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Abstract

Plants trigger endoplasmic reticulum (ER) pathways to survive stresses, but the assistance of ER in plant tolerance still needs
to be explored. Thus, we selected sensitive and tolerant contrasting abiotic stress sorghum varieties to test if they present a
degree of tolerance to ER stress. Accordingly, this work evaluated crescent concentrations of tunicamycin (TM ug mL™!):
control (0), lower (0.5), mild (1.5), and higher (2.5) on the initial establishment of sorghum seedlings CSF18 and CSF20.
ER stress promoted growth and metabolism reductions, mainly in CSF18, from mild to higher TM. The lowest TM increased
SbBiP and SbPDI chaperones, as well as SbbZIP60, and SbbIRE] gene expressions, but mild and higher TM decreased it.
However, CSF20 exhibited higher levels of SbBiP and SbbIRE transcripts. It corroborated different metabolic profiles among
all TM treatments in CSF18 shoots and similarities between profiles of mild and higher TM in CSF18 roots. Conversely, TM
profiles of both shoots and roots of CSF20 overlapped, although it was not complete under low TM treatment. Furthermore,
ER stress induced an increase of carbohydrates (dihydroxyacetone in shoots, and cellobiose, maltose, ribose, and sucrose
in roots), and organic acids (pyruvic acid in shoots, and butyric and succinic acids in roots) in CSF20, which exhibited a
higher degree of ER stress tolerance compared to CSF18 with the root being the most affected plant tissue. Thus, our study
provides new insights that may help to understand sorghum tolerance and the ER disturbance as significant contributor for
stress adaptation and tolerance engineering.
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lucas.pacheco31 @gmail.com Forage sorghum (Sorghum bicolor (L.) Moench) stand out

as a significant crop for human, particularly in Africa, Asia,
and other semi-arid regions all over the world, as well as
a source for ruminant diets used mainly in countries like
Brazil and the United States (Afify et al. 2012; Taleon et al.
2012). The sorghum benefits are related to high levels of
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carbohydrates and proteins in some varieties associated with
high digestibility, productivity, and adaptation to dry and
hot environments (Stefoska-Needham and Tapsell 2020;
Carvalho et al. 2020), including the potential for bioenergy
production (Velmurugan et al. 2020). Sorghum is the fifth
most produced cereal worldwide, behind only wheat, rice,
maize, and barley (FAO 2019). In Brazil, the production is
around 3.065 million tons per year, considering 2.985 kg/ha,
and 1027.1 hectares of planted area (CONAB 2022).
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Similar to all living organisms, sorghum can be affected
by several stress types that compromise seedling establish-
ment, plant development, and yield. The abiotic stresses
include the ion excess (mainly sodium, and chloride)
or toxic metals (aluminum, arsenate, and cadmium, for
example) in the soil, drought or flooding (water stresses),
low or high temperatures, and nutrient deficiency (Reddy
2019). In general, temperature, salinity, and drought are
the main factors that can harm plant productivity (Fedor-
off et al. 2010; Zhu 2016). On the other hand, consider-
ing plant diseases, the attack of fungi and bacteria, for
example, induces biotic stress pathways (Schlemper et al.
2018). Due to their C4 metabolism, sorghum plants toler-
ate dry and high-temperature environments by a complex
mechanism involving morphological, physiological, and
biochemical alterations that manage to develop and grow
in cultivated regions with irregular rainfall distribution
(Taleon et al. 2012; McCormick et al. 2018). Moreover,
some genotypes have shown differential tolerance to
adverse environments, such as those presenting differential
drought tolerance levels (Seyoum et al. 2019) and different
salt stress tolerance levels (Silva et al. 2019). For instance,
two sorghum varieties, CSF18 and CSF20, demonstrating
different tolerance levels to salinity, are characterized as
sensitive and tolerant to biotic stress, respectively (Vieira
et al. 2005; Oliveira et al. 2020).

In general, plants display several responses to unfavora-
ble conditions, such as morphophysiological and metabolic
adjustments and adaptive cellular responses during develop-
ment (Bai et al. 2018). Chaperones, heat shock proteins, and
antioxidant enzymes are molecules related to most of these
mechanisms, which can protect the plant from damage (Chi
et al. 2019; Ul et al. 2019). In most cases, the Endoplasmic
Reticulum (ER) synthesizes and exports these molecules
to other organelles. Thus, it is noteworthy that this com-
partment became a crucial organelle for modulating plant
responses to stresses, including primary metabolite adjust-
ments in the cytosol (Park and Park 2019). Indeed, one gen-
eral response of both biotic and abiotic stress is the induction
of ER stress (Park and Park 2019; Pastor-Cantizano et al.
2020; Afrin et al. 2020). It decreases protein folding which
causes an accumulation of unfolded or misfolded proteins in
the ER lumen (Xiang et al. 2017; Manghwar and Li 2022).
In Arabidopsis, at the first moment, it triggers the activa-
tion of a signaling pathway called unfolded protein response
(UPR) which guarantees the maintenance of quality control
of the secreted proteins (Wang et al. 2019). Also, in different
crops, several other genes link ER stress response, multiple
stresses, and development (Manghwar and Li 2022). If ER
does not recover its homeostasis, apoptosis pathways are
activated, leading to programmed cell death (Xiang et al.
2017), a conserved process among animals, yeasts, and
plants (Simoni et al. 2022).
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Several studies have exposed plant tissues or cells to
tunicamycin (TM), a chemical agent widely used in experi-
mental conditions that inhibit protein N-glycosylation dis-
turbing ER homeostasis (Angelos and Brandizzi 2018; Yu
et al. 2019). Although the increase of TM hardly impairs
plant development, physiological and metabolic responses
are not explored (Yang et al. 2014; Chakraborty et al. 2017).
Otherwise, ER stress is often assessed by the upregula-
tion of ER-resident proteins, mainly by transcriptome and
proteome approaches (Feldeverd et al. 2020). Indeed, the
cellular response is much broader and involves phytohor-
mones, reactive oxygen species, membrane phospholipids,
and primary metabolites (Lima et al. 2022; Kanehara et al.
2022). It results in a tight adjustment between cell survival
and death, including a complex intracellular network among
ER, chloroplast, mitochondria, and cytosol (Depaepe et al.
2021). Following these metabolic alterations that the plants
use to face stresses, advanced tools have been employed,
such as known omics. Among them, metabolomics stands
out as a multidisciplinary science that offers unique possibil-
ities to decode biochemistry at a cellular level, beyond tran-
scriptome and proteome (Tugizimana et al. 2018; Hamany
Djande et al. 2020). It provides a qualitative and quantitative
analysis of metabolites, predicting discriminant ones and
influencing plant growth and development under different
environmental conditions (Razzaq et al. 2019; Lima et al.
2022; Raza 2022).

The ER efficiency in dealing with the accumulation of
misfolded proteins is fundamental for adaptation and plant
survival in front of any situation of stress. Nevertheless,
cellular adjustments need to be explored and correlated to
ER response. The ER efficiency in dealing with the accu-
mulation of misfolded proteins is fundamental for adapta-
tion and plant survival in front of any situation of stress.
Nevertheless, cellular adjustments need to be explored and
correlated to ER response. The influence of TM exposition
over time shows amino acids are discriminants at 24 h, and
components of the tricarboxylic cycle decrease to accumu-
late sugars at 96 h under high concentrations of TM (Lima
et al. 2022). Hence, it is relevant to detect crop varieties that
display different physiological, biochemical, and molecular
responses regarding low, mild, and high-stress conditions by
the increasing levels of TM.

Thus, we hypothesized that tolerance and sensibility are
related to ER performance by different metabolite modula-
tion that helps plants to acclimate to abiotic stress. Hence,
the purpose of this research was to evaluate changes in the
metabolic profiles in seedlings under endoplasmic reticu-
lum stress induced by low, mild, and higher concentrations
of tunicamycin (TM) in two contrasting sorghum varieties,
CSF18 and CSF20 described in the literature as sensitive
and tolerant to other abiotic stresses, respectively. The rela-
tionship between ER stress and metabolite modulation may
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provide new data to understand the differential responses
between contrasting genotypes involved in stress adaptation,
which may help future breeding programs to engineer stress
tolerance.

Material and methods
Plant material and growth conditions

Sorghum seeds of two varieties (CSF18 and CSF20) from
the Agronomic Institute of Pernambuco (IPA) were selected
and surface sanitized with 0.04% sodium hypochlorite. The
germination process was carried out on a germitest paper
(28 X 38 cm), previously autoclaved at 120 °C, containing
20 seeds on each sheet of paper. The experiment was placed
in a germination chamber (BOD) with average temperatures
of 30 °C during the day and 25 °C at night, with a photo-
period of 12 h. After the third day after sowing, seedlings
were carefully transferred to a new germitest sheet of paper
moistened with the corresponding treatment solution. The
control treatment (T1) consisted only of paper sheets mois-
tened distilled water. Whereas T2, T3, and T4 treatments,
the Tunicamycin (TM) solution, a specific ER stress inducer,
was added to moist the sheet paper in the concentrations of
0.5ugmL™!, 1.5 uyg mL™", and 2.5 uyg mL~!, respectively.

Growth analysis: seedling length and dry matter
determination

Seedlings were harvest from the germination chamber on the
4th day of treatment (7 days old) and photographed since it
was the limit of root growth on germitest papers. Pictures
were uploaded to the ImageJ software to measure the length
of roots and shoots (Rasband 2016). Half of the plant mate-
rial was divided by shoot tissues (leaf +stem) and root tissue
and placed in an oven at 60 °C for 72 h to obtain dry masses
of shoots (SDM) and root (RDM) by weighing in an analyti-
cal balance. The other half was immediately frozen in liquid
nitrogen and stored at -80 °C for further analyses.

Peroxidation of membrane lipids and hydrogen
peroxide (H,0,) contents

Extracts were prepared by grinding 0.2 g of fresh vegetable
tissue (shoots and roots) in 1.0 ml of trichloroacetic acid
(TCA 5%) for 1 min. The macerate was transferred to a tube
and centrifuged at 12.000 X g, for 15 min at 4.0 °C. All pro-
cedures described here were conducted at 4.0 °C, and the
extracts were stored in an ultra-freezer at -80 °C until the
beginning of the analyses.

For peroxidation of membrane lipids, the content of
malondialdehyde (MDA) was measured by substances

reactive to the thiobarbituric acid method (Heath and Packer
1968). The reaction occurred from the addition of 250 uL of
extract, 250 pL of distilled water, and 500 pL thiobarbituric
acid solution (TBA 0.5%) in 20% trichloroacetic acid. The
mixture was incubated in a water bath at 95 °C, for 30 min,
and the reaction was interrupted by cooling the tubes in an
ice bath. Subsequently, it was centrifuged at 3.000 X g for
10 min at 4.0 °C, and the supernatant was collected to deter-
mine readings at 532 nm and 600 nm. MDA contents were
estimated by subtracting these readings, using their molar
extinction coefficient (¢ =155 mM~! cm™!) expressed as
mmol g~ FM.

For determination of H,0O, contents, 100 pL of the
extract, 100 pL of 10 mM potassium phosphate buffer, pH
7.0, and 200 pL of 1 M KI (potassium iodide) were mixed
(Sergiev et al. 1997). Samples were incubated in the dark for
15 min at room temperature, and then absorbance readings
were taken at 390 nm. The H,0O, content was calculated from
a standard curve reference with increasing concentrations of
H,0, expressed as mmol g~' FM.

Gene expression

Total RNA was isolated from different treatments using
TRizol (Sigma Aldrich's). The quantification and integrity
were carried out in a NanoDrop 2000 spectrophotometer
(Thermo Scientific TM, Waltham, USA), and electropho-
resis in 1.5% (m/v) agarose gel electrophoresis system,
at 50 mA, 100 V. cDNA libraries were built employing
M-MLYV reverse transcriptase. Reverse transcription-pol-
ymerase chain reaction (RT-PCR) was performed using
RNase-free water and oligo(dT)s incubation at 70 °C for
5 min and cooling at 4 °C for 5 min. It was mixed with
RNase inhibitor, Reverse Transcription Mix, oligo(dT)s,
and submitted to 25 °C annealing temperature for 5 min, fol-
lowed by elongation at 42 °C for 60 min, and enzyme dena-
turation at 70 °C for 15 min. Synthesized cDNA was stored
under -20 °C until used. The gPCR amplification reactions
were carried out in a real-time thermal cycler (Esco Swift,
Esco), composed of initial denaturation at 95 °C for 2 min,
and 40 thermal cycles of 15 s at 95 °C, followed by 15 s ata
specific annealing temperature for each primer (Supplemen-
tary Table S1) and finally at 20 s at 60 °C in a total volume
of 10 uL, according to the manufacturer’s instructions of
GoTaq qPCR Master Mix (Promega) in biological tripli-
cates. Relative expression levels of ER stress marker genes
(to confirm the ER stress event) SbBiP1, SbPDI, SbIRE],
SbbZiP17/28, and housekeeping reference gene SbUBCI8
of roots and shoots were performed based on previous stud-
ies in the same conditions (Queiroz et al. 2020; Lima et al.
2022). The relative quantification of transcripts was carried
out using the mean Ct (Cycle threshold) and 2724€T method
(Livak and Schmittgen 2001).

@ Springer



892

F. L. P. Cavalcante et al.

Metabolic profile by GC-MS and data analysis

Approximately 50 mg of the samples were ground and mixed
in methanol, chloroform, and ultrapure water (2: 1: 2, v/v)
solution for polar metabolite extraction (Lisec et al. 2006).
Then, 30 uL of the internal standard ribitol (0.2 mg ml™")
was added to the mixture, and 150 pl aliquot of the upper
(polar) water-methanol phase was transferred to a new tube
and dried in a vacuum concentrator at room temperature
(SpeedVac Concentrator, Eppendorf, Hamburg, Germany).
In the derivatization stage, the dried samples were treated
with methoxylamine hydrochloride (10 mg / 0.5 mL in pyri-
dine) with stirring at 37 °C for 2 h, followed by the addi-
tion of N-methyl-N- (trimethylsilyl) -trifluoro acetamide
(MSTFA) with stirring at 37 °C for 30 min. Metabolite pro-
files were obtained by gas chromatography coupled with
mass spectrometry (GC-MS, QP-PLUS 2010, Shimadzu,
Japan). One microliter of each sample was injected in split
mode (1:10 ratio). Helium gas was used as carrier gas with
a flow rate of 1.0 mL min~! and a capillary column RTX-
SMS (30 mx0.25 mm X 0.25 um) for the separation of the
metabolites, being programmed with the initial temperature
at 80 °C for 5 min, then increased from 8 °C per minute
to 310 °C and maintained for 1 min at that temperature.
The injection, ion source, and MS interface temperatures
were 230 °C, 200 °C, and 250 °C, respectively. The mass
spectrometer was operated at 70 eV (Electron Ionization,
EI) in a scan range of 80-700 (m/z), started after a solvent
cut-off time of 3 min. Chromatograms and mass spectrum
analysis were evaluated using the XcaliburTM 2.1 software,
being compared with a mass spectrum library composed of
a mix of standards previously identified (Batista et al. 2019;
Lima et al. 2022). Files with the relative concentration of
metabolites for the tissues of the leaves and roots of sorghum
under treatments T1, T2, T3, and T4 were loaded on the
server MetaboAnalyst 5.0 (http://www.metaboanalyst.ca)
for further analysis. Then, metabolites were identified and
classified using the Kyoto Gene and Genome Encyclopedia
(KEGG) database.

Experimental design and statistical analysis

The experiment comprised of a completely randomized
design (DIC), with a factorial scheme (4 X 2), two varie-
ties of sorghum and four treatments previously explained
(T1, T2, T3, and T4). Results were subjected to ANOVA
analysis of variance and the data means were compared
by the Tukey test (p <0.05), using the SISVAR statisti-
cal program. For metabolic profile statistics, data were
normalized by log transformation and Pareto scaling.
Mean values of the metabolites were compared using the
T-tests to assess the effect within each treatment. Principal
Component Analysis (PCA) was performed to identify the
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differences between the four treatments (T1, T2, T3, and
T4) within each variety and tissue, and the most contrib-
uting metabolites were highlighted in the loading plots.
To verify the effect of TM 2.5 ug mL~! compared to the
control on the metabolic profile, Orthogonal Partial Least
Squares-Discriminant Analysis (OPLS-DA) was per-
formed for leaves and roots separately of each variety, and
main discriminant metabolites were provided.

Results
Effect of ER stress on sorghum seedling growth

There was no difference between the control (0 ug mL™!
TM) and lower TM treatments (0.5 pg mL~Y). Also, the
dry mass weight of shoots in both CSF18 and CSF20 vari-
eties were similar as TM increased (Fig. 1a). A signifi-
cant shoot dry mass reduction occurred from the mild TM
treatment (1.5 ug mL~") compared to the control group.
It remained constant in the highest TM concentration
evaluated. Differently, there was a reduction in the root
dry mass of CSF18 from mild TM treatment (Fig. 1b),
which remained constant in the higher TM. Otherwise,
there was no statistical significance among control and
TM treatments of CSF20, despite this CSF18 had greater
weights than CSF20. Comparing shoot lengths of all TM
treatments within the same variety, the effect was the same
for CSF18 and CSF20, and there were no significant dif-
ferences among control and TM concentrations (Fig. 1c).
However, when comparing the shoot length of both varie-
ties, there were significant differences for this parameter in
each TM treatment, with CSF20 showing the highest val-
ues regardless of TM concentration. CSF18 shoot length
values ranged between 8.4 and 8.8 cm, whereas CSF20
ones were between 9.7 and 10.1 cm. Conversely, the root
length of CSF18 and CSF20 from the control group are
nearly the same size (Fig. 1d). Nevertheless, as the stress
inducer was applied, CSF18 tended to be inhibited ear-
lier than CSF20, especially at TM 1.5 ug mL~!. In which
CSF20 maintained the root length similar to control treat-
ment. At the highest TM concentration, CSF20 decreased
the root length by only 10% (compared to the control
group), whereas CSF18 exhibited a reduction of 27% in
the same treatment. Clearly, the plant phenotypes showed a
better performance of CSF20 than CSF18 (Supplementary
Fig. S1). It is possible to perceive the morphological dif-
ferences between both varieties, which may be influencing
the differences in dry mass and length that exist between
control and TM 2.5 ug mL~!, observing an increased vol-
ume of secondary roots in the CSF18 and a longer root
length of CSF20 at the highest concentration of TM.
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Fig. 1 Growth parameters of two sorghum varieties under ER stress.
SDM (a) and RDM (b) display the dry masses of shoots and roots,
respectively. SL (¢) and RL (d) indicate the length of shoots and roots,
respectively. Three days old sorghum seedlings (CSF18 and CSF
20) were grown under control, TM 0.5 ug mL™', 1.5 ug mL™!, and
2.5 ug mL! treatments until they reach seven days old. The values are

Lipid degradation and production of reactive
oxygen species under ER stress

There was no significant difference in malondialdehyde
(MDA) contents between shoots of both sorghum varie-
ties comparing the same treatment (Fig. 2a). Addition-
ally, CSF18 and CSF20 exhibited similar behavior as TM
increased, in which MDA was higher than the control.
Though, it was remarkably higher at the lowest TM concen-
tration (0.5 ug mL™"). On the other hand, the H,0, shoot was
higher in CSF20 than in CSF18, comparing each treatment
(Fig. 2c). Comparing the TM treatment, the levels of H,0O, in
shoots were significantly higher at TM 1.5 ug mL~! for both
varieties but not different from other TM concentrations. In
roots, there was no difference in MDA values between varie-
ties under TM, except by control treatment (Fig. 2b). Like-
wise, H,O, contents were different for the varieties in each
treatment in which the values were higher in the CSF20 than
CSF 18 (Fig. 2d). In CSF18 roots, the application of TM
induced MDA content only at 0.5 ug mL~"! and reduced it at
1.5 ug mL~!, compared to the absence of TM. For CSF20
roots, all TM treatments induced MDA, but it was higher
at 0.5 ug mL~!, and H,0, increased at 0.5 and 2.5 ug mL~!
TM treatments.

the mean of 7 repetitions, and bars represent standard error. Data were
submitted to analysis of variance (ANOVA), and all four treatments
were compared by the Tukey test (p<0.05) in each TM concentration.
Lowercase letters compare the two sorghum varieties. Uppercase let-
ters compare the treatments within each variety of sorghum

Gene expression analysis of chaperones and ER
stress sensors

Sorghum seedlings varieties (CSF18 and CSF20) were
treated with low, mild, and high concentrations of TM,
0 pug mL~! (Control), 0.5 uyg mL™!, 1.5 yg mL~! and
2.5 ug mL~! to evaluate the expression of ShBiP, SbPDI,
SbIRE], and SbbZIP17 genes as markers of ER stress (Fig. 3
and Supplementary Fig. S2). There was an increase in the
expression of the three genes SbBiP, SbPDI, and SPIRE] in
the groups treated with different TM concentrations consid-
ering both varieties compared to the control group, as well
as for both shoot and root. The lowest TM concentration
(0.5 ug mL™Y) induced the greatest changes in the relative
expression values of genes in Sorghum. In general, at the
lowest TM concentrations, shoots seemed to have higher
values than roots, which was particularly evident in SbBiP.
However, the expression of the genes started to decreased
from mild TM (1.5 ug mL™") to the higher TM concentration
(2.5 ug mL™"). Although, the CFS20 presented high levels
of SHbBIP transcripts in roots and shoots, and and SbIRE] in
shoots under 2.5 ug mL~! TM and roots from 1.5 ug mL™!
TM. This may indicate an efficient ER response of CFS20
than CFS18.

@ Springer



894

F. L. P. Cavalcante et al.

a (] . a o | .
a . Aa b 140 - Control @TM05 BTM15 BTM25
Aa _ Aa
o Ba ™
S 10.5 4 Ba = 10.5
3 o
(_c: ca e E - Ba
E 70{ Do Da E 7.0
g g
= 35 35 |
0.0 0.0
CSF18 CSF20 CSF18

c 50, d 5.0 -
T 4.0 1 A T 4.0 1
2 Ba ABa 'y ABa |2
3 3.0 1 E 3.0 1 Ab
£ gp ABb Ab ABb £ ABD
< 20 < 20
Q Q Cb
I I

1.0 1.0

0.0 0.0

CSF18 CSF20 CSF18 CSF20

Fig.2 Malondialdehyde (MDA) and hydrogen peroxide (H,O,)
in shoots (a, ¢) and roots (b, d), respectively. Three days old sor-
ghum seedlings (CSF18 and CSF 20) were grown under control, TM
0.5 pg mL™!, 1.5 pg mL™}, and 2.5 ug mL™! treatments until they
reach seven days old. The values are the mean of 5 repetitions, and

Metabolic profiling of sorghum shoots and roots
under crescent TM concentrations

Using gas chromatography coupled with mass spectrometry
(GC-MYS), it was possible to separate and identify a total of
65 metabolites comprising all treatments and tissues (shoot
and roots), including ribitol (internal standard). They were
organized based on their retention time and KEGG ID clas-
sification (Supplementary Table S2). Out of this amount, the
majority was represented by amino acids (34%), followed
by carbohydrates (28%), organic acids (26%), and other
metabolites, which included flavonoids, nitrogenous bases,
and amines (12%).

In order to demonstrate differences in the metabolic pro-
files among control and the three TM treatments, the prin-
cipal component analysis (PCA) of shoots and roots in both
sorghum varieties was carried out, separately. In CSF18
shoots, the score plot indicated a well-done separation of
the four treatments in which PC1 and PC2 were respon-
sible for 16.6% and 15.2%, respectively, of the total vari-
ance (Fig. 4a). The most positive contributing metabolites
discrimination were uracil, dihydroxyacetone, threonine,
ascorbic acid and ornithine for PC1, whereas maleic acid,
talose, succinic acid, lactic acid, and, xylose were the most
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bars represent standard error. Data were submitted to analysis of vari-
ance (ANOVA) and all four treatments were compared by Tukey test
(p<0.05) in each TM concentration. Lowercase letters compare the
two varieties of sorghum. Uppercase letters compare the treatments
within each variety of sorghum

positive for PC2 (Supplementary Fig. S3 and Supplemen-
tary Table S3A). On the other hand, in CSF20 shoots, there
were overlaps in treatments with TM (Fig. 4b). In this case,
PC1 contributed 18.9% displaying dihydroxyacetone, pyru-
vic acid, cellobiose, uracil, and xylose as main metabolites
and PC2 contributed 14.1% with the main contribution of
hydroxylamine, butyric acid, ribose, fructose, and lactic
acid (Fig. 4b, Supplementary Fig. S3 and Supplementary
Table S3b).

Evaluating the PCA of roots, PC1 and PC2 contributed
26.5% and 13.6% in CSF18, respectively (Fig. 4c). Score
plot results indicated a good separation between CSF18
control and TM treatments, mainly with TM 0.5 pg mL~".
However, there was a complete overlapping between 1.5 and
2.5 ug mL~! TM treatments. The most positive metabolites
observed in PC1 were glyceric acid, fumaric acid, talose,
pyroglutamic acid, and malonic acid, whereas most of the
contribution for PC2 was maleic acid, glycerol-3-phos-
phate, N-acetyl-serine, butyric acid, and tyrosine (Supple-
mentary Fig. S3 and Supplementary Table S3c). Then, for
CSF20 roots, the main contribution of PC1 was 20.4%, and
PC2 was 14%. There was a separation of control and TM,
although there was a slight overlapping between control
and 0.5 ug mL~' TM confidence intervals. Also, there was
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Fig.3 Relative gene expression of SbbBiP, SbPDI, and SbbIRE]. Sor-
ghum bicolor seedlings were submitted to different concentrations of
TM: 0 ug mL~! (Control), 0.5 ug mL~!, 1.5 ug mL~" and 2.5 ug mL™".
The expression profiles were determined in the shoot (a, b and c)
and in the roots (d, e and f). Gene expression was normalized using
ShUBC18 as a reference gene. Lowercase letters compare the two

overlapping between 1.5 and 2.5 pg mL~!' TM, followed by
a small overlap between 0.5 and 2.5 pg mL~! TM confidence
intervals. The main contributions for PC1 were quercetin,
cellobiose, tryptophan, maltose, and sucrose (Fig. 4d). For
PC2, the most positive contributing metabolites were galac-
tose, mannose, ribose, sorbitol and arabinose (Supplemen-
tary Fig. S3 and Supplementary Table S3d).

A heatmap of the relative abundance of metabolites in
shoots and roots showed an overview of the modulation pro-
moted by TM at different concentrations (Fig. 5). There is
no standard of shoot heatmaps since crescent TM-induced
stress modulated distinct metabolites in both cultivars. Oth-
erwise, there was a prevailing modulation of metabolites in

varieties of sorghum. Uppercase letters compare the treatments within
each variety of sorghum. All four treatments were compared by Tukey
test (p<0.05) in each TM concentration. The columns indicate the
means of three biological replicates and the bars indicate the standard
deviation (%)

CFS18 roots, while CSF20 exhibited a general increase of
metabolites. Differentially significant metabolites were indi-
cated by asterisks in the heatmap, and statistical differences
were detailed in supplementary Table S4. There were 10 and
12 differentially modulated metabolites identified in shoots
of CSF 18 and CSF20, respectively (Fig. 5). In CSF18, the
differential metabolites were five organic acids (ascorbic
acid, lactic acid, maleic acid, pyruvic acid, and succinic
acid), which seems to be decreased under 1.5 ug mL™' TM,
followed by three carbohydrates (dihydroxyacetone, inositol
and talose) that were decreased mainly under 0.5 pg mL™!
TM, and two others (quercetin and uracil) increased in dif-
ferent concentrations (Fig. 5a). In CSF 20, there were three
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Fig.4 Principal Component Analysis (PCA) of metabolic profiling
of shoots (a, b) and roots (¢, d) sorghum varieties. CSF 18 is on the
left and CSF20 is on the right, they were grown under O (control),

carbohydrates (dihydroxyacetone, inositol, and ribose), four
organic acids (butyric acid, fumaric acid, maleic acid and
pyruvic acid), two amino acids (asparagine and ornithine),
and two others (hidroxilamine and uracil) statistically dif-
ferent. In general, these metabolites were increased, particu-
larly under 0.5 and 1.5 ug mL~' TM (Fig. 5b).

In roots, there were 20 and 13 differently significant
metabolites in the CSF18 and CSF20, respectively (Fig. 5).
In CSF18, the main differential metabolites were eight car-
bohydrates (arabinose, glycerol, glyceraldehyde-3-phos-
phate, maltose, ribose, sorbitol, sucrose, and talose), seven
organic acids (butyric acid, fumaric acid, glyceric acid,
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0.5 uyg mL7!, 1.5 ug mL™!, and 2.5 pg mL~! tunicamycin (TM). The
ellipses indicate the 95% confidence interval of the groups

maleic acid, malic acid, quinic acid), three amino acids
(lysine, n-acetyl-serine, and ornithine), and two others
(adenine and hydroxylamine). Although a few of them
had increase under the lowest TM, there is a tendency to
decrease it in the concentrations of 1.5 and 2.5 ug mL~!
TM (Fig. 5¢). In CSF 20, the metabolites showing statisti-
cally differences between control and TM treatments were
six carbohydrates (arabinose, cellobiose, inositol, maltose,
ribose, and sucrose) followed by for organic acids (butyric
acid dehydroascorbic acid, glyceric acid, and succinic
acid) and quercetin. In general, these metabolites were
increased from 0.5 to 2.5 ug mL~! TM (Fig. 5d).
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Comparing the metabolic profiles of CSF18
and CSF20 sorghum varieties and treatments

Combining all variables of two sorghum varieties and their
treatments (Control and TM concentrations), the PCA of
shoots and roots showed a pattern of results since there was
mainly the separation of sorghum varieties (Fig. 6). How-
ever, shoot samples exhibited some overlapping between
CSF18 under 2.5 pg mL~! TM and other CSF 20 TM treat-
ments (Fig. 6a). Notably, CSF20 root profiles were closer to
each other than CSF18 root profiles (Fig. 6¢). The main con-
tributions for PC1 and PC2 for shoots profiles were 12.8%
and 10.3%, respectively. In roots, PC1 was 41%, and PC2
was 9.7%. The loading plots demonstrate the contribution
of each metabolite in PC1 and PC2. In shoot profiles, the
top five contributions for PC1 were glucaric acid, hydroxy-
lamine, inositol, dehydroascorbic, and cellobiose, and for
PC2 were quercetin, butyric acid, glucose, hydroxylamine,
and glutamine (Fig. 6b and Supplementary Table S5a). In
roots, the top five contributions for PC1 were quercetin,
ornithine, dehydroascorbic, talose, and tryptophan, and
for PC2 were sucrose, N- acetyl-serine, ornithine, butyric
acid, and glycerol-3-phosphate (Fig. 6d and Supplementary
Table S5b).

Due to the overlap of TM treatments within the varieties
showed above, it was decided to perform the PCAs compris-
ing only control and 2.5 ug mL~! TM profiles which are the
distant treatments (Fig. 7a and c). In shoot profiles, PC1 con-
tributed with 19.6% and PC2 14.4% of distribution, which
showed a slight overlapping between TM treatments of CSF
18 and CSF 20. In root profiles, the separation between sor-
ghum varieties was much higher than in shoots. The contri-
bution of PC1 and PC2 were 46.4% and 13.2%, respectively.
In shoot profiles, the top five contributions for PC1 were
quercetin, glutamine, butyric acid, tyrosine, and ascorbic
acid, and for PC2 were hydroxylamine, dehydroascorbic,
lactic acid, butyric acid and fumaric acid (Fig. 7b and Sup-
plementary Table S6). In roots, the top five contributions
for PC1 were quercetin, talose, dehydroascorbic, fumaric
acid, and lysine, and for PC2 were ornithine, tryptophan,
sucrose, butyric acid, and maltose (Fig. 7d and Supplemen-
tary Table S6).

Identification of potential biomarkers for ER stress
in sorghum varieties

Orthogonal Projections to Latent Structures Discriminant
Analysis (OPLS-DA) was performed to predict positive and
negative metabolites influenced by TM. The discriminant
metabolites were identified and recognized as potential bio-
markers of the treatment (Figs. 8, S4, S5, and Supplemen-
tary Table S7). Shoots and roots were analyzed separately

in each variety of sorghum in this test, comparing each TM
concentration against control.

For lower TM concentration (0.5 ug mL™}), the top three
discriminant metabolites were pyruvic acid, quercetin, and
ascorbic acid for CSF18 shoots, and dihydroxyacetone was
the most negative (Fig. S4). Likewise, the top discriminants
for CSF20 shoots were dihydroxyacetone, pyruvic acid, and
uracil, while butyric acid had the most negative contribution.
For roots, CSF18 exhibited fumaric acid, talose, and glyceric
acid as the top three discriminants, followed by glycerol-
3-phosphate as the most negative contribution. Accord-
ingly, CSF20 showed butyric acid, ribose, and mannose as
the principal contributions, and dehydroascorbic acid as the
most negative contribution.

For mild TM concentration (1.5 ug mL™"), the top three
discriminant metabolites were ascorbic acid, uracil, and
quercetin for CSF18 shoots, and lactic acid was the most
negative (Fig. S5). Likewise, the top discriminants for
CSF20 shoots were uracil, cellobiose, and pyruvic acid,
while butyric acid had the most negative contribution. For
roots, CSF18 exhibited fumaric acid, glyceric acid, and
malonic acid as the top three discriminants and hydrox-
ilamine as the most negative contribution. Hence, CSF20
showed succinic acid, ribose, and tryptophan as the prin-
cipal contributions and glyceric acid as the most negative
contribution.

In shoots treated with 2.5 ug mL~! TM, the three major
discriminant compounds that positively influenced CSF18
metabolome under ER stress were pyruvic acid, ascorbic
acid and uracil (Fig. 8a). In contrast, inositol was the lowest
discriminant. In CSF20 shoots (Fig. 8b), the three potential
metabolites were uracil, inositol and pyruvic acid that posi-
tively discriminate TM treatment, and hydrixilamine was
the discriminant metabolite. In CSF18 roots (Fig. 8c), three
amino acids represented by glyceric acid, pyroglutamic acid,
and leucine, were most positive discriminants to TM treat-
ment, and adenine was the most negative discriminant. For
roots of CSF20 variety (Fig. 8d), the three majors positive
discriminant compounds induced by ER stress were tryp-
tophan, quercetin, and maltose, and the most negative was
ribose.

Discussion

The sorghum varieties present contrasting
sensibility to ER stress

Plants sense environmental stresses and trigger cellular
processes to maintain their homeostasis. In most cases,
the healthy endoplasmic reticulum plays a crucial role in
keeping a regular protein folding and protein secretory path-
way (Chi et al. 2019; Ul et al. 2019). Accordingly, the ER
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«Fig. 5 Heat map representation of the relative abundance metabolites
in shoots (a, ¢) and roots (b, d). Sorghum variety CSF 18 is on the
left and CSF20 is on the right. They were grown in the absence or
presence of ER stress inducer TM (0.5 pg mL™, 1.5 ug mL~!, and
2.5 ug mL™Y). Each square represents the log, mean of five replicates.
The color map shows an increasing (red scale) or decreasing (blue
scale) of each metabolite in comparison to control plants. Asterisks
indicated statistically differential metabolites by Anova p <0,05

efficiency in dealing with the accumulation of misfolded
proteins is fundamental for adaptation and plant survival
in stressful situations (Irsigler et al. 2007; Carvalho et al.
2014). Additionally, some genotypes exhibit a degree of
tolerance to these environmental stresses, and the relation
with ER is unclear. For instance, the sorghum genotypes
CSF18 and CSF20 are characterized as sensible and tolerant
to salinity, respectively (Vieira et al. 2005; Oliveira et al.
2020). Thus, we investigated two sorghum genotypes under
low, medium, and high TM concentrations and evaluated the
modulation of primary metabolites to acclimate to crescent
ER stress.

The increase of TM concentration triggered ER stress
in a tissue-specific way since it affected shoots and roots of
sorghum seedlings differently (Fig. 1). The growth of CSF18
was impacted by ER stress at the mild TM, while CSF20
was slightly affected only at high TM. Losses of dry masses
of organs and root length were more noticeable in CSF18
than in CSF20, accentuating it at the highest concentration.
Even though morphologically, CSF18 had a higher abun-
dance of lateral roots (Fig. S1), it did not increase the root
length. Indeed, TM inhibits mainly the primary root growth
of Arabidopsis plants, and it became more highlighted by the
days of TM exposition (Lai et al. 2018; Ruberti et al. 2018;
Hong et al. 2019), similar results occur during sorghum
seedling establishment under ER stress overtime (Lima et al.
2022). Here, there was no change in sorghum shoot length,
but TM effects were noticeable by the dry mass decrease.
Likewise, the harmful effects on shoots occur in Arabidop-
sis as the impairment of leaf development and fresh weight
decreases (Lai et al. 2018; Ruberti et al. 2018; Hirata et al.
2019; Nguyen et al. 2019).

Overall, the multivariate analysis of the main component
corroborated the contrasting effects between root and shoots
of CSF18 and CSF20 and the differences in TM concen-
trations. It showed different patterns in which metabolic
profiles varied for each plant tissue and sorghum variety,
whereas TM treatment profiles of CSF20 were relatively
similar (Fig. 4). Although tunicamycin was applied directly
to roots, it can be vascularly translocated to shoot with-
out compromising the results (Irsigler et al. 2007). Roots
are crucial organs that respond to environmental changes,
including ER stress triggered by TM. There is more impair-
ment of morphological growth during the long-term TM
exposition in Arabidopsis and molecular processes induced

to maintain cellular homeostasis are quick, intense in root
tissues, and spread to leaves (Cho and Kanehara 2017). It
was also exhibited here since the notable metabolic modula-
tion occurs in the roots, and there is a tendency of decrease
it in CSF18 and increase it in CSF20 (Fig. 5). In agree-
ment, 397 transcripts of grapevine roots were influenced
by TM (5.0 ug mL™!), it was related to several biological
processes such as signal transduction, amino acid metabo-
lism, protein processing, carbohydrate metabolism, and
apoptosis (Aydemir and Ergiil 2021). It is already observed
that during stressful situations, Arabdopisis young seedlings
encode the BiP3 gene (Noh et al. 2003). Certainly, the ER is
the main organelle required, as it acts in the modulation of
responses to stressful situations through an Unfolded Protein
Response (UPR), increasing chaperones and ER proteins to
assist in the correct folding of these proteins, such as BiP
(Zhang et al. 2017; Park and Park 2019). Indeed, the relative
expression of endoplasmic reticulum genes SbBiP, SbPDI,
SbbZIP60, and SDOIRE] in sorghum seedlings is induced by
2.5 ug mlI~! TM demonstrating the ER stress (Queiroz et al.
2020; Lima et al. 2022). The higher levels of SbBiP and
SbIRE] transcripts indicate that CSF20 variety preserved
an efficient ER response at mild and higher TM concentra-
tions than CFS18 (Fig. 3). It promoted a reduction of CSF18
seedling growth from mild TM and metabolic adjustments
for acclimation occurred from lower TM. It led us to inves-
tigate the contrasting effects of both varieties.

It has also shown that environmental pressures induce
oxidative stress in plant tissues. It occurs mainly marked by
the production of MDA originating from lipid peroxidation
(Nxele et al. 2017). Similarly, ER stress also induces this
damage in the cellular membrane (Nawkar et al. 2017; Yu
et al. 2019; Beaugelin et al. 2020), leading to an increase in
MDA, an important leaf senescence hallmark (Melo et al.
2018). MDA results followed this feature, and more differ-
ences were observed in the shoots than roots comparing the
control group and the TM treatments (Fig. 2), which was
reported by ER stressors (Lima et al. 2022). Interestingly,
the lowest concentration of TM (0.5 pg mI~") promoted the
highest lipid peroxidation. One possible explanation links
it to a signaling mechanism that seems to be unrelated to
an enzymatic anti-oxidant system in sorghum (Queiroz
et al. 2020). Additionally, it may be related to a non-enzy-
matic system and an efficient ER response observed here
by expressing high levels of SbBIP that help to keep the
protein processing. However, it suggests new insights to be
explored in the future. Moreover, hydrogen peroxide lev-
els did not appear to be linked to the formation of MDA
observed in this study, but they may also act as a signaling
effector. Indeed, studies reported the role of ER transducers
to induce IRE1, and genes responsible for membrane lipid
metabolism via a decrease of myo-inositol levels (Kanehara
et al. 2022). Hence, the MDA and H,0O, levels management
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Fig.6 Principal Component Analysis (PCA) of metabolic profiling in
two varieties of sorghum, analyzing shoots CSF18 and CSF20 (a) and
roots CSF18 and CSF20 (c). The loading plot for shoot (b) and root

contributes to intact UPR signaling and ER stress survival in
plants (Angelos and Brandizzi 2018; Uzilday et al. 2018). It
is already known that H,0, is produced mainly in organelles
such as mitochondria, chloroplasts, and peroxisomes. It has
been reported that this oxygen species can also be generated
in the endoplasmic reticulum (Farooq et al. 2019). Thus, we
assume that there is a fine-tuning of H,O, signaling for accli-
matization to ER stress, mainly in the roots of the CSF20
variety, which has the highest accumulation of hydrogen
peroxide (Fig. 2). In addition, the accumulation of H,0,
may be linked to the increase of ER genes, SbBiP, SbPDI,
and SbIRE, particularly in the CSF20 (Fig. 3) that help to
deal with stress decreasing misfolded protein accumulation
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(d) indicate the positive and negative contributions of each metabolite
in two varieties of sorghum: CSF 18 e CSF20. The ellipses indicate
the 95% confidence interval of the groups

(Ozgur et al. 2015). Even so, further studies are needed to
understand the H,0O, signaling mechanism and the acclima-
tion to ER stress, especially the CSF 20 variety that pre-
sented a better performance in this situation.

Metabolic profiles of sorghum varieties under lower,
mild, and higher TM

We also investigated metabolic profiles of the contrasting sor-
ghum varieties (CSF18 and CSF20) to ER stress (0.5, 1.5,
and 2.5 pg ml-1 TM) in shoots and roots. TM treatments dis-
played completely distinct metabolic profiles between control
and TM treatments (Fig. 4) that were evident in shoots and
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Fig. 7 Principal Component Analysis (PCA) of metabolic profiling in
two varieties of sorghum, analyzing shoots CSF18 and CSF20 (a) and
roots CSF18 and CSF20 (c). The loading plot for shoot (b) and root
(d) indicate the positive and negative contributions of each metabolite

roots of CSF18, although mild and higher TM profiles in roots
overlapped. There are distinct changes in the modulation of
amino acids, carbohydrates, organic acids, and other metabo-
lites. This differential modulation in the classes of compounds
for each sorghum variety and organ analyzed was possible to
perceive through the heatmap overviewing (Fig. 5). Changes
in primary metabolism are common responses to stressful situ-
ations, whether due to biotic or abiotic factors (Tugizimana
etal. 2018), and it is directly involved in the growth and devel-
opment of plants (Hamany Djande et al. 2020). Indeed, the
roots of both varieties showed the highest number of metabo-
lites with differential modulation. Interestingly, there was a

in two varieties of sorghum: CSF 18 e CSF20 under control and TM
2.5 ug mL~'. The ellipses indicate the 95% confidence interval of the
groups

decrease in the relative abundance of most compounds in
CSF18 due to the increase in TM that supports the root length
decrease. In contrast, CSF20 showed increases in all groups of
compounds as TM concentration increased. The overlapping
of profiles also corroborates the maintenance of SDM, RDM,
SL, and RL close to control measurements, including ER gene
expressions, particularly under lower and mild TM (Figs. 1, 2,
and 3). Thus, the metabolic modulation may reflect the better
performance of CSF20 than CSF18 supporting our hypothesis
that CSF20 tolerance from mild ER stress. It led us to explore
these data to understand the influence of different levels of ER
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Fig. 8 Orthogonal Projections to Latent Structures Discriminant Analy-
sis (OPLS-DA) in shoots (a, b) and roots (¢, d) of two sorghum varie-
ties grown under 2.5 ug mL~' TM. The top 3 significant metabolites

stress on the distinct metabolite groups and cellular metabo-
lism of different sorghum seedlings varieties.

Carbohydrates contributed to mild and higher TM
tolerance in CSF20 cultivar

The analysis revealed that carbohydrates were the group

that had the most significant differences in the roots and
shoots of both varieties. It is a common fact since these
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that had a more contribution to the stressed seedlings (top right) and
the top one for the control (bottom left) were highlighted. The names
and the amounts were plotted in the right side of each plot

compounds are strictly related to plant growth and develop-
ment, providing carbon skeletons being a source of energy
(Lastdrager et al. 2014). They act as signaling molecules
in response to stress, helping the plant to survive (Eveland
and Jackson 2012). Sugars are the key molecules in UPR
signaling, and their relationship with ROS is essential to
a satisfactory response to ER stress (Depaepe et al. 2021).
Indeed, the punctual increases of H,O, may be linked to the
maintenance of sugar levels in shoots and roots of CSF20
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(Figs. 2 and 5), otherwise it was decreased in CSF18. It was
observed that in sorghum varieties, CSF18 and CSF20 (the
same as in the present study) subjected to saline stress, also
presented differential modulation mainly of carbohydrates
as an adaptative strategy (Oliveira et al. 2020). In sorghum
seedlings under severe ER stress, there are inhibition of
glycolysis and tricarboxylic acid cycle that promote sug-
ars accumulation (Lima et al. 2022). It can further stabilize
proteins and protect cellular structures, such as membranes,
when stress becomes severe or persists for prolonged periods
(Thalmann et al. 2016).

As mentioned earlier, mainly in roots, the vast majority
of compounds were negatively modulated in CSF18, includ-
ing carbohydrates. Therefore, it will be focused on carbohy-
drates and other groups that had their positive modulation
and that in some way could contribute to greater stress tol-
erance of ER (for instance, maltose, sucrose, and cellobi-
ose), especially CSF20. Maltose was a metabolite increased
since the lowest concentration of TM (0.5 pug m1™!), prob-
ably due to the breakdown of starch for energy release (Kot-
ting et al. 2010). There is an accumulation of maltose in
wheat plants under osmotic (Darko et al. 2019) and saline
stresses (Shelden et al. 2016), contributing to a significant
increase in all growth parameters (Ibrahim and Abdellatif
2016). Besides, there is an evident maltose increase in the
heatmap, it is also one of the most discriminant metabo-
lites by the Ortho-PLSDA model for CSF 20 roots (Fig. 8d).
Then, sucrose, the mainly transported carbohydrate in
higher plants, is related to the maintenance of root elonga-
tion (Shelden et al. 2016), a fact observed in CSF20. It may
act as a signal for pathways that lead to gene expression
and physiological adaptation (Wind et al. 2010). Sucrose
content increased mainly from the concentration of mild
TM (1.5 pg ml~!) in the CSF20 roots. Finally, further stud-
ies are needed to understand the role of cellobiose in stress
tolerance of CSF20, a discriminant metabolite for shoots
under lower and mild TM (Figs. S4 and S5), which was
increased from TM 0.5 pg ml1~! in booth shoots of CSF20.
The maintenance of energy, defense metabolism, and anti-
oxidant metabolism were reported under drought conditions,
although they are still not well understood (Li et al. 2017).
In fact, the earlier maintenance of other sugars act as the key
for plant to survive under ER stress, for instance fructose,
maltose, and kestose (Lima et al. 2022).

Organic acids are consumed in the CSF18 under ER
stress

It is worth mentioning differential modulations of organic
acids, in which they were decreased in the CFS18 roots,
although punctual increases are perceived. Organic acids
are important sources of carbon skeletons for various bio-
chemical processes, able to participate in the TCA cycle for

the production of energy that could be used in the metabo-
lism of plants (Igamberdiev and Eprintsev 2016; Quan et al.
2016; Panchal et al. 2021). The mainly reported function of
maleic acid is the tolerance to chromium and its role in the
positive regulation of non-enzymatic and enzymatic antioxi-
dant systems (Mahmud et al. 2017), requiring studies on the
involvement of this metabolite in tolerance to other types of
stress, including the ER stress. Here, it was increased in the
CSF20 shoots under 0.5 and 1.5 pg m1~! TM. Among these
organic acid stands outs the pyruvic acid that was increased
in shoots under TM concentrations, and it was a discriminant
for higher TM (Fig. 8b). Pyruvic acid is considered a precur-
sor to organic acids, linking the glycolysis pathway to the
tricarboxylic acid cycle (TCA) (Jardine et al. 2010). Through
the accumulation of this metabolite, there is a greater supply
of material for the TCA cycle, an important defense system
in situations of stress, verified by the increase in the toler-
ance to salt in barley (Wu et al. 2013). Possibly, in CSF18,
ER stress acted by interrupting TCA cycle and decreasing
the synthesis of organic acids, leading to a decline in the
metabolic function and the electron transport chain, thus
affecting the normal development of the plant (Zhong et al.
2016). On the other hand, in roots of CSF20, succinic acid
is increased from 1.5 pg ml~! TM being a discriminant for
mild TM (Fig. S5d). Succinic acid acts as an intermediary in
the TCA cycle and plays an important role in energy produc-
tion and regulation of the TCA cycle (Fernie et al. 2004).
The accumulation of this metabolite demonstrates a better
tolerance to water stress, the result of greater efficiency of
the TCA cycle in producing more energy to deal with a
stressful situation (Khan et al. 2019a) supporting our results.
It is worth remembering that these organic acids mentioned
can participate in the TCA cycle or be diverted to the syn-
thesis of amino acids (Igamberdiev and Eprintsev 2016).

Amino acids are consumed in the CSF18 roots
under ER stress

A few amino acids had significant differences, mainly cen-
tered on asparagine (in shoots) and tryptophan (in roots) of
CSF20. Tryptophan stands out at all TM concentrations and
it is highlighted as a discriminant marker in the OPLS-DA
models (Figs. 8, S4d, and S5d). Asparagine is acts in nitrogen
storage and transport. It is reported that at high concentrations
it is related to the response to a variety of abiotic and biotic
stresses (Lea et al. 2007), such as water and nutrition stress
(Curtis et al. 2018). Tryptophan is a precursor to secondary
metabolites such as indoleacetic acid, a plant hormone neces-
sary for cell expansion (Zemanova et al. 2014), and plays a
role in tolerating abiotic stresses such as drought and reducing
reactive oxygen species (Khan et al. 2019b). Studies demon-
strate that the negative (Kamauchi et al. 2005) and positive
(Okada et al. 2002; Cakir Aydemir et al. 2020) modulation
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of certain genes related to the metabolism of amino acids are
crucial to the recovery from ER stress as well as in the protec-
tion against the oxidative stress of ER (Zeeshan et al. 2016).
High levels of BiP (luminal binding protein) have also been
reported to induce an increase in the concentration of different
amino acids (Kawakatsu et al. 2010).

Furthermore, there are a remarkable positive modula-
tion of quercetin in roots of CSF20 (Figs. 5d and 8d) which
became a target for further studies since it was a flavonoid
molecule that reduces ER stress in mammalian (Eisvand
et al. 2022), and seems to be also an important metabolite
for stress tolerance in plants.

Conclusions

Tunicamycin induced ER stress followed by the expression
of several ER genes, including the chaperones SbBiP and
SbPDI, as well as the sensors SbbZIP60, and SbbIREI. The
more significant damage occurred in the root development
of the CSF18 variety under the high concentrations. The
metabolic responses of shoots and roots were quite distinct;
CSF18 showed a reduction in the relative concentration of
metabolites, being more evident in the root part. The CSF20
roots displayed the greatest positive modulation of carbohy-
drates (sucrose, maltose, and cellobiose) and organic acids
(maleic, pyruvic, and succinic acid) due to their importance
in providing energy and intermediates of metabolic path-
ways necessary for plant growth, and quercetin a metabo-
lite reported to decrease ER stress. Few significant changes
were observed in the amino acids. The highest concentra-
tion of TM (2.5 pg m1~!), demonstrated the greatest effects,
although it is observed that small concentrations of TM
(from 0.5 pg ml1~!) can induce ER stress, secondary oxida-
tive stress by greater production of H,O, to act as a possible
signal to stresses. In general, CSF20 showed a higher degree
of ER stress tolerance compared to CSF18. Thus, this work
contributes to the understanding of primary metabolism
alterations involved in the regulation of ER stress tolerance
in plants and a significant contributor to stress adaptation
and potential tolerance engineering.
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