134 and 1236
genes were specifically expressed in P1 plants at S2 and FS2 stages, respectively (Fig. 5); among all
downregulated genes, 930 and 1372 genes were specifically expressed in P1 plants at S2 and FS2
stages, respectively (Fig. 5).

KEGG enrichment was then applied for genes upregulated and downregulated in P1 plants at S2 (P1S2-
UP and P1S2-DOWN) and FS2 (P1FS2-UP and P1FS2-DOWN) stages, respectively. According to the value
of -log10(padj), the top 20 KEGG enrichment pathways in P1S2-UP, P1S2-DOWN, P1FS2-UP, and P1FS2-
DOWN are shown in Fig. 6. In P1S2-UP and P1FS2-UP groups, up-regulated genes (1134 genes and 1236
genes, respectively; Fig. 5) specifically expressed in P1 plants were mainly included in protein and energy
metabolism pathways, such as proteasome, oxidative phosphorylation, aminoacyl-tRNA biosynthesis and
fatty acid degradation pathways (Fig. 6). Compared to the P1FS2-UP group, pathways including pyruvate
metabolism and citrate cycle (TCA) were specifically enriched in the P1S2-UP group (Fig. 6). Moreover,
down-regulated genes in P1S2-DOWN and P1FS2-DOWN groups (930 genes and 1372 genes,
respectively; Fig. 5) expressed in P1 plants were included in pathways related to signal transduction and
biosynthesis (Fig. 6). Compared to down-regulated pathways enriched at the FS2 stage, pathways
including plant hormone signal transduction, spliceosome and mRNA surveillance pathways were
specifically enriched in P1 plants at the S2 stage (Fig. 6).

Pathways related to cell death inhibition and stress resistance were also found in KEGG enrichment.
Among the top 20 KEGG enrichment pathways in each group, autophagy was enriched in P1S2-DOWN
and P1FS2-UP, and arginine and proline metabolism was enriched in P1S2-DOWN and P1FS2-DOWN, and
peroxisome was enriched in P1FS2-DOWN (Fig. 6). In addition to the top 20 KEGG enrichment pathways,
there were more KEGG enrichment pathways related to cell death inhibition and stress resistance.
Autophagy was enriched in P1S2-UP (No.23), arginine and proline metabolism was enriched in P1S2-UP
(No.26) and P1FS2-UP (No.35), peroxisome was enriched in P1S2-UP (No.44), P1S2-DOWN (No.58) and
P1FS2-DOWN (No.84), porphyrin and chlorophyll metabolism was enriched in P1S2-UP (No.53), P1S2-
DOWN (No.40), P1FS2-UP (No.89), and P1FS2-DOWN (No.44) (Supplementary Table 2 to 5). Therefore,
among all KEGG enrichment pathways, proline metabolism, autophagy, chlorophyll metabolism and
peroxisome pathways were enriched in P1S2-UP, P1S2-DOWN and P1FS2-DOWN, while these three
pathways, other than autophagy were enriched in P1FS2-UP.

To sum up, these results showed that energy generation and protein metabolism were promoted, while
signal transduction and biosynthesis were depressed after the second HS in HaFT-1 transgenic plants. In
addition, the regulation of proline metabolism, autophagy, chlorophyll metabolism and reactive oxygen
species (ROS) scavenging was also related to the resistance of HaFT-1 transgenic plants to the second
HS.

Effect of HaFT-1 overexpression on physiological changes
of seedlings under heat stress priming-and-triggering
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treatment
To analyze the effect of HaFT-1 overexpression on proline metabolism, chlorophyll metabolism and ROS
scavenging at the physiological level, enzyme activities of SOD and POD, proline and chlorophyll contents
in P1, P8 and WT were measured during HS priming-and-triggering treatment.

DAB staining showed that P1 and P8 had no obvious staining at CK or S2 stage and slight staining at the
FS2 stage, but WT was stained deeper than P1 and P8 after both S2 and FS2 treatment (Fig. 7a). At S1
and R1 stages, enzyme activities of SOD and POD in P1 or P8 were higher than those in WT (Fig. 7b, c),
suggesting that HaFT-1 overexpression promoted the accumulation of SOD and POD during HS priming.
At the S2 stage, there was no significant difference in POD activity between P1, P8, and WT, but SOD
activity was higher than that of WT (Fig. 7b, c). Chlorophyll content of P1 and P8 seedlings were
significantly lower than that of WT at S1 and R1 stages. Contrary to that, chlorophyll contents of P1 and
P8 seedlings were significantly higher than that of WT at the S2 stage ((Fig. 7d).

The expression of key genes in proline biosynthesis was further explored (Fig. 8). qRT-PCR analysis
showed that at the S1 stage, the expression level of P5CS2 in P1 and P8 was much higher than it in WT
Arabidopsis. At the S2 stage, the expression level of the P5CS2 (AT3G55610) gene in P1 and P8 was
slightly up-regulated compared to its expression level in WT Arabidopsis. At the FS2 stage, the expression
levels of P5CS2 in P1, P8, and WT were significantly different from those at the S2 stage (Fig. 8). These
results showed that compared with WT, the expression of P5CS might be important to enhance tolerance
to the second HS in HaFT-1 overexpression Arabidopsis, and more expression of P5CS at the S1 stage
was likely to lead to more accumulation of proline at the R1 stage in HaFT-1 overexpression Arabidopsis.
At the R1 stage, proline contents in P1 or P8 were higher than that in WT. However, at the S2 stage, proline
contents in P1 or P8 were lower than that in WT. By contrast, at the FS2 stage, proline contents of P1 and
P8 were significantly higher than that of WT, and the proline contents of P1, P8 and WT at FS2 stage was
significantly higher than these at S2 stage (Fig. 8).

In summary, our data suggested that HaFT-1 overexpression enhances ROS scavenging ability and
proline biosynthesis at the HS priming stage, probably contributing to maintaining the stability of
chlorophyll and reducing cell death under second HS.

Discussion
HS usually causes assimilation branches of H. ammodendron seedlings to turn yellow and stop growing,
resulting in the death of seedlings that are not deeply rooted when exposed to HS-induced drought stress
(Yu et al. 2012). Therefore, acquiring the adaptability to HS through heat priming is of great significance
for the survival of H. ammodendron seedlings and the natural regeneration of the H. ammodendron
population.

14-3-3 proteins, a family of conserved molecules that target several protein clients through their ability to
recognize well-defined phosphorylated motifs and regulate activities of a wide array of target proteins via
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protein-protein interactions, are involved in many biologically important processes, including cell cycle
regulation, metabolism control, apoptosis, protein trafficking, stress response, and control of gene
transcription (Yang et al. 2006; Chen et al. 2013; Mikhaylova et al. 2021). At present, the function and
regulation mechanism of H. ammodendron 14-3-3 gene HaFT-1 are ambiguous. The study on H.
ammodendron 14-3-3 gene HaFT-9 and heat shock factor gene HaHsfA5 showed that their expression
has transcriptional memory to HS in H. ammodendron (Liu 2019b; Wang et al. 2020). In this study, we
further discovered that the expression patterns of HaFT-1 were similar to that of HaFT-9 and HaHsfA5
during HS priming-and-triggering treatment (Fig. 1), indicating that HaFT-1 can regulate acquired
thermotolerance. Unlike HaFT-9 or HaHsfA5, HaFT-1 is obviously up-regulated during the second HS and
subsequent normal temperature recovery stage but repressed at the HS priming stage and unresponsive
during the whole control treatment. However, it should be noted that stress memory regulating factors,
including DNA methylation, chromatin remodeling, microRNA and histone modification, can affect and
modulate HaFT-1 expression, which needs to be further explored. Transient expression of HaFT-1::YFP
fusion protein in Arabidopsis protoplasts showed HaFT-1 localized in the cytoplasm (Fig. 2) indicating
that as a molecular chaperon, HaFT-1 may interact with its target proteins, many of which act as acquired
thermotolerance regulators in the cytoplasm. However, to date, there has been no report about target
proteins of HaFT-1 or other 14-3-3 proteins in H. ammodendron.

Growth observation and cell death staining showed that HaFT-1 overexpression enhances HS priming
and thermotolerance after priming-and-triggering treatment and non-primed control treatment in
transgenic Arabidopsis (Fig. 3 and Fig. 4). These results confirmed the important role of HaFT-1 in
thermotolerance. Furthermore, the phenotype difference between HaFT-1 transgenic lines and the WT
Arabidopsis after the second HS was more obvious than that after control treatment, indicating that there
might be additional regulation on HaFT-1 protein and its interaction with target proteins after HS priming.
These results further suggest that the major role of HaFT-1 is to maintain the stability of acquired
thermotolerance regulators. qRT-PCR further showed that at the HS priming stage, genes including HsfA2,
HSP21, and HSP101 in P1 and P8 were highly expressed compared to those in WT Arabidopsis, implying
that HaFT-1 may interact with certain transcriptional regulators, which promote the expression of heat
shock factors and heat shock proteins at HS priming stage.

In this study, the transcriptomic analysis revealed more hints for understanding the function of HaFT-1.
Venn diagrams showed genes that are up- and down expressed in HaFT-1 transgenic plants at the S2
stage (Fig. 5). Furthermore, KEGG enrichment analysis showed that energy generation and protein
metabolism pathways were promoted among those genes, while signal transduction and biosynthesis
pathways were repressed after second HS in HaFT-1 transgenic plants (Fig. 6). HaFT-1 might bind to its
target proteins to facilitate the expression of genes in pathways specifically enriched in transgenic plants
after second HS. This data suggested that upregulated genes in energy generation and protein
metabolism pathways were more likely to promote HS-resistant activities after the second HS, while
downregulated genes in signal transduction and biosynthesis may inhibit some metabolic activities from
saving energy for promoting HS tolerance. Bioinformatics prediction further suggested that HaFT-1 may
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interact with HSFs, NACs, and other transcription factor family members (Liu 2019). Therefore, target
proteins of HaFT-1 need to be further explored.

KEGG enrichment showed that genes specifically expressed in HaFT-1 overexpression lines and related to
cell death inhibition and stress resistance belonged to proline metabolism, autophagy, chlorophyll
metabolism, and ROS scavenging pathways. There is a close relationship between stress-related genes
expression, ROS scavenging, and proline synthesis (Altuntaş et al. 2020; Medina et al. 2021; Li et al. 2022;
Wang et al. 2022). A study on desiccation-tolerant resurrection plant Craterostigma plantagineum
showed that after being primed by drought, expression of four representative stress-related genes and
ROS pathway-related genes gradually increased, accompanied by increased SOD activity, proline content,
and sucrose content, and a decrease in H2O2 content and electrolyte leakage (EL) (Liu et al. 2019c).
Research on wheat and tall fescue confirmed that drought-priming leads to HS cross adaptation with
higher leaf water potential, chlorophyll content, and photochemical efficiency. The improved protection
results in higher grain yield and increased tolerance compared to the non-primed plants (Liu et al. 2017;
Zhang et al. 2019). These examples suggest a positive role of HS priming in elevating chlorophyll
content.

In this study, DAB staining showed higher staining in WT compared to P1 and P8 after both S2 and FS2
treatment (Fig. 7), indicating the accumulation of ROS in P1 and P8 plants was lower than that in WT at
S2 and FS2 stages. These results suggested that the ROS scavenging ability of HaFT-1 transgenic plants
was stronger than that of WT at S1 and R1 stages, resulting in less peroxide accumulation in HaFT-1
transgenic plants compared to that of WT at the S2 stage. Furthermore, DAB staining of WT and HaFT-1
transgenic plants at the FS2 stage was significantly higher than that at the S2 stage, which further
showed that HS priming might reduce the accumulation of peroxide at the S2 stage. Meanwhile,
expression of P5CS2 increased at the HS priming stage, accompanied by increased SOD, POD, and
proline contents at S1, R1, and S2 stage, and chlorophyll content at the S2 stage in HaFT-1 transgenic
Arabidopsis (Fig. 7, 8). Therefore, enhanced peroxide scavenging ability and proline biosynthesis during
HS priming might contributed to maintaining chlorophyll stability and reduce cell death at the second HS
stage in HaFT-1 transgenic Arabidopsis, leading to a gain of HS tolerance and HS memory.

Taken together, this study characterized HaFT-1 for its role in thermotolerance. HaFT-1 has the
transcriptional memory to HS in H. ammodendron. Overexpression of HaFT-1 enhances HS priming and
thermotolerance of transgenic Arabidopsis. Priming-and-triggering treatment in Arabidopsis
overexpressing HaFT-1 promoted energy generation and protein metabolism, depressed signal
transduction and biosynthesis, and strengthened physiological regulation of proline content and peroxide
scavenging activity. This study showed that HaFT-1 is involved in the regulation of acquired
thermotolerance rather than basic thermotolerance and its upregulated expression depends on HS
priming in H. ammodendron.
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Figure 1

The transcriptional memory of HaFT-1 under HS priming-and-triggering treatment

(a) Schematic representation of the experimental procedure; dots indicate the time of sampling. Samples
were taken immediately at each sampling time point (CK', S1', R1', S2', R2', FS2', FR2'). (b) Relative
expression of HaFT-1 at each sampling time point. Statistical significance was determined with Student’s
t-test (P<0.05), and is labeled with lower case letters.
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Figure 2

Subcellular localization of HaFT-1
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Figure 3

Effect of HaFT-1 overexpression on growth of seedlings under heat stress priming-and-triggering
treatment

(a) Schematic representation of the experimental set-up; dots indicate the time of sampling. Samples
were taken immediately after the end of each sampling time point (CK, S1, R1, S2, R2, FS2, and FR2).
Growth phenotype (b), survival rate (c) and expression of partial genes (d) in P1, P8, and WT Arabidopsis.
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Statistical significance was determined with Student’s t-test (P<0.05), and is labeled with lower case
letters.

Figure 4

Effect of HaFT-1 overexpression on cell death of seedlings under heat stress priming-and-triggering
treatment

(a) Trypan blue staining (bar=50 μm). (b) Cell death rates in leaves. (c) Hoechst33342 staining (bar=50
μm). (d) Cell death rates in roots. Statistical significance was determined with Student’s t-test (P<0.05),
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and is labeled with lower case letters. 

Figure 5

Venn diagram summarizing the genes overlapping between P1 plants and WT Arabidopsis at S2 and FS2
stages.
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Figure 6

KEGG-enriched pathways among genes specifically induced or repressed in P1 plants at S2 and FS2
stages

Figure 7

ROS scavenging activity and chlorophyll content of P1, P8, and WT Arabidopsis under HS priming-and-
triggering treatment
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(a) DAB staining. (b) Enzyme activity of POD. (c) Enzyme activity of SOD. (d) Chlorophyll content.
Statistical significance was determined with Student’s t-test(P<0.05), and is labeled with lower case
letters.

Figure 8
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Expression of P5CS2 and proline content of P1, P8 and WT Arabidopsis during HS priming-and-triggering
treatment

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryFig1.pdf

SupplementaryTable1.pdf

SupplementaryTable2.pdf

SupplementaryTable3.pdf

SupplementaryTable4.pdf

SupplementaryTable5.pdf

https://assets.researchsquare.com/files/rs-1857782/v1/1e7e348fbd585cc586bc9958.pdf
https://assets.researchsquare.com/files/rs-1857782/v1/afb02ac47991190c47bf75cf.pdf
https://assets.researchsquare.com/files/rs-1857782/v1/b3467233b1079ddf1b91ed3c.pdf
https://assets.researchsquare.com/files/rs-1857782/v1/c2f8dee95672d53cb29f5b06.pdf
https://assets.researchsquare.com/files/rs-1857782/v1/cacb92d186d06a40bcf29aae.pdf
https://assets.researchsquare.com/files/rs-1857782/v1/d0dcdbdee0d511c742dd511a.pdf

