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1 | INTRODUCTION
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Abstract

Heat shock proteins (HSPs) and abscisic acid (ABA) play important roles in plant
heat responses but have not been extensively studied in pea (Pisum sativum L.), whose
heat susceptibility is well known. In this study, four pea varieties varying in heat tol-
erance based on field trials were evaluated. Plants were heat stressed for 3, 6, 12,
or 24 h at 38 °C before pollination. Anther and stipule RNA from the same flower-
ing node were sampled for transcriptional profiling of PsHSP18.1 and PsHSP71.2.
Additional stipules were sampled for the quantification of ABA concentration and its
five key catabolites from the four major ABA catabolic pathways by ultra-high per-
formance liquid chromatography—selected reaction monitoring mass spectrometry
(UHPLC-SRM/MS). The transcription of both HSP genes was upregulated because
of heat stress (HS). In stipules, the upregulation was greatest at 3 h HS, whereas in
anthers, the induced transcription was similar among different hours of HS. Likewise,
more ABA accumulated in the ABA metabolism pool because of HS, and the ABA
response started rapidly after 3 h of treatment. Heat-tolerant varieties had a higher
ABA synthesis and turnover rate at 3 h HS than their respective heat-susceptible
counterparts. This study provides new insights into different heat tolerance among

Canadian pea varieties regarding HSP and ABA hormone regulation.

when the daily maximum temperature exceeded 28 °C dur-
ing flowering or the seasonal temperature was over 17.5 °C

Pea (Pisum sativum L.) belongs to the cool-season legume
family, among which, pea is considered as the most heat sus-
ceptible. In Canada, which accounts for one-third of global
pea production, lower grain yield was seen in summers

Abbreviations: ABA, abscisic acid; ABA-GE, abscisic acid—glucose ester;
Ct, cycle threshold; DPA, dihydrophaseic acid; HS, heat stress; HSP, heat
shock protein; neoPA, neophaseic acid; PA, phaseic acid; PCR, polymerase
chain reaction; qRT-PCR, quantitative real-time PCR; UHPLC-SRM/MS,
ultra-high performance liquid chromatography—selected reaction monitoring
mass spectrometry.

(Bueckert et al., 2015). In comparison, heat stress (HS) in
growth chambers was not fully expressed until daily maxi-
mum temperatures reached 36 °C (Jiang et al., 2019). In 2021,
an unusually long episode of heat waves was seen in July
and August across western Canada. For instance, in Saska-
toon (52°10'15” N, 106°42’00” W, meteorological station:
CA4057152), a record high at 40 °C was observed on 2 July,
and there were 22 d in July and August where the daily maxi-
mum temperature exceeded 30 °C, on average, 6 h of the day.
As a result, the production of field pea and other crops were
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detrimentally affected. In plant cellular defense against HS,
the induction of heat shock proteins (HSPs) is one of the major
responses. Heat shock proteins act as molecular chaperones
to facilitate folding of other functional proteins at HS, thus
alleviating their functional damage. Heat shock proteins, in
general, are classified into HSP100, HSP90, HSP70, HSP60,
and small HSP (sHSP) based on protein molecular weight.
In pea, most HSPs are identified in the subfamilies of SHSP
and HSP70 (DeRocher & Vierling, 1995; DeRocher et al.,
1991; Lenne et al., 1995). Among these reported pea HSP
genes, PsHSP17.9, PsHSP18.1, PsHSP71.2, and PsHSP70b
transcripts seemed transcriptionally induced at HS (DeRocher
& Vierling, 1995; DeRocher et al., 1991). Srikanthbabu et al.
(2002) further provided evidence that the HSP induction at
moderately high temperature improved survival rate of pea
seedlings at subsequent lethal HS.

The phytohormone abscisic acid (ABA) also plays an
important role in mediating plant adaptation to stress. The
relationship between ABA-dependent heat response and HSP
heat induction in leaf tissue is yet to be clarified, though
some HSP70s seemed both heat and ABA inducible, for
example, HSP71.1 in rice (Oryza sativa L.) (Ye et al., 2012;
Zou et al., 2009). On the contrary, Bray (1991) found that
HS-induced HSP accumulations at similar patterns between
tomato (Solanum lycopersicum L.) ABA-deficient mutant
‘flacca’ and wild-type tomato ‘Ailsa Craig’. Temperature
stress can activate numerous genes involved in ABA biosyn-
thesis, catabolism, and transport; ABA biosynthesis genes in
Arabidopsis thaliana (L.) Heynh. (e.g., ABAI, ABA2, ABA4,
AAO3, and NCED3) were differentially expressed (up- or
downregulated) in an organ-specific manner among stem
leaves on the flowering nodes, inflorescence meristem, and
developing silique. As a result, a significant accumulation
of ABA was detected in 37 °C-treated leaves compared with
leaves at 22 °C (Baron et al., 2012). The induction of ABA
under high temperature was observed after 8 h at 45 °C in
canola (Brassica napus L.) seedlings (Kurepin et al., 2008).
Transcriptomic comparison of rice seedlings revealed mul-
tiple genes in ABA synthesis and signal transduction were
differentially regulated between elevated temperature and
control temperature, and the pattern could vary depending
on HS intensity (Sharma et al., 2021). Also, ABA profil-
ing of cereal crops in various abiotic stresses, including heat,
cold, and drought, suggested that increased ABA accumula-
tion within reproductive structures was negatively correlated
with abiotic stress tolerance (Bheemanahalli et al., 2020; Ji
et al., 2011; Oliver et al., 2007; Tang et al., 2008). Little is
known as to whether ABA metabolism or signaling responds
differently between legume crops contrasting in their heat
tolerance. In general, plants have four ABA catabolic path-
ways, among which, conjugation and hydroxylation of the
8’-carbon atom are the major pathways. The balance between
ABA biosynthesis, catabolism, and transport determines

Core Ideas

e Heat-induced expression of PsHSPI8.1 and
PsHSP71.2 was a conserved heat response among
four pea varieties.

* ABA response differential at 3 h heat stress was
associated with heat tolerance in pea, similar to
previous field trials.

* The involvement of HSP and ABA in heat response
in pea was independent.

ABA homeostasis in plant tissue. An ultra-high performance
liquid chromatography—selected reaction monitoring mass
spectrometry (UHPLC-SRM/MS) approach was developed
for the quantification of ABA and its major metabolites. In
this study, the authors are not only curious whether ABA per
se accumulates in HS but, more importantly, how the ABA
homeostasis would change with HS.

We hypothesized that (a) both pea HSP genes (PsHSPI18.1
and PsHSP71.2) and stipule ABA are involved with pea
response to HS and (b) response variation would be observed
among different pea varieties and the differentials would link
with varieties’ heat tolerance characterized at the field trial
level.

2 | MATERIALS AND METHODS

2.1 | Plant material

Two pairs of heat-tolerant and heat-susceptible pea
varieties—cultivars CDC Meadow vs. Nitouche and
recombinant inbred lines PR11-2 vs. PR11-90—had been
identified from different genetic backgrounds in previous
studies in Canada. CDC Meadow (Warkentin et al., 2007)
demonstrated superior heat tolerance out of the 24 genotypes
studied by Tafesse et al. (2019) and Jiang et al. (2019), as it
had consistently superior performance in canopy temperature
depression, high in vitro pollen germination under HS, and
high grain yield in field trials. Nitouche, originating from
DLF Trifolium in Denmark, is considered as heat sensitive
because of its high ovule abortion rate and relatively poor
yield performance under high temperature (Jiang et al.,
2019). PR11-2 and PR11-90 are recombinant inbred lines
at Fg from the population PR11, which was derived from
the cross ‘CDC Centennial’//’CDC Sage’ made in 2008 at
the Crop Development Centre, University of Saskatchewan
(Huang et al., 2017). Both varieties have white flowers and
green cotyledons, but PR11-2 has higher pod number per
plant, longer flowering duration, and greater grain yield than
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TABLE 1
each year trial) at Saskatoon, Canada

Characteristics of flowering- and yield-related traits of ‘CDC Meadow’, ‘Nitouche’, PR11-2, and PR11-90 in 2017-2019 (rep = 3 in

Days to Flowering Reproductive node # Pod #
Variety Seeding date flowering duration mainstem mainstem Plot yield
d kg ha™!
‘CDC Meadow’ normal 54.3 16.3 5.6 9.0 2,784
late 494 14.6 5.1 8.9 2,762
‘Nitouche’ normal 58.0 13.7 4.8 7.2 2,534
late 50.7 12.3 44 6.7 1,816
PR11-2 normal 56.9 15.6 5.4 7.7 2,828
late 51.9 12.7 4.8 7.4 2,665
PR11-90 normal 48.0 17.7 4.5 7.1 2,289
late 47.7 13.0 33 52 1,145

Note. The late-seeded trial was planted 2-3 wk later than the normal seeded trial to expose the plots to greater heat stress. Both normal and late seeding trials had an
average 9 d > 28 °C, 5 d > 30 °C during flowering; however, late seeding trials had its daily max temperature average (27.2 °C) 1 °C higher than the max average (26.3

°C) of normal seeding.

PR11-90 based on field trials under normal seeding and
late seeding conditions, and thus, PR11-2 is considered as
more heat tolerant than PR11-90 (Table 1). The late seeding
date typically exposes the pea crop flowering period to
HS analogous to that of the warmer regions of the North
American prairies. The late seeding method was previously
reported by Huang et al. (2017) and Tafesse et al. (2019) to
expose the pea flowering period in mid-July and early August
to relatively high temperatures.

2.2 | Experimental design and heat
treatment

Seed samples of heat-tolerant varieties CDC Meadow and
PR11-2 and heat-susceptible varieties Nitouche and PR11-90
were obtained from CDC, University of Saskatchewan. Three
seeds of each variety were planted in a 3.8-L pot containing
Sunshine mix #4 (Sun Gro) at control temperature condition
(22/18 °C, 16/8 h day/night) which simulates a nonstress pea
field environment in western Canada. The three plants in one
pot were bulked later as one biological replicate. A random-
ized complete block design with three biological replications
of each variety was used. Starting from 1 wk after seedlings
were germinated, the plants were watered twice or three times
per week based on the soil medium moisture, plant’s growth
stage, as well as water use of each variety, so as to avoid
drought stress. Pots were fertilized weekly with 100 ml of
quick release fertilizer (20 N:20 P,05:20 K,O) prepared at a
concentration of 3 g L~!. At the stage when plants developed
flower buds but prior to anther dehiscence, plants assigned to
heat treatment groups were transferred from the control tem-
perature chamber to a chamber at 38/18 °C, 16/8 h day/night
for 3,6, 12, or 24 h respectively. The setting of HS at 38 °C was
consistent with Huang et al. (2021) and DeRocher et al. (1991)

and was similar to the HS temperature peak used by Jiang et al.
(2019). Then all the anthers and stipules on the first flowering
node from the three plants within one pot were freshly frozen
in liquid nitrogen and stored at —80 °C in a freezer. The whole
experiment yielded a respective library of 60 samples of each
plant organ type from four varieties, five heat treatments, and
three biological replicates.

2.3 | RNA extraction and qRT-PCR

For each organ sample, the extraction of total RNA was con-
ducted using QIAGEN RNeasy Plant Mini Kit. The quantity
of extracted RNA was then determined by optical density
at 260 nm and the OD260/0OD280 absorption ratio using
NanoDrop 8000 UV spectrophotometer. The remaining RNA
of each tissue sample was then stocked at —80 °C. One
microgram of total RNA was reversely transcribed to cDNA
using SensiFAST cDNA synthesis kit. Four reference genes
(PP2A, GH720808, p-tubulin, and GH720838) were recom-
mended for abiotic stress experiments in pea (Die et al.,
2010). GH720808, encoding histone H3, and GH720838,
encoding transcription factor ITA, were tested in this exper-
iment, and GH720838 was selected as the reference gene
to normalize the relative expression quantities of the target
genes because it had the consistent expression among differ-
ent time points and genotypes (i.e., among anther samples)
cycle threshold (Ct) value was 19.4 + 0.63, CV = 3.3; among
stipule samples, Ct value was 20.7 + 0.66, CV = 3.2. Specific
primers of PsHSP18.1 and PsHSP71.2 were designed via IDT
Primer quest tool (Integrated DNA Technologies Inc) with the
following criteria: Tm of 62 + 1 °C, polymerase chain reac-
tion (PCR) amplicon lengths of 90-120 bp, primer length of
20-22 bp, and GC contents of 45-55%. Primer efficiency
(%) of each gene was equaled to (10-/s1°P¢ — 1) x 100,
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and all primers had their efficiency rates between 90-110%
and qualified for assay use (Supplemental Figure S1). Then
SensiFAST SYBR No-ROX kit was used for the target
gene expression using optical 384-well plate on BIO-RAD
CFX384 quantitative real-time PCR (qRT-PCR) machine in
accordance with the manufacture’s protocols.

24 | qRT-PCR data analysis

For each time point, transcription fold change of HSP gene rel-
ative to reference gene is demonstrated as 2-ACY where ACt
= (Ct of HSP gene) — (Ct of reference gene) (Schmittgen &
Livak, 2008). Mean transcriptional fold change of PsHSP18.1
gene and PsHSP71.2 among different time points were com-
pared using SAS Proc Mixed model (v9.4, SAS Institute
Inc.). Following that, fold change values were further normal-
ized via 2722t method in order to compare the two genes’
transcription changes among different HS periods between
stipules and anthers among four genotypes.

2.5 | Extraction of ABA and its major
catabolites and quantification via
UHPLC-SRM/MS

In parallel, additional stipule samples were freeze dried and
ground into dry, fine powder. Sixty stipule samples were
prepared by weighing ~50 mg into a 2-ml microtube for
the quantification of ABA and its catabolites using UHPLC-
SRM/MS. For a negative control nonheat-stressed stipule
sample of the pea ‘wilt’ mutant, line JI 1069 was used. JT 1069
was documented as an ABA-deficient variety at drought stress
(Wang et al., 1984).

One milliliter of solvent consisting of 80:19:1
methanol/water/formic acid containing deuterated inter-
nal standards (d¢—ABA, d;—PA, d;-DPA, d,—7-OH-ABA,
and ds—ABA-GE; Toronto Research Chemicals) was added
to each tube. After vortexing the tube for 5-10 s, the samples
were placed onto a Thermo mixer for 30 min at 23.3 Hz
(room temperature). Samples were then centrifuged for 5 min
at 5,630 X g. An 800-pl aliquot of the supernatant was trans-
ferred into a new 2-ml microtube. A second extraction was
carried out by adding 500 pl of the extraction solvent with no
internal standard. After vortexing, mixing, and centrifuging
as described above, 500 pl from the second extraction was
transferred and combined with the first extraction. Three
hundred ninety microliters of the supernatant was transferred
to a new micro tube and dried using a speed vac (Labconco
Corp.). The dried sample was then reconstituted in 130 pl
of 79:20:1 water/methanol/formic acid, vortexed, and then
mixed on the Thermo mixer at room temperature for 30 min

at 23.3 Hz. A volume of 110 pl was transferred to a HPLC
vial containing a 150-pl insert prior to UHPLC-SRM/MS.

Abscisic acid and its five metabolites (phaseic acid
[PA] and dihydrophaseic acid [DPA] via C’8 hydroxylation,
neophaseic acid [neoPA] via C’9 hydroxylation, 7-OH ABA
via C'7 hydroxylation, and abscisic acid—glucose ester [ABA-
GE] via p-D-glucopyranosyl conjugation) were selected for
quantification. Five deuterated standards were selected as
internal standards, and an eight-point calibration curve was
prepared for quantification (Table 2).

The UHPLC-SRM/MS was performed on a TSQ Altis
triple quadrupole mass spectrometer equipped with a Van-
quish Flex UHPLC (Thermo Fisher Scientific) in the negative
ion mode. A volume of 10 pl was injected from the vial, and
analytes were separated using an Agilent Zorbax Eclipse Plus
C18 column (2.1 by 50 mm, 1.8 pm) and 5-mm guard col-
umn. The mobile phase consisted of 1% formic acid in water
(solvent A) or in 90% acetonitrile (solvent B). The flow rate
was set to 0.4 ml min~' and a 17-min solvent gradient was
used. The gradient started with 10% solvent B and gradually
increased to 20% at 5 min and to 30% at 7 min; it then was
increased to 42% at 11 min, ramped to 90% at 12 min, and then
maintained for 2 min. It was returned to 10% at 14.5 min and
maintained for 2.5 min to equilibrate the column. The liquid
chromatography column temperature was controlled at 25 °C
and the autosampler at 6 "C. The mass spectrometer parame-
ters were as follows: electrospray voltage 2500 V, vaporizer
temperature 350 °C, sheath gas pressure 60, auxiliary gas
pressure 10, sweep gas 1, and capillary temperature 325 °C.
The SRM parameters, such as the selection of precursor and
fragment ions, collision energies and radio frequency lens for
the compounds are shown in Table 2.

2.6 | Data quality check and outlier data
removal

For the dataset of each measured parameter from individ-
ual heat treatments, outliers were filtered among varieties
according to Tukey’s criteria. An outlier was defined as any
data outside the range [Q1 — 1.5(Q3 — Q1), Q3 + 1.5(Q3 -
Q1)], where Q1 and Q3 are the lower and upper quartiles,
respectively.

2.7 | ABA statistical analysis

For the concentration of ABA and its five catabolites, indi-
vidual analysis of variance was conducted via Proc Mixed
program in SAS v9.4 (SAS Institute Inc.). Multiple variety
means were compared based on least significant difference at
significance level .05.
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TABLE 2 Selected reaction monitoring parameters for abscisic acid (ABA) and its selected catabolites on a Thermo Fisher Altis triple

quadrupole mass spectrometer

Retention Precursor —
Compound time fragment

min m/z
ABA 7.3 263 — 153
PA 4.8 279 - 139
DPA 24 281 - 171
7’-OH-ABA 5.8 279 — 151
ABA-GE 4.6 425 — 263
neo—PA 6.4 279 — 205
ds—ABA 7.3 269 — 159
d;-PA 4.7 282 — 142
d;—ABA-GE 4.5 430 — 268
d,~7'-OH-ABA 5.8 283 — 221
d;—-DPA 2.4 284 — 240

Collision Radio frequency
energy lens
10.2 48
12 54
18 73
15.2 47
10.2 77
12 56
10.2 48
10.2 53
10.2 65
10.2 48
13 69

Note. ABA-GE, abscisic acid—glucose ester; DPA, dihydrophaseic acid; neoPA, neophaseic acid; PA, phaseic acid.

TABLE 3 Relative PsHSP18.1 and PsHSP71.2 gene transcription to the reference gene GH720838 on nonheat-stressed anther and stipule

samples
Stipules Anthers
Variety Pshspl8.1 Pshsp71.2 Pshspl8.1 Pshsp71.2
PR11-2 0.14 0.08 0.33 0.12
PR11-90 0.07 0.05 0.24 0.05
‘CDC Meadow’ 0.17 0.05 0.24 0.06
‘Nitouche’ 0.17 0.11 0.35 0.10
Mean® 0.1 +0.05 0.1 +0.03 0.3 +0.06 0.1 +£0.03

Note. Expression fold change of heat shock proteins relative to reference gene is demonstrated as 202, where ACt = (Ct of HSP gene — Ct of reference gene). Ct, cycle

threshold.

2Each mean fold change shown in the last row is the average across the four varieties.

3 | RESULTS

genes had greater expression at 3 h than at 6, 12, and 24 h

3.1 | Transcriptional profiling of PsHSPI18.1
and PsHSP71.2 between control temperature
and heat stress

In the control temperature environment, the transcriptional
levels of both PsHSP18.1 and PsHSP71.2 were minimal com-
pared with the transcription of the reference gene GH720838
on both anther and stipule samples (Table 3). Whereas their
transcription levels were significantly induced because of
HS (Figure 1). Our results supported previous classification
of both genes as heat inducible. The transcriptional level
of PsHSP18.1 was greater than that of PsHSP71.2 in both
stipules and anthers at control temperature.

When subjected to HS, the transcription of both genes was
significantly increased in all anther and stipule samples of all
four varieties at every time point measured. In stipules, both

(Figure 1a,b). At each time point under HS, the induction fold
change of both genes was statistically similar among the four
varieties. In anther samples of each variety, the induction fold
change of PsHSP71.2 was similar among the four time points
measured (Figure 1c). PR11-90 and Nitouche had greater
induction than PR11-2 and CDC Meadow at some time points
(e.g., 3 h at 38 °C). For the heat response of PsHSPI8.1
in anthers, the transcriptional induction was at similar fold
change across the four time points in both PR11-2 or Nitouche
(Figure 1d). Whereas in CDC Meadow, PsHSP18.1 had the
lower fold change at 6 h but similar fold changes at 3 , 12, and
24 h. In the anthers of PR11-90, PsHSP18.1 had less induction
at 24 h than the induction levels at 3 and 12 h. For individ-
ual time points under HS, the transcriptional fold change of
PsHSP18.1 had no significant variation at 24 h among four
varieties. At 3 h, the transcription of PsHSP18.1 was more
induced in PR11-90 than PR11-2. At 6 h, PR11-90 had greater
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FIGURE 1 Transcriptional response of PsHSP71.2 and PsHSP18.1 at 3, 6, 12, or 24 h 38 °C heat stress in stipules (a) PsHSP71.2 and (b)

PsHSP18.1) and whole anthers (c) PsHSP71.2 and (d) PsHSP18.1) at the same flowering node among four pea varieties. Each bar represents average

gene transcriptional fold change in log, (2724Y) across three biological replications and two technical replications and error bar represents standard

error. Within a panel, mean values followed by the same letter did not differ significantly at P < .05

expression of PsHSP18.1 than PR11-2 and CDC Meadow. At
12 h, CDC Meadow and PR11-90 had greater induction than
Nitouche and PR11-2.

3.2 | Genetic variation in stipule ABA
homeostasis under control temperature
condition

Total concentration, that is the sum of ABA and its catabo-
lites, was documented as an amount accounting for the ABA
pool. The total ABA concentration of the negative control, JI
1069, was profiled to be 1.1 nmol g~ dry wt. in our assay,
which was much lower than the total ABA concentration of
the four varieties of interest at control temperature (mean =
11.4 nmol g~! dry wt.; Table 4). A means comparison of indi-
vidual ABA catabolites and the total concentration among the
four varieties was conducted on nonheat-stressed stipule sam-
ples. Even at the control temperature condition, significant
variety differences were detected in DPA, neoPA, and the total
ABA pool concentration (Table 4). However, these variations
among the four varieties did not depend on their heat toler-
ance classification. One heat-susceptible cultivar, Nitouche,
had the highest concentration of all ABA catabolites and the
total ABA pool, but the other susceptible line, PR11-90, had
the second lowest DPA and total concentrations. The heat-

tolerant cultivar CDC Meadow had the lowest concentrations
of DPA and the total ABA pool among the four varieties, but
line PR11-2 had relatively high concentrations.

3.3 |
stress

ABA homeostasis response toward heat

To understand the whole ABA pool response to HS, ANOVA
on the effects of varieties and different hours of HS on the total
amount of ABA metabolites showed that varieties and high-
temperature treatment both had significant effects (Table 5).
More ABA in the pool accumulated at all heat treatments com-
pared with the control temperature, with double peaks at 3
and 24 h (Table 5). Although the whole ABA pool concen-
tration at 3 and 24 h 38 °C were similar, the composition of
the ABA pool was different. At 3 h 38 °C, DPA accounted for
85% of the total; at 24 h 38 °C, DPA only accounted for ~50%
of the total, whereas a big amount of ABA was synthesized,
implying a new round of ABA signaling is about to begin.
Regarding ABA and its various metabolites, ANOVA
results showed that ABA, DPA, PA, ABA-GE, and neoPA
had significant responses to temperature treatment, whereas
7'-OH ABA had no response (Table 5). When pea stipules
were exposed to 3 h HS, ABA concentration dropped sig-
nificantly compared with control temperature, and it was
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TABLE 4

Mean + standard deviations (n = 3) of abscisic acid (ABA), dihydrophaseic acid (DPA), neophaseic acid (neoPA), and total ABA

pool concentration on nonheat-stressed stipule samples among four pea varieties

Variety Heat tolerance ABA

‘CDC Meadow’ Tolerant 1.20 + 0.45a*
PRI11-2 Tolerant 1.41 £ 0.32a
‘Nitouche’ Susceptible 1.49 + 0.40a
PR11-90 Susceptible 1.05 + 0.40a

DPA neoPA Total

nmol g~ dry wt.
5.99 + 1.08b 0.06 + 0.01b 8.3 +1.39¢
10.47 +2.37a 0.05 +0.01b 13.1 + 1.95ab
11.02 + 1.05a 0.09 £ 0.01a 13.4 £ 0.79a
8.66 +0.37b 0.04 £ 0.02a 10.7 = 0.60bc

Note. For each column, if the values share a common letter, it means that they are not significantly different according to LSD (.05). PA, 7-OH ABA and ABA-GE were

not shown in the table because of nonsignificant variation among varieties. The full are provided in Supplemental Table S1.

converted to DPA via 8'-hydroxylation pathway; as a result,
DPA concentration increased accordingly. At 6 and 12 h, ABA
concentration increased to its similar level of control temper-
ature. For neoPA derived from ABA via 9'- hydroxylation, its
concentration did not vary between control temperature and
HS at 3, 6, and 24 h, but its concentration decreased at 12 h
38 °C.

3.4 | ABA response variation between heat
tolerant and heat susceptible pairs of varieties

The concentration changes of ABA, its catabolites, and total
ABA pool between control temperature and different heat
treatments was characterized for each of the four varieties. For
each variety, the ABA concentration was the lowest after 3
h at 38 °C (Figure 2). The ABA pool concentration was the
highest at 3 and 24 h at 38 °C, which was consistent with
the result in Table 5. A contrasting pattern of stipule total
ABA pool concentration between the two pairs of heat tol-
erant and heat-sensitive varieties was observed. In the pair of
CDC Meadow and Nitouche, CDC Meadow, the more heat-
tolerant cultivar, had a lower level than Nitouche (susceptible
counterpart); whereas in the pair of PR11-2 and PR11-90, heat
tolerant PR11-2 had a higher level than PR11-90. But from the
perspective of ABA response to heat treatment, at 3 h HS, the
total ABA pool concentration of CDC Meadow increased by
53% compared with control temperature, and the correspond-
ing increase percentage was 12, 36, and 33% for Nitouche,
PR11-2, and PR11-90, respectively. The increased percentage
of ABA converting to DPA was 74, 18, 48, and 35% for CDC
Meadow, Nitouche, PR11-2, and PR11-90, respectively. Both
PR11-2 and CDC Meadow had a faster ABA turnover rate,
with more ABA synthesized in the pool after 3 h at 38 °C
than their sensitive counterparts. The similar response pattern
in the two groups suggests that heat tolerance might correlate
with a greater ABA induction and a faster turnover rate at the
early stage of HS.

4 | DISCUSSION

4.1 | Induced transcription of PsHSP18.1
and PsHSP71.2 at heat stress

Based on their expression patterns, HSPs within each fam-
ily can be classified into three subcategories, which are heat
induced, expressed constitutively but not heat induced, and
expressed constitutively with additional heat induction. The
two HSP genes, PsHSP18.1 and PsHSP71.2, whose expres-
sion was identified as heat inducible on a vegetable pea
variety (DeRocher and Vierling, 1995; DeRocher et al., 1991),
were validated in this study on field pea varieties with vari-
ous thermal tolerance. Both genes were minimally expressed
in the stipules and anthers at nonstressed control tempera-
ture condition (Table 3), but their expression was dramati-
cally induced when subjected to high temperature treatment
(Figure 1).

In plant cellular defense against heat, the induction of HSP
is one of the major responses. The HSPs act as molecu-
lar chaperones, which are proteins that facilitate folding of
other functional proteins especially at the secondary and ter-
tiary structure during nonstress periods and prevent them
from denaturation and aggregation during exposure to HS.
Overexpression of HSP genes in transgenic plants helped
plants exhibited improved tolerance to high temperature
(Fragkostefanakis et al., 2015; Mishra et al., 2018). For stipule
samples in this study, 3 h high-temperature HS treatment was
the most heat-responsive time point, as the fold change of both
genes reached the maximum on every variety (Figure 1a,b).
This rapid response corresponded with the characterization of
PsHSP18.1 and PsHSP71.2 in the vegetable pea cultivar Little
Marvel (DeRocher & Vierling, 1995; DeRocher et al., 1991)
as well as the findings reported in other plant species (Wahid
et al., 2007). For anthers of individual variety, the transcrip-
tional level of both genes was steady during HS (Figure 1c,d).
Greater expression was seen in stipule than anther, suggest-
ing a better thermal tolerance in vegetative organs than in
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FIGURE 2 The concentration (nmol g~! dry wt.) change of abscisic acid (ABA), phaseic acid (PA), dihydrophaseic acid (DPA), 7'-OH ABA,

abscisic acid—glucose ester (ABA-GE), neophaseic acid (neoPA), and the total over different hours of heat stress at 38 °C on two heat-tolerant pea
varieties, (a) ‘CDC Meadow’ and (c) PR11-2, and two heat-susceptible pea varieties, (b) ‘Nitouche’ and (d) PR11-90

reproductive organs. However, the induction threshold of
both genes did not correlate with the varieties’ heat-tolerance
classification. For instance, in heat-stressed stipules, CDC
Meadow and PR11-2 had similar accumulation levels of both
transcripts as their susceptible counterpart, Nitouche and
PR11-90, at individual time points (Figure 1a,b). This result
supports the finding in Huang et al. (2021): that induced
expression of genes associated with HSPs and their transcrip-
tion factors was a common heat response among pea varieties
with varying heat tolerance. Heat-induced transcription of
HSP genes could be cultivar specific in rice (Chandel et al.,
2013) and wheat (Triticum aestivum L.) (Mishra et al., 2017)
when screening among multiple heat tolerant and susceptible
varieties. Similar to this study, the differential induction of
HSP genes did not depend on the classification of the vari-
ety’s heat tolerance. They both found that heat-tolerant and
heat-susceptible varieties could have strong induction in some
of the HSP genes. One possible explanation on high HSP
induction in a heat-susceptible variety is that a rescue mech-
anism is taking place, which is also likely the reason that
both HSP genes had higher induction in anthers of PR11-90
than anthers of PR11-2 at many time points, PsHSP71.2 in
particular (Figure 1c,d).

4.2 | Pea ABA metabolic homeostasis at
control temperature and heat stress

In the limited papers related to pea ABA, leaf ABA concen-
trations were reported in the range of 0.76-2.27 nmol g~!
dry wt. (Zhang & Davies, 1987; Zhang & Zhang, 1994),
and the ABA concentration at control temperature condi-
tion in this experiment fell within the range (Table 4). The
DPA derived from C-8’ hydroxylation was the most abundant
among ABA catabolites, whereas neoPA via 9’ hydroxy-
lation and 7'OH-ABA via 7' hydroxylation were minimal.
Though there was no resource in pea to compare, in the gen-
eral review papers of plants, 8’ hydroxylation is believed to
be the dominant catalytic hydroxylation pathway (Cutler &
Krochko, 1999; Sah et al., 2016; Zeevaart & Creelman, 1988).
At control temperature, free ABA levels in stipules were not
statistically different among four pea varieties, which was
in agreement with the finding of Ji et al. (2011) that there
was no significant variation of endogenous ABA levels in
unstressed leaves among four wheat varieties with varying
drought tolerance. Whereas in our study, significant variety
differences were detected in DPA, neoPA, and the total ABA
pool concentrations (Table 4).
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Phytohormone ABA is involved in the regulation of ther-
motolerance, and 7-d-old seedlings of Arabidopsis abal,
aba2, and aba3 mutants with deficiency in different ABA
synthesis genes displayed reduced basal and acquired heat
tolerance compared with wild type (Larkindale et al., 2005).
In our study, JI1069, an ABA-deficient line, demonstrated a
wilting phenotype under control temperature particularly dur-
ing the reproductive stage and, as a result fruit production,
failed. Its heat susceptibility compared with other pea vari-
eties mainly was due to low vigor at control temperature.
When subjected to HS, ABA response could be rapid (i.e.,
within hours). Leaf ABA concentration started to increase
within the first hour of HS in grapevine (Vitis vinifera L.)
leaf (Abass & Rajashekar, 1993) and during the 4- to 8-h
period of HS in canola leaf (Kurepin et al., 2008). Although
we found the ABA pool concentration accumulated at 3 h of
high temperature, the induction was not continuous (Table 5).
Its concentration between 6 and 12 h HS dropped to the simi-
lar level of control temperature, but the concentration started
to increase again during 12-24 h HS. The ABA pool accu-
mulation after 24 h HS mainly was due to the significant
increase in the concentration of active ABA. This induced
active ABA was also found in Arabidopsis leaves when 24
h HS was applied (Baron et al., 2012). The accumulated
ABA level did not bring about a further transcription induc-
tion of either HSP71.2 or HSP18.1 at 24 h HS compared
with other durations of heat treatment (Figure 1), suggest-
ing the expression of both genes was not ABA inducible.
Bray (1991) drew a similar conclusion in tomato based on
the finding that HS induced accumulation of HSPs were
at similar patterns between tomato ABA-deficient mutant
‘flacca’ and wild-type ‘Ailsa Craig’. Contrastingly in rice,
several studies showed that some HSPs could be induced
by ABA (Ye et al., 2012; Zou et al., 2009), and based on
this evidence, the authors proposed that ABA-mediated HSP
induction could be one mechanism by which ABA con-
fers heat tolerance. However, the involvement of ABA in
heat response seemed complex, and ABA-related enhance-
ment of heat tolerance in plant species was also achieved
through the regulation of expressions of respiratory burst
oxidase homologs genes and sucrose metabolism (Li et al.,
2021).

Active ABA concentration at 3 h HS, on the contrary, was
repressed among four pea varieties. The accumulated ABA
pool concentration at this time was due to increased DPA via
ABA C’8-hydroxylation pathway. Interestingly, heat-tolerant
varieties CDC Meadow and PR11-2 had faster ABA turnover
than their susceptible counterpart varieties, which appears to
be linked with pea heat tolerance. Similarly, a faster ABA
turnover was reported in a heat-tolerant variety of rice (Tang
et al., 2008) and wheat (Bheemanahalli et al., 2020) compared
with their susceptible checks. Our study provides a new direc-
tion in the understanding of hormonal regulation under HS in

legumes, whose current emphasis is on other plant hormones
(e.g., auxin or ethylene) (Ozga et al., 2017).

S | CONCLUSION

The transcription of PsHSP18.1 and PsHSP71.2 identified in
vegetable pea was validated as heat inducible in the field pea
varieties. The transcription of both genes was most induced
at 3 h at 38 °C in stipules. In anthers, the induction of both
genes was similar at 3 and 24 h of HS. Compared with control
temperature, the average ABA pool concentration among four
varieties increased by >30% at 3 and 24 h of HS. Heat-tolerant
varieties had greater ABA response than heat susceptible vari-
eties in terms of 25% faster ABA turnover rate at early HS
stage. This response differential between tolerant and sus-
ceptible varieties linked well with different heat tolerance of
the four varieties at the field level. However, HSPs response
appeared to be a conserved plant HS response as the expres-
sion induction did not differ significantly among varieties
known to differ in heat tolerance under field conditions.
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