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Several elicitors of plant defense have been identified and nu-

merous efforts to use them in the field have been made. Ex-

ogenous elicitor treatments mimic the in planta activation of

pattern-triggered immunity (PTI), which relies on the percep-

tion of pathogen-associated molecular patterns (PAMPs) such

as bacterial flg22 or fungal chitins. Early transcriptional re-

sponses to distinct PAMPs are mostly overlapping, regardless

of the elicitor being used. However, it remains poorly known

if the same patterns are observed for metabolites and proteins

produced later during PTI. In addition, little is known about

the impact of a combination of elicitors on PTI and the level of

induced resistance to pathogens. Here, we monitored Arabidop-

sis thaliana resistance to the bacterial pathogen Pseudomonas

syringae pv. tomato DC3000 (Pto DC3000) following application

of flg22 and chitosan elicitors, used individually or in combina-

tion. A slight, but not statistically significant increase in induced

resistance was observed when the elicitors were applied together

when compared with individual treatments. We investigated the
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effect of these treatments on the metabolome by using an un-

targeted analysis. We found that the combination of flg22 and

chitosan impacted a higher number of metabolites and dereg-

ulated specific metabolic pathways compared with the elicitors

individually. These results contribute to a better understanding

of plant responses to elicitors, which might help better rational-

ize their use in the field.

Keywords: Arabidopsis thaliana, elicitors, metabolomics, plant
defense, plant protection

Plants have the potential to manage threats caused by
pathogens and pests. Indeed, they are equipped with an in-
nate, inducible immune system, which can protect them against
most microbes (Jones and Dangl 2006). The plant immune sys-
tem consists of two lines of perception against pathogens and
pests. The first one involves cell-surface pattern recognition
receptors able to recognize pathogen/pest-associated molecu-
lar patterns (PAMPs), leading to pattern-triggered immunity
(PTI) (Boller and Felix 2009; Chisholm et al. 2006). The sec-
ond utilizes cytosolic nucleotide-binding site leucine-rich repeat
receptors able to recognize pathogen/pest virulence effectors ac-
tivating effector-triggered immunity (ETI) (Ngou et al. 2022).
Understanding and harnessing plant immunity have translated
into several biotechnological approaches, all aimed at protect-
ing crops against bio-aggressors. These approaches encompass
breeding and engineering for crop cultivars tolerant/resistant to
pathogen/pests, including the exploitation of plant pattern recog-
nition receptors (PRRs) (Boutrot and Zipfel 2017), genome-
editing of susceptibility genes (Langner et al. 2018), or the appli-
cation of plant elicitors (PEs) to activate PTI (Boller and Felix
2009). PEs are either PAMPs, such as the bacterial flagellin-
derived flg22 peptide (Felix et al. 1999) or fungal chitin-derived
(Felix et al. 1993; Shibuya et al. 1993; Yamada et al. 1993)
or chitosan-derived (Jia et al. 2018) oligosaccharides; damage-
associated molecular patterns (Hahn et al. 1981; Hou et al. 2019);
phytocytokines (Gust et al. 2017); or plant- or animal-derived
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exogenous substances (Klarzynski et al. 2000; Přerovská et al.
2022). Induced resistance (IR) following the activation of PTI
has received renewed attention, as it has the potential to be inte-
grated into pest management (Sandroni et al. 2020). In addition,
PTI is commonly assumed to be more durable than ETI (Mundt
2014), although it is known that pathogen effectors may tar-
get components of PTI (Wang et al. 2022). The activation of
PTI can be sequenced into early and late events, which ulti-
mately lead to IR against plant pests and pathogens (Yu et al.
2017).

The model plant Arabidopsis thaliana L. (Heynh.) (hereafter
Arabidopsis) has been particularly useful in identifying PEs and
corresponding PRRs. Plant PRRs are transmembrane receptors
that contain an extracellular domain able to recognize and bind
PEs in a specific manner and that do or do not contain a cytosolic
kinase (receptor kinases [RKs] or receptor proteins, respectively)
(DeFalco and Zipfel 2021). Upon PE binding, PRRs form multi-
protein complexes, leading to PTI activation (DeFalco and Zipfel
2021; Yu et al. 2017). For instance, AtFLS2 (FLAGELLIN-
SENSING 2) is a leucine-rich repeat-RK that recognizes flg22
(Gómez-Gómez and Boller 2000). Upon flg22 binding, AtFLS2
forms a complex with the co-receptor AtBRASSINOSTEROID-
INSENSITIVE1 (BRI1)-ASSOCIATED RECEPTOR KINASE
1 (AtBAK1) or AtBAK1-LIKE KINASE 1 (AtBKK1), to activate
PTI signaling (Chinchilla et al. 2007; Heese et al. 2007; Roux
et al. 2011; Schwessinger et al. 2011; Sun et al. 2013). Fungal-
derived chitin and/or chitosan oligomers are perceived by a com-
plex containing the LysM-RKs AtLYK5 as main ligand-binding
receptor and AtCERK1 (CHITIN ELICITOR RECEPTOR KI-
NASE1) as a co-receptor (Cao et al. 2014; Gubaeva et al. 2018;
Liu et al. 2012; Miya et al. 2007; Wan et al. 2008).

Late PTI signaling events include the synthesis of callose
deposits (Luna et al. 2011), the synthesis and secretion of
pathogenesis-related proteins (van Loon et al. 2006), as well as
nonprotein antimicrobial compounds (Zaynab et al. 2018). An-
timicrobial phytoalexins encompass a large group of defense-
inducible, specialized secondary metabolites, including phe-
nolics, terpenoids, glycoalkaloids, and glucosinolates (Ahuja
et al. 2012). Often defined as end products of plant secondary
metabolisms, phytoalexins are associated with late PTI events
(Ahuja et al. 2012; Piasecka et al. 2015). However, the general
function assigned to accumulating secondary metabolites, in-
cluding PTI inducible-phytoalexins, is progressively extending
toward additional roles as indirect suppliers of primary metabo-
lites to plants (Erb and Kliebenstein 2020).

Important efforts in understanding PTI activation followed by
an effective production of resistance metabolites and proteins
have been accomplished during the last 20 years (DeFalco and
Zipfel 2021; Ngou et al. 2022; Yu et al. 2017). Focusing on
early (minutes to hours) events accompanying PTI activation,
Bjornson et al. (2021) observed common transcriptional trends
after the application of various PEs in Arabidopsis. The con-
gruence of the response was irrespective of the PRR-PE pairs
being tested and confirmed previous observations (Wan et al.
2008; Zipfel et al. 2006). However, whether this congruence is
also reflected in the production of defense metabolites and pro-
teins, which takes place during the later stages of PTI, remains
to be tested. Another question to answer is how plants respond to
multiple stimulations by PEs. Indeed, it is relevant to study the
response to multiple PEs rather than individual ones, as plants
naturally exposed to potential pathogens can recognize in princi-
ple several PEs from an organism (e.g., flagellin and EF-Tu from
bacteria) or from a variety of organisms (e.g., flagellin from bac-
teria and chitin from fungi; DeFalco and Zipfel 2021) present at
the plant surface. In addition, bio-based extracts that contain sev-
eral potential PEs are increasingly used in agriculture, and thus
it is important to understand the combined responses to multiple

PEs (de Borba et al. 2021; Martin et al. 2020; Přerovská et al.
2022).

Here, we first monitored Arabidopsis resistance to infec-
tion caused by Pseudomonas syringae pv. tomato DC3000
(Pto DC3000) following application of two well-characterized
pathogen-associated molecular pattern-plant elicitors (PAMP-
PEs), flg22 and chitosan oligosaccharides, used individually or
in combination. Both these PEs bind to two different PRRs
(FLS2 for flg22 and LYK5 for chitin/chitosan), engaging differ-
ent co-receptors (BAK1 for FLS2, CERK1 for chitin/chitosan),
and they represent prototypical PAMPs present in microbes
widely present on leaf surfaces (bacteria for flagellin, fungi for
chitin/chitosan). In addition, the ability of these PRRs to per-
ceive flg22 and chitin/chitosan is conserved in Angiosperms,
which include the vast majority of crops.

To test whether the congruence observed during early PTI
events also results in similar observations during the late events,
we performed untargeted metabolite profiling on Arabidopsis
at 24 h and 48 h after application of flg22, chitosan, or both at
different concentrations.

Results

Flg22 and chitosan, alone or in combination, induced

antibacterial resistance in a manner dependent on their

respective receptors and co-receptors

To validate the effective induction of the PTI in our experi-
mental conditions, we monitored the induction of PTI biomark-
ers. Thirty minutes after application of PE, flg22, or chitosan,
the plantlets were collected, and we monitored the accumula-
tion of reactive oxygen species (ROS) using nitro blue tetra-
zolium chloride (NBT) staining when compared with control
plants; both treatments induced ROS accumulation (Supplemen-
tary Fig. S1A and B). The presence of callose deposits following
the applications of both PEs was also monitored using aniline
blue staining. Both treatments resulted in callose deposition in
Arabidopsis plantlets (Supplementary Fig. S1C). These results
indicated that individually, both the treatments led to an acti-
vation of PTI, as previously reported (Bjornson et al. 2021; Ye
et al. 2020).

Then, we measured the level of IR against the bacterium
Pseudomonas syringae pv. tomato DC3000 (Pto DC3000) on
Arabidopsis plants following the application of flg22, chitosan,
or a combination of both PEs. As expected, when pretreated
with flg22 or chitosan, Pto DC3000 titers were reduced in infil-
trated wild-type (WT) Arabidopsis leaves compared with mock-
treated (control) plants (Fig. 1A). This supported the activation
of PTI in our experimental conditions (Supplementary Fig. S1)
and confirmed existing data on flg22 and chitosan (Jia et al.
2018; Zipfel et al. 2004). Notably, the measured IR was depen-
dent on known receptors or co-receptors for flg22 and chitosan
(Gómez-Gómez and Boller 2000; Miya et al. 2007; Wan et al.
2008; Fig. 1). Interestingly, when flg22 and chitosan were com-
bined, Pto DC3000-infiltrated WT Arabidopsis leaves exhibited
a small increase of IR, when compared with individual flg22 or
chitosan treatments, although this was not statistically signifi-
cant. However, the measured IR did not indicate a cumulative or
additive effect (Fig. 1A). We also evaluated the effects of sub-
optimal concentrations of PE applied individually (10 nM and
100 nM for flg22; 0.01 mg/ml and 0.1 mg/ml for chitosan) or
in combination (10 nM flg22 + 0.01 mg/ml chitosan; 100 nM
flg22 + 0.1 mg/ml chitosan) on Arabidopsis IR to Pto DC3000
(Supplementary Fig. S2) and ROS production (Supplementary
Fig. S3). We observed a decrease in Pto DC3000 titers when
each PE was applied individually at suboptimal elicitor con-
centrations, indicating a gradual, dose-dependent increase in
IR (Supplementary Fig. S2). When both PEs were applied at
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suboptimal concentrations, an increase in IR was visible. How-
ever, this increase was not additive, based on the statistical tests
performed (Supplementary Fig. S2). We also observed a grad-
ual, dose-dependent increase in ROS production when each PE
was applied individually at both suboptimal PE concentrations
(Supplementary Fig. S3). However, when both PEs were applied
at suboptimal concentrations, we did observe an additive effect
on ROS production, but not a synergistic effect (Supplementary
Fig. S3).

Simultaneous flg22 and chitosan treatment did not

overactivate biological markers of PTI activation

It has been shown that distinct PEs activate common transcrip-
tional changes in early stages of PTI (Bjornson et al. 2021). Here,
we investigated how a simultaneous application of flg22 and
chitosan impacts PTI transcriptional and metabolic responses at
early (3 h) and late (24 to 48 h) time points. Flg22-, chitosan-,
and flg22 + chitosan-treated 10-day-old Arabidopsis plantlets
were analyzed for their salicylic acid (SA) content at 24 h and
48 h posttreatment (Fig. 2A). As expected (Jia et al. 2018; Tsuda
et al. 2008), an increase in SA content was observed in both
flg22- and chitosan-treated plantlets, particularly at 24 h after
treatment, when compared with untreated WT plants. At 48 h
after treatment, we could still measure an increase in SA content
following an individual application of PE, but with a lowered am-
plitude (Fig. 2A). The combination flg22 + chitosan also yielded
an increase in SA content at 24 h after the treatment when com-
pared with untreated WT plants but did not produce more SA
than individual treatment. After 48 h of treatment, SA content
was similar to the level measured in flg22-treated plantlets (Fig.
2A). This reduced SA content could possibly reflect saturation
of the downstream signaling components, suggesting that upon
a combined application of PEs, plants would respond differen-
tially. While able to bind their cognate ligand, co-RK mutants
are altered in their ability to transduce PTI signal. The bak1-5
bkk1 double mutant is unable to mediate the intracellular acti-
vation of PTI following flg22 perception, and the cerk1 mutant
is unable to mediate the corresponding intracellular activation
of PTI following chitin/chitosan perception (Miya et al. 2007;
Roux et al. 2011; Schwessinger et al. 2011; Wan et al. 2008).
The bak1-5 bkk1 cerk1 (bbc) triple mutant (Xin et al. 2016) is

therefore unable to relay the perception of both flg22 and chi-
tosan. Ten-day-old Arabidopsis co-RK mutant treated plantlets
were also analyzed for their SA content at 24 h after treatment
(Fig. 2B). The bbc mutant did not respond to any of the treat-
ments, as SA content did not change (Fig. 2B). As expected,
the single and double mutant controls responded differently to
the different treatments. When treated with their cognate ligand,
bak1-5 bkk1 and cerk1 exhibited poor SA yield. The bak1-5
bkk1 double mutant responded to chitosan stimulation, whereas
the cerk1 single mutant respond to flg22 treatment. This showed
that SA accumulation is dependent on corresponding co-RKs
for the PEs tested, as expected. We also evaluated the effects
of suboptimal concentrations of PEs on SA accumulation, when
applied individually (10 nM and 100 nM for flg22; 0.01 mg/ml
and 0.1 mg/ml for chitosan) or in combination (10 nM flg22 +

0.01 mg/ml chitosan; 100 nM flg22 + 0.1 mg/ml chitosan) (Sup-
plementary Fig. S4). Note that tested concentrations yielded a
much lower amount of SA. Nevertheless, we compared SA accu-
mulation in these experimental conditions. We did not observe a
gradual, dose-dependent increase in SA accumulation when both
PEs were applied individually (Supplementary Fig. S4). We did
observe an additive effect on SA content only with the 100 nM
flg22 + 0.1 mg/ml chitosan treatment when applied in combi-
nation (Supplementary Fig. S4). We also monitored the level of
expression of the gene WRKY29 encoding a transcription factor,
another biomarker of early PTI events (Asai et al. 2002). Ten-
day-old Arabidopsis plantlets were treated, and the time course
of WRKY29 transcript accumulation upon PE treatments was
followed (Fig. 2C). As expected, flg22 and chitosan treatment
increased WRKY29 transcript levels in WT, particularly after
3 h, in a manner that was dependent on corresponding co-RKs
(Fig. 2C and D). Flg22 + chitosan treatment induced WRKY29
transcript levels similar to those observed after flg22 treatment
alone (Fig. 2C), possibly reflecting a saturation of the down-
stream signaling components. Later, the synthesis of WRKY29
transcripts decreased (Fig. 2C), illustrating the possible role of
this transcription factor during early events of PTI activation.
We also measured transcript levels of other early marker PTI
genes such as RBOHD (RESPIRATORY BURST OXIDASE HO-
MOLOGUE D) (Nühse et al. 2007) and PAD3 (PHYTOALEXIN
DEFICIENT 3) (Thomma et al. 1999). Upon the PE treatments

Fig. 1. Effect of one or a combination of plant elicitors (PEs) on Arabidopsis thaliana induced resistance against Pseudomonas syringae. A, Col-0, B, fls2,
C, cerk1, or D, fls2 efr cerk1 (fec) seedlings were inoculated at 24 h after elicitation. At 48 h postinoculation, bacterial growth (CFU, colony-forming unit) was
measured. Mean ± SD of three biological replicates. The number of plantlets per biological replicate was n = 12 for all genotype–treatment combinations, per
biological repetition. Asterisks (*) indicate a significant difference (one-way ANOVA): **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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Fig. 2. Impact of one or a combination of plant elicitors (PEs) on pattern-triggered immunity (PTI) markers. A, Salicylic acid (SA) quantification after 24
and 48 h of elicitation. The number of plantlets per biological replicate experiment was n = 15 plants for all genotype–treatment combinations, per biological
repetition. Mean ± SD of four to six biological replicates. B, SA quantification in wild-type (WT, Col-0) and mutant (cerk1, bak1-5 bkk1, and bak1-5 bkk1

cerk1) seedlings at 24 h post-elicitation. Mean ± SD of five replicates. C, Impact of the different elicitors on WRKY29 (AT4G23550) expression in WT plants
after 3, 6, 24, and 48 h. D, WRKY29 expression at 3 h posttreatment in WT (Col-0) and mutant (cerk1, bak1-5 bkk1, and bak1-5 bkk1 cerk1) seedlings. RT-qPCR
analysis was carried out to quantify transcript accumulation compared with the control plants. The ROC3 gene (AT2G16600) was used as a reference (Kanno
et al. 2016). Three independent biological replicates ± SE. Different letters indicate a significant difference based on analysis of variance followed by the
Student–Newman–Keuls test (P < 0.05).
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described above, changes in RBOHD and PAD3 transcript levels
behaved comparably to those seen for WRKY29 (Supplementary
Fig. S5).

Application of flg22, chitosan, or their combination led to

contrasting metabolite patterns

To study Arabidopsis responses to flg22 as well as to chi-
tosan application at 24 h after treatment, we undertook an un-
targeted profiling of the whole metabolome of WT Arabidopsis.
This approach (i) offers the possibility to monitor biochemi-
cal markers associated with late PTI events, with a focus on
biochemical pathways leading to the production of phytoalexin-
related antimicrobial compounds; (ii) and also offers the pos-
sibility to apprehend additional visible trends when the entire
metabolome is monitored and can thus help our understand-
ing of late PTI events. To this end, 10-day-old WT Arabidop-
sis plantlets were treated with flg22, chitosan, or flg22 + chi-
tosan; sampled at 24 h posttreatment; and then analyzed using
ultra-performance liquid chromatography–tandem mass spec-
trometry (UPLC-MS/MS) (Schläpfer et al. 2017). We identified
a set of metabolites using the Plant Metabolic Network database
(https://plantcyc.org; see also Chae et al. 2014; Schläpfer et al.
2017), which covers pathways of secondary metabolism, includ-

ing phytoalexin-related metabolites and primary metabolites
such as amino acids, organic acids, lipids, sugars, and purines
(Supplementary Table S1). Treated plants showed PE-dependent
deregulated compounds (univariate statistical analysis, cutoff of
P value < 0.05 and fold change > 2 or < 0.5). Compared with
the control, 174 deregulated compounds were identified in pos-
itive ionization mode and 108 in negative ionization mode after
flg22 treatment. In chitosan-treated samples, 108 and 83 fea-
tures were identified in positive and negative ionization modes,
respectively. Following flg22 + chitosan treatments, 237 im-
pacted features were identified under positive ionization mode
and 157 under negative ionization mode (Fig. 3A). The dereg-
ulated compounds identified under positive and negative ion-
ization were pooled. For the metabolites identified under both
ionization modes, only the data related to the ionization mode,
in which the normalized abundance was the highest, were con-
sidered. Totals of 242, 175, and 330 metabolites were differen-
tially regulated in flg22-, chitosan-, and flg22 + chitosan-treated
plantlets, respectively (Fig. 3B; Supplementary Table S1). We
observed that each group produced treatment-specific metabo-
lites (Fig. 3B). Flg22-treated plants were enriched with 23%
of secondary metabolites, and chitosan-treated plants with 31%
(Supplementary Table S1). When treated simultaneously with

Fig. 3. Differential metabolic response after flg22, chitosan, or flg22 + chitosan treatments. A, Volcano plots of the metabolites identified under positive (POS)
and negative (NEG) ionization modes. The colors indicate the metabolites accumulated differentially under the cutoff of P value < 0.05 and fold changes > 2
or < 0.5. The number of deregulated metabolites identified in each condition is indicated. B, Common and specific deregulated metabolites following Arabidopsis

thaliana seedling elicitation. Venn diagram of the differentially accumulated metabolites after the different treatments (cutoff P value < 0.05 and fold
changes > 2 or < 0.5). The number of significantly deregulated metabolites identified in each treatment is shown under the diagram.
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flg22 and chitosan, 32% of the deregulated metabolites were
annotated as secondary metabolites (Supplementary Table S1).
We also noticed that a simultaneous application of flg22 and
chitosan yielded more differentially regulated metabolites than
a single PE application (Fig. 3A and B). Only 51 metabolites
were common to all the treatments, and 21 metabolites were
common to flg22-treated and chitosan-treated plantlets (Fig.
3B). We then focused on phytoalexin-related metabolites dereg-
ulated by each treatment, as they encompass a large group of
PTI-inducible secondary metabolites, including phenolic com-
pounds, glycoalkaloids, glucosinolates, and terpenoids (Ahuja
et al. 2012). Flg22-treated plants yielded 58 phytoalexin-related
compounds (20 phenolics, 15 flavonoids, 17 alkaloids, 5 ter-
penoids, and 1 glucosinolate), chitosan-treated plants yielded
55 phytoalexin-related compounds (23 phenolics, 12 flavonoids,
18 alkaloids, and 2 terpenoids), and simultaneous application of
both Pes impacted 106 phytoalexin-related compounds (44 phe-
nolics, 21 flavonoids, 31 alkaloids, 8 terpenoids, and 2 glucosino-
lates). Considering the deregulation of many phenylpropanoids
(Fig. 4A), we looked in more detail at how the flg22 + chitosan
treatment impacted the phenylpropanoid biosynthesis pathways
(Fig. 4B). The pathway leading to coniferin and syringin synthe-
sis appeared to be downregulated, whereas flavonoid biosynthe-
sis was activated. The combined application of flg22 + chitosan
led to the specific accumulation of sinapine, naringin, fisetin, and
xanthohumol. All metabolomic changes measured were depen-
dent on relevant co-RKs for the respective PEs, as no metabolic
pathways were found to be deregulated after flg22 treatment.
Only three metabolic pathways appeared to be deregulated after
chitosan treatment when BAK1, BKK1, and CERK1 were not
present or nonfunctional (Supplementary Fig. S6). Together, our
data show that application of flg22 and chitosan induced the ac-
cumulation of different phytoalexin compounds following PTI
activation. Moreover, simultaneous application of the two PEs
induced a pattern of defense-related phytoalexin compounds,
which differed from the ones produced after individual flg22 or
chitosan treatments. The pattern obtained did not result in the
additivity of the two individual profiles.

We further analyzed the dataset generated earlier using the
Metaboanalyst 5.0 online platform (www.metaboanalyst.ca;
Pang et al. 2021) with the aim of visualizing and measuring how
the different PE treatments could affect the different metabolic
pathways within the whole metabolome. We performed an en-
richment analysis and a pathway analysis, and we obtained three
distinct maps of induced metabolic pathways. The metabolic
pathways with a –log10(P) superior to 1.3 and pathway im-
pact above 0.3 were considered deregulated. First, we con-
firmed previous observations related to PE-induced activation
of phytoalexin-related pathways (Fig. 5) and the highest impact
on phenylpropanoid pathways activated after the simultaneous
application of both PEs (Fig. 5). Interestingly, we also found
a regulation of several primary metabolism-related pathways,
including amino acids, lipids as well as purine nucleic acid. Un-
expectedly, simultaneous application of both PEs induced a pat-
tern of deregulated metabolic pathways, which differed from the
ones produced after individual flg22 or chitosan treatments. The
pattern did not result in the additivity of both individual pro-
files. It also did not overlap with these individual profiles, as we
observed additional metabolic pathways, which were not differ-
entially regulated by either the single flg22 or chitosan treatment.
Particularly, several primary metabolite-related metabolic path-
ways, including primary sugars as well as photosynthesis and
lipid metabolism, were found to be regulated (Fig. 5). Together,
these results strongly suggested that the simultaneous applica-
tion of both flg22 and chitosan activates a unique pattern of
metabolic pathways. We also analyzed the differentially regu-
lated metabolites on WT Arabidopsis plantlets treated with sub-

optimal concentrations of PE applied individually (10 nM and
100 nM for flg22; 0.01 mg/ml and 0.1 mg/ml for chitosan) or in
combination (10 nM flg22 + 0.01 mg/ml chitosan; 100 nM flg22
+ 0.1 mg/ml chitosan; Supplementary Figs. S7 to S9). We found
a lower total number of deregulated metabolites when compared
with optimal concentration (Supplementary Fig. S7; see also Fig.
5). Also, we observed in all the combinations the same pattern:
Each PE was exhibiting a specific set of deregulated metabolic
pathways, while the corresponding flg22 + chitosan combina-
tion was showing a different pattern (Supplementary Figs. S8
and S9). This result is aligned with the previous findings in this
study and may support the additive effect of the combination we
have reported.

Finally, we analyzed the primary metabolism-derived com-
pounds shown to be deregulated by each treatment (Fig. 6).
Flg22 treatment differentially regulated 9 lipids, 8 amino acids,
and 7 organic acids, whereas chitosan treatment differen-
tially regulated 8 lipids, 9 amino acids and 4 organic acids
(Fig. 6). There were no overlaps within metabolites from one
treatment to another. The simultaneous application of both PEs
regulated the production of 20 lipids, 19 amino acids, and 6
organic acids. Interestingly, the quantity of most lipids and or-
ganic acids decreased, while most of the deregulated amino
acids were shown to accumulate (Fig. 6). These results high-
light the impact of the combined elicitation on lipid and amino
acid metabolites. The strong increase of amino acids after flg22
+ chitosan elicitation correlates with the impact of this treat-
ment on metabolic pathways related to primary metabolism
(Fig. 5).

Discussion

Globally, the threat to food security remains partly due to
plant pathogens and plant pests attacking crops (Savary et al.
2019). One possible strategy to tackle this issue is the use of
PEs as part of integrated pest management practices. Yet, while
PEs have been used for crop treatment for three decades un-
der controlled conditions, many have limited efficacy in the
field (Gelineo-Albersheim et al. 2018 and references therein;
Sandroni et al. 2020). Several reasons can explain this lack of
success, pest-management-wise. First, they are used in the field,
a setting where plants are simultaneously exposed to several
stresses (Atkinson and Urwin 2012; Atkinson et al. 2013). Sec-
ond, several parameters can influence the outcome of the appli-
cation of PE on plants, including genetic intraspecies diversity
(at the cultivar level), as well as interspecies diversity of plant
individuals treated with PE, the impact of age, and the impact of
various agricultural practices including fertilization (Fauvergue
et al. 2022).

To better understand how PEs used alone or in combination
impact a plant’s physiology, we chose the model plant Arabidop-
sis and focused on the well-characterized PEs flg22 and chitosan
to measure both transcriptional and metabolomic responses in-
duced by exogenous treatment with them. Notably, in previous
work in Arabidopsis and rice, it was shown that early transcrip-
tional changes to different PEs are mostly congruent (Asai et al.
2002; Bjornson et al. 2021; Eulgem et al. 1999; Tang et al. 2021).
Notably, we used a multi-omics approach, in which PE-specific
metabolomic profiles as well as posttranslational modifications
were measured (using flg22 and chitin). We found that the pat-
terns were PE-specific, thus suggesting that some PTI responses
might be PE-specific (Tang et al. 2021). In our study, to better re-
flect the impact of long-term treatment in the field, we focused on
late events (24 to 48 h) following treatment with flg22 and/or chi-
tosan and measured metabolomic changes induced by these PEs,
as secondary metabolites are often produced to fight pathogens
and pests directly or indirectly (Erb and Kliebenstein 2020).
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Fig. 4. Secondary metabolites significantly deregulated by plant elicitor (PE) treatments. A, Heat map of metabolites significantly deregulated at least in one
of the conditions. Values are expressed as log2 fold change (Log2FC) of treated versus control. B, Effect of flg22 + chitosan treatments on phenylpropanoid
biosynthesis pathway. Log2FC levels of different metabolites significantly deregulated at least in flg22 + chitosan treatments. An asterisk (*) indicates a
significant difference compared with the control (fold changes > 2 or < 0.5, P value < 0.05). Increase of metabolite quantity following elicitation is shown in
red, decrease in blue, and no change in white. f, flg22; c, chitosan; f + c, flg22 + chitosan.
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Fig. 5. The metabolic pathways most impacted by plant elicitor (PE) treatments. Metabolic pathway analytical plots were created using MetaboAnalyst 5.0. The
x axis represents the pathway impact value computed from the pathway topological analysis, and the y axis is the log10 of the P value obtained from pathway
enrichment analysis. The pathways that were the most significantly changed are characterized by both a high log(P) value (–log10(P) > 1.3) and high-impact
value (top right region, pathway impact > 0.3). The colors of the dots indicate the category of the most-impacted pathway according to KEGG orthology. The
most significantly changed pathways are listed next to each graph.
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Some studies have investigated and compared the metabolome
of PE-treated plants. They found that different PEs, once applied
to plants, led to metabolite deregulation. This was demonstrated
in potato when PAMP- and non-PAMP-PEs were compared
(Martin et al. 2020). It was also the case when PAMP-PEs were
tested on rice (Tang et al. 2021) or in tomato (Zeiss et al. 2021).

In the current study, we found that each PE treatment induced
a unique metabolomic profile (Figs. 4 and 7). Moreover, dou-
ble elicitation with flg22 + chitosan yielded a third, enriched
metabolomic profile (Figs. 4 and 7). While families of upreg-
ulated compounds were preserved following flg22 or chitosan
treatment, some families/subfamilies of compounds seemed ac-
tivated by flg22 but not by chitosan. For instance, flg22 treatment
specifically yielded lignan lactone secondary metabolites, while

chitosan did not. Among other groups of secondary metabolites,
flg22 treatment yielded more subfamilies of metabolites. Con-
versely, chitosan treatment yielded more subfamilies of organo-
heterocyclic compounds. It is noteworthy that such contrasting
effects of PE treatments upon single or concomitant application
have already been monitored by focusing on very early events
following PTI activation (Aslam et al. 2009). We also observed a
significant deregulation of primary metabolites, including amino
acids, lipids, and organic acids (Fig. 6). Amino acids (Liu et al.
2010), lipids (Mandal et al. 2012), and organic acids (Rojas et al.
2012) are known to be deregulated upon PE application (for a
review, see Rojas et al. 2014). Further, double elicitation ac-
centuated this deregulation (Fig. 6). This increase in deregula-
tion of primary metabolites may accompany the accumulation of

Fig. 6. Lipids, amino acids, and organic acids significantly deregulated by plant elicitor (PE) treatments. Heat map of metabolites significantly deregulated in
at least one of the conditions. An asterisk (*) indicates a significant difference with the control (fold change > 2 or < 0.5, P value < 0.05). Values are expressed
as log2 fold change (Log2FC) of treated versus control. Upregulation after elicitation is shown in red, downregulation in blue, and no change in white.
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Fig. 7. Overview of metabolic deregulation induced by plant elicitor (PE) treatments. Circular treemap of classification of metabolites significantly deregulated
in at least one of the conditions. Metabolites are classified by their structures according to ClassyFire (Djoumbou Feunang et al. 2016). The size of the circle
indicates the number of metabolites belonging to the same class. Primary metabolites are shown in warm colors; secondary metabolites are shown in cool
colors.
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secondary metabolites (Fig. 5). A proper experimental design is
needed to appropriately confirm this hypothesis. Additionally,
the finding that flg22-induced plants yielded a higher SA con-
tent compared with those treated with flg22 + chitosan was also
intriguing. It is known that chitosan can increase the levels of
both SA and jasmonic acid (JA) (Jia et al. 2018). This unusual
effect of chitosan may explain the observed suppression of flg22-
induced SA by chitosan, given the known antagonism between
SA and JA. It will thus be important in future studies to test how
different PE treatments impact infection by different pathogens
that might show contrasting sensitivities to diverse plant com-
pounds. Interestingly, when flg22 and chitosan were applied con-
comitantly, we did not immediately observe an important en-
richment of metabolites: While no additional group of primary
and secondary metabolites was reported, a noticeable increase
in the number of subfamilies within several groups of metabo-
lites was visible (Fig. 7). Yet, despite the differential metabolic
response observed upon combined elicitation in plantlets, no sta-
tistically significant additive effect on the induced resistance to
the phytopathogenic bacterium Pto DC3000 could be measured
(Fig. 2). In this context, it is interesting to note that a simultane-
ous application of PEs was previously shown to even decrease
IR efficacy (Bartels et al. 2013; Souza et al. 2017). Both our
and these previous results are particularly puzzling, considering
the reported cross-activation of AtCERK1 (the co-receptor for
chitin/chitosan) by AtBAK1 (the co-receptor for flg22) (Gong
et al. 2019).

In conclusion, our work provides grounds for future research
into understanding how early and late responses induced by dif-
ferent PEs intersect (positively, and potentially even negatively),
and how this information can ultimately be used under field con-
ditions to improve crop treatment against pests and pathogens.
This is particularly important, as some natural extracts used for
crop treatment might contain more than one active PE. For in-
stance, an Ulva lactuca extract exhibiting defense-eliciting prop-
erties contains ulvan polysaccharides (de Borba et al. 2021;
Cluzet et al. 2004; Martin et al. 2020) but was recently shown
to also contain arabinogalactan-like proteins able to mount a
PE-dependent IR (Přerovská et al. 2022).

Materials and Methods

Culture conditions

Lines of Arabidopsis thaliana L. (Heynh.) used in this study
were as follows: WT ‘Columbia’, cerk1 (Gabi mutant 096F09)
(Miya et al. 2007), fls2 (Zipfel et al. 2004), fls2 efr cerk1 (fec)
(Xin et al. 2016), bak1-5 bkk1 (Schwessinger et al. 2011), and
bak1-5 bkk1 cerk1 (Xin et al. 2016). Unless indicated otherwise,
seedlings were grown on vertical Petri plates containing nutrient-
solidified agar in a phytotron (16 h of light with photosynthetic
photon flux density ranging from 260 to 330 µmol photons/m2/s1

and 8 h of dark at 21°C and 19°C, respectively) for 10 days, as
described in Nguema-Ona et al. (2007). Briefly, WT and mutant
seeds were surface-sterilized for 5 min in 70% (vol/vol) ethanol
and 2 min in 3% (vol/vol) bleach, then washed six times in sterile
water, and finally stratified for 48 h at 4°C. Seeds were sown in
solid 0.5× MS medium, pH 5.8, containing 0.7% agar (A1296
Sigma-Aldrich) and 1.2% sucrose (35508 Alfa Aesar). For some
experiments, 4- to 5-week-old Arabidopsis thaliana Col-0 plants
were grown at 22°C, 60% humidity, 10-h/14-h light/dark, and a
light intensity of 120 µmol/m2.

Elicitors

Flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) was syn-
thetized using the PRIMACEN platform, Peptide Synthesis Plat-
form (Université de Rouen Normandie) or ordered from SciLight

Biotechnology LLC. Chitosan was supplied by Sigma-Aldrich
(448869).

Seedling elicitation

Arabidopsis seedlings were treated with either flg22 (from
10 nM to 1 µM), chitosan (from 0.01 to 100 mg/liter), a com-
bination of both, or sterile water as negative control following
a procedure adapted from (Zahid et al. 2017). Briefly, plantlets
were immersed in water supplemented with the different elici-
tors. After 30 min, the media was removed, and the seedlings
were replaced in the phytotron. Plantlets were harvested at the
appropriate hours posttreatment (hpt).

ROS detection

After 30 min of elicitation, ROS were detected by incubating
the seedling in NBT (Choi et al. 2006) solution at 0.05% (wt/vol)
in phosphate buffer (K2HPO4 100 mM, pH 7.5) for 90 min.
Seedlings were washed three times in the phosphate buffer and
fixed in ethanol/acetic acid (3:1 vol/vol) solution for 2 h. The
samples were put successively in 70%, 50%, and 30% ethanol
solutions for 90 min, allowing a progressive rehydration of the
tissues. Seedlings were incubated in water overnight before be-
ing treated with an NaOH 10% solution for 1 h at 37°C. ROS
accumulation stained in dark blue was observed with a binocular
microscope (Leica M125). Images were acquired with a DFC295
camera (Leica). ROS quantification was assessed using ImageJ
software (Abramoff et al. 2004).

For ROS detection using the luminol/peroxidase assay, we
followed the protocol established by Kadota et al. (2015) with
minor modifications. In brief, leaf disks of approximately 4
mm in diameter were excised from 4- to 5-week-old Arabidop-
sis thaliana (Col-0 WT) plants grown at 22°C, 60% humidity,
10-h/14-h light/dark, and a light intensity of 120 µmol/m2. A
minimum of 12 leaf disks per treatment were collected. Follow-
ing excision, the leaf disks were placed in a 96-well plate filled
with water and subjected to an overnight incubation period to fa-
cilitate the acclimatization of the disks to the new environment
and to allow wound-induced responses to subside. Following
the incubation period, the water in each well was replaced with
a solution composed of 1 µM L-012 (a highly sensitive chemilu-
minescent probe that reacts with horseradish peroxidase [HRP]),
20 µg/ml/liter HRP (a catalyst that accelerates the oxidation of
L-012), and 100 nM flg22 (QRLSTGSRINSAKDDAAGLQIA)
peptide obtained from SciLight Biotechnology LLC. After elic-
itation, the luminescence emitted by the solution was quanti-
fied over a duration of approximately 40 min using a Tecan
Spark Multi-Plate Reader. The light emitted from the solution
was directly proportional to the ROS concentration, allowing for
a quantitative assessment of ROS production.

Callose staining

Callose detection was performed as described in Zahid et al.
(2017) using decolorized aniline blue staining. Following the
30 min of elicitation, seedlings were placed for 48 h in the phy-
totron before being fixed and discolored in acetic acid/ethanol
(1:3 vol/vol) for 2 h. Samples were rehydrated by successive
ethanol treatments at 75%, 50%, 25% (vol/vol) for 2 h and finally
with water overnight before being incubated with 10% (wt/vol)
NaOH at 37°C for 1 h and then overnight in 0.01% (wt/vol) ani-
line blue solution (150 mM K2HPO4 at pH 10). Seedlings were
mounted on slides, and callose deposition was observed with an
epifluorescence microscope (Leica DMI 6000 B, camera DFC
450 C).

Induced resistance assay to Pto DC3000

Arabidopsis seeds were surface-sterilized, stratified for 3 to 5
days, and planted on soil. Plants were grown for 4 to 5 weeks at
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22°C, 60% humidity, 10-h/14-h light/dark before induced resis-
tance assays were performed. Bacterial infection assays were
performed as described previously (Zipfel et al. 2004). Pto
DC3000 was grown in overnight culture in King’s B medium
(20 g/liter proteose, 1.5 g/liter dipotassium hydrogen phosphate,
and 15 g/liter glycerol) supplemented with 10 µg/ml rifampicin
and incubated at 28°C with shaking (220 rpm). For induced re-
sistance assays, 4- to 5-week-old Arabidopsis plants were used.
Three leaves from each plant were pretreated (24 h before in-
filtration with Pto DC3000) with the following treatment com-
binations: distilled water (mock); flg22 from 10 nM to 1 µM
(Scilight-Peptide); and chitosan from 0.01 to 1 mg/liter (no.
448869, Sigma-Aldrich). Bacteria grown overnight were first
refreshed through a 1- to 2-h subculture in 1:10 volume of
overnight culture on fresh LB medium. Refreshed cells were
then harvested by centrifugation, and pellets were resuspended
in 10 mM MgCl2. Selected leaves were reinfiltrated with Pto
DC3000 at OD600 = 0.0002 or ∼1 × 105 colony-forming units
(CFUs)/ml. After 48 h of inoculation, two leaf disks were col-
lected from each infiltrated leaf and ground in 10 mM MgCl2,
and serial dilutions from 1 × 10−1 to 1 × 10−5 were plated on
LB medium supplemented with 10 µg/ml rifampicin and incu-
bated at 28°C for 2 days. The bacterial growth was measured
by counting the CFUs. Analysis of variance (ANOVA) was per-
formed using the ANOVA functions in GraphPad Prism version
9.0 (http://www.graphpad.com), and multiple pairwise compar-
isons were performed using Tukey’s honest significant differ-
ence method. Sample numbers for induced resistance assays
were n=12 plants for all genotype–treatment combinations. Sta-
tistical analysis was performed in GraphPad Prism 9.0. (Graph-
Pad software, http://www.graphpad.com). Differences between
groups were significant at a P value of < 0.05.

Marker gene expression by reverse

transcription-quantitative PCR (RT-qPCR)

For each harvest time, three biological replicates (three inde-
pendent cultures) were carried out, and subsequently, indepen-
dent RNA extractions were done for each replicate. The con-
sumables and solutions used to work with RNAs were certified
RNase-free, and the experiments were carried out in an RNase-
free environment.

Total RNA was purified from four plantlets (i.e., 50 to 60 mg
of fresh material) with the NucleoSpin RNA Plus kit (Macherey-
Nagel) according to the supplier’s protocol. At harvest time, the
seedlings were put in 350 µl of LBP buffer in a 2-ml lysing ma-
trix tube E (MP Biomedicals), and the samples were stored at
–80°C until RNA extraction. Lysis of the cells was carried out
by four runs of 30 s at 6.5 m/s in a FastPrep-24 Homogenizer in-
strument (MP Biomedicals). Total RNA was finally eluted in
60 µl of RNase-free water and stored at –80°C until further
use. For each sample, an aliquot was removed to evaluate the
RNA concentration with a Nanodrop 2000c spectrophotome-
ter (Thermo Scientific). Ten milligrams of RNA was digested
with 2U of TURBO DNaseTM (Invitrogen) in a final volume
of 50 ml at 37°C for 30 min, followed by 25°C for 5 min after
adding 5 µl of DNase inactivation reagent (provided by the sup-
plier). cDNA was then synthesized from 2 µg of total RNA with
the High-capacity cDNA reverse transcription kit from Applied
Biosystems with total RNA samples in a final reaction volume of
20 ml, following the manufacturer’s instructions. The cDNAs
were then stored at –20°C until use. The qPCR was carried out
with the QuantStudio 12K Flex Real-Time PCR System (Ap-
plied Biosystems), and the pipetting steps were done with the
Bravo Automated Liquid Handling Platform (Agilent Technolo-
gies). The reaction mix was prepared in a 384-well reaction plate:
1.2 ml of a 1/10 dilution of cDNA was mixed with 0.3 µM of
each primer pair in a 5-µl total reaction using the Fast SYBR

Green PCR Master Mix (Applied Biosystems). PCR amplifica-
tion was carried out using the following amplification protocol:
20 s at 95°C, then 40 cycles of 3 s at 95°C, 20 s at 60°C, fol-
lowed by the melt-curve analysis: 15 s at 95°C, 1 min at 60°C,
and 15 s at 95°C. Primer pairs specific to each selected gene
were defined using either Primer3plus or the literature (Supple-
mentary Table S2). The oligonucleotides (desalted quality) were
synthesized by Eurogentec (Kaneka Eurogentec S.A). To vali-
date the primer pairs, a dilution set of cDNA was prepared as
follows: first, a 1/10 dilution of the cDNA stock was prepared,
and four consecutive 1/3 dilutions were made from it, and the
five cDNA dilutions were used in the RT-qPCR experiment to
test each pair of primers and determine the optimal cDNA dilu-
tion to use. Data were analyzed using the ��CT method with
ROC3 (AT2G16600) as an endogenous reference (Kanno et al.
2016).

Determination of phytohormones

SA was purchased from Sigma-Aldrich and Olchemln. Sta-
ble isotope-labeled internal standard, d4-SA, was ordered from
the National Research Council of Canada (Ottawa, Canada) and
OlchemIn. Sample preparation and phytohormone content deter-
mination were performed as described in Lakkis et al. (2019) and
Martin et al. (2020). Briefly, phytohormones were extracted from
10 mg of liquid nitrogen ground plantlet material, collected at
24 and 48 hpt, in 1 ml of cold solution of methanol/water/formic
acid (70:29:1 vol/vol/vol). Isotope-labeled internal standard was
pre-diluted in the formic acid organic solvent present in the cold
methanol/water/formic acid solution. The homogenates were
stirred at room temperature and centrifuged at 12,600 rpm to
collect the supernatant. After evaporation (SPE Dry 96, Bio-
tage), the extract was resuspended in 2% formic acid solution
and purified using a, SPE ABN (solid phase extraction, acidic,
basic and neutral analytes) express plate of 30 mg/ml (Biotage).
The phytohormones were eluted with methanol, and the samples
were evaporated and resuspended in 200 ml of 0.1% formic acid
solution before being injected into the system. The separation
and detection were achieved using a Nexera X2 UHPLC system
coupled to a QTrap 6,500 C mass spectrometer equipped with an
IonDrive turbo V electrospray source. Phytohormone separation
was carried out by injecting a 2-ml sample into a Kinetex Evo
C18 core–shell column (100 × 2.1 mm, 2.6 µm, Phenomenex) at
a flow rate of 0.7 ml/min, and the column temperature was main-
tained at 40°C. The mobile phases were composed of solvent A
Milli-Q water containing 0.1% formic acid (LCMS grade, Fluka
Analytics), and solvent B acetonitrile LCMS grade containing
0.1% formic acid. The gradient elution started with 1% of B,
0.0 to 5.0 min 60% of B, 5.0 to 5.5 min 100% of B, 5.5 to 7.0
min 100% of B, 7.0 to 7.5 min 1% of B, and 7.5 to 9.5 min 1%
of B. The analysis was performed in a scheduled MRM mode
in positive and negative modes simultaneously with a polarity
switching of 5 ms: ion spray voltage was 5,500 V in the positive
mode and 4,500 V in the negative mode; source temperature was
600°C; curtain gas at 35 psi; nebulizer gas at 50 psi; heater gas
at 60 psi; collision gas at medium; entrance potential of ±10 V;
MRM detection window of 30 s; target scan time of 0.075 s.
An external calibration curve was established. A quality-control
(QC) sample containing all external and internal standards was
injected every 10 samples to access the system stability. The
calculated concentration was corrected by the internal standard
recovery rate.

Untargeted metabolic profiling using UPLC-MS/MS

Plant material was harvested as follows: each assay was re-
peated three times, consisting of two individual repetitions (inde-
pendent biological repetitions) for a total of six repetitions. Fifty
milligrams of ground frozen seedling tissues harvested at 24 hpt
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were weighed and extracted with 1 ml of 70% MeOH (Optima
LCMS grade, Fisher), 29% water (Milli-Q, 18.2 M�·cm, Milli-
pore), and 1% formic acid (LCMS grade, Fluka Analytics). After
extraction, samples were centrifuged, and the supernatant was
collected for UPLC-MS/MS analysis. For the UPLC-MS/MS
analysis, the separation and the detection were accomplished us-
ing an Acquity UPLC system (Waters) coupled to a Xevo G2-S
QTof mass spectrometer (Waters) equipped with an LockSpray
electrospray ionization source. Sample separation was carried
out by injecting 10 µl into an HSS T3 C18, 2.1 × 100 mm,
1.8-µm column (Waters) at a flow rate of 0.5 ml/min, and the
column oven was maintained at 40°C. The mobile phases were
composed of solvent A Milli-Q water containing 0.1% formic
acid and solvent B acetonitrile containing 0.1% formic acid. The
separation was achieved by the following gradient: 0 to 1 min at
98% A, 1 to 7 min from 98% to 0% A, maintained at 0% A to
9 min, 9 to 10 min from 0% to 98% A, maintained at 98% until
12 min for column regeneration. The MS analysis was carried
out respectively in positive and negative ionization modes with
the following parameters: source voltage of 0.5 kV (pos) and
2.5 kV (neg); cone voltage of 40 V; source temperature of 130°C;
desolvation gas temperature of 550°C; desolvation gas flow of
900 liters/h. Mass spectra were acquired in MSE mode from
50 to 1200 m/z at 0.1 s/scan. The ramp collision energy was
set at 25 to 40 V. Samples were injected in randomized order.
A QC sample was prepared from an equal mix of all collected
samples. The QC sample was injected every eight samples to
assess system stability. After the acquisition, metabolomic data
were processed using Progenesis QI software (version 3.0, Wa-
ters). Identification was carried out using the PlantCyc database
(version 15.0.1) (https://www.plantcyc.org) with a mass toler-
ance of 10 ppm. For identified metabolites, experimental MS2
spectra were compared with the MS-DIAL reference MS/MS
database (version 14) (Tsugawa et al. 2015) when possible, oth-
erwise they were compared with the theoretical fragmentation
spectrum. The fragment mass tolerance was set at 10 ppm. Only
identified metabolites were used for further analysis.

Univariate analysis (Student’s t-test) was performed for sta-
tistical testing (Wu et al. 2021). The metabolites with a P
value < 0.05 and fold-change > 2 were kept and considered to
be supposedly statistically significant. Volcano plots were gen-
erated using VolcaNoseR (Goedhart and Luijsterburg 2020). A
Venn diagram was generated with jvenn (Bardou et al. 2014),
and pathway analysis was done using MetaboAnalyst 5.0 (Pang
et al. 2021). For each pathway, the P value of metabolite set en-
richment analysis and pathway impact of topology analysis were
calculated using the KEGG database (Kanehisa et al. 2017). All
the significant metabolites deregulated in each treatment were
categorized by classes, and heat maps were created using Mor-
pheus software (https://software.broadinstitute.org/morpheus).
The circular treemaps were generated using RAWGraphs 2.0
(Mauri et al. 2017).
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