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Time-resolved network metabolomics reveals metabolic
reprogramming and network stability in cowpea leaves

during virus infection
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Abstract Cowpea severe mosaic virus (CPSMV)
represents a major constraint for cowpea (Vigna
unguiculata (L.) Walp.) cultivation. However, the
metabolic basis underlying CPSMV resistance
remains poorly understood. Given the importance of
metabolism for plant defence against pathogens, we
hypothesized that cowpea resistance to CPSMV is
associated to the activation of defence-related path-
ways from both primary and secondary metabolisms.
We investigated the metabolic dynamics associated
with CPSMYV infection in the resistant cowpea geno-
type Macaibo using a time-resolved, network-based
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metabolomics approach. Conventional RT-PCR sug-
gests that the intensity of the CPSMV coat protein
band increased in the first eight Hours After CPSMV
Inoculation (HAI) but appeared reduced in the fol-
lowing 72 HAIL. Metabolomic analyses revealed
that CPSMV infection had little impact on second-
ary metabolism, whereas several primary metabo-
lites were significantly altered over time. Transient
increases in fumarate, pyruvate, and several amino
acids, including alanine, asparagine, glutamine, glu-
tamate, isoleucine, leucine, proline, serine, threonine,
and valine, were observed at 48 HAI compared with
mock-treated leaves. Network analysis indicated that
overall metabolic network density and heterogene-
ity remained relatively stable during infection. How-
ever, a highly connected metabolic module com-
posed of the branched-chain amino acids (BCAAs)
isoleucine, leucine, and valine emerged in infected
leaves. Our results indicate that CPSMV infection
reshapes primary metabolic dynamics without exten-
sive alterations in secondary metabolism during early
infection in cowpea leaves. Despite these metabolic
adjustments, the overall metabolic network structure
remained stable, suggesting that a robust metabolic
reprograming, including the activation of BCAA-
associated pathways, may help buffer viral perturba-
tion in cowpea leaves.

Keywords Metabolic fingerprinting - Metabolic

network - Metabolite profiling - Plant-virus
interaction - Systems biology
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1 Introduction

The current climate change scenario predicts that
periods of drought and high temperature, among
other (a)biotic unfavourable conditions, will be more
frequent and intense for crop cultivation (Zandali-
nas et al. 2021). It is thus crucial to find strategies to
improve yield and/or resilience to abnormal condi-
tions in crops (Evans and Lawson 2020). However,
there is a clear yield-stress tolerance trade-off in
plants, in which the tolerance to unfavourable con-
ditions is generally achieved at expenses of produc-
tivity losess, and vice-versa (Fernandez et al. 2021;
Candido-Sobrinho et al. 2022). For instance, the
model of our study—cowpea (Vigna unguiculata (L.)
Walp.) Macaibo genotype—is resistant to most cow-
pea severe mosaic virus (CPSMV) isolates described
until now (Lima et al. 2012; Teixeira et al. 2021),
but has much lower yield than other sentive and high
productive cowpea genotypes (Vale and Lima 1995;
Lima et al. 2011; Paiva et al. 2014). Cowpea is a
leguminous crop with great importance for regions
with dry soil, thanks to its low-cost production, high
nutritional value, and high tolerance to extreme envi-
ronments (Kareem and Taiwo 2007; Singh et al.
2011). However, infection by CPSMYV, a Comovirus
(Secoviridae) that infects Fabaceae plants, can reduce
yield by up to 85%, representing a major bottleneck
for cowpea cultivation (Booker et al. 2005; Kareem
and Taiwo 2007). Understanding the mechanisms
by which cowpea plants respond to CPSMYV is thus
important to find strategies to maintain the cultivation
and productivity of this important staple food (Jha
et al. 2023).

The severe mosaic disease caused by CPSMV is
characterised by yellowish, mosaic-like spots on the
leaves. In more advanced stages of infection, CPSMV
may lead to plant dwarfism and cell death spots on
leaves (Rys et al. 2014; Laliberté and Zheng 2014).
CPSMYV is an obligatorily intracellular biotrophic
pathogen, meaning that it cannot be controlled by
prophylactic or pesticide treatments, which makes
its control difficult in large scale cultivations (Hull
2009; Nicaise 2014). Furthermore, the resistance to
CPSMYV is polygenic, which hampers the develop-
ment of resistant cultivars (Young 2000). In incom-
patible interactions, no severe symptoms appear after
virus infection (Lima et al. 2011; Magalhdes 2011).
Macaibo, therefore, represents an important genetic
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resource to understand the mechanisms of plant-
virus interaction, which is crucial to obtain not only
virus-resistant cowpea but also other virus-resistant
Fabaceae genotypes.

It has been shown that the CPSMV-resistant
BRS-Marataod cowpea genotype displays no mor-
phological symptoms 6 days after CPSMV infec-
tion. However, significant alterations in the content
of compounds and activity of enzymes related to the
redox metabolism were observed (Varela et al. 2017).
Furthermore, proteomics analysis of this incompat-
ible interaction unveiled that proteins related to both
energy and carbohydrate metabolisms were among
the main functional categories altered by CPSMV
infection (Varela et al. 2017). These results sug-
gest that the cowpea tolerance to CPSMV involves
changes in primary metabolism. However, no study
has yet used any metabolomics approach to study the
cowpea-CPSMYV pathosystem. Furthermore, although
several secondary metabolites such as those pertain-
ing to the classes of alkaloids, terpenes, and phenols
have been identified as plant chemical defensives
against pathogens, little is known concerning their
role in the battle against viruses (Islam et al. 2019),
especially for the cowpea-CPSMV pathosystem. It
is clear therefore that several pieces of the cowpea-
CPSMYV puzzle are yet to be discovered.

Here, we hypothesized that the resistance of V.
unguiculata to CPSMV is also associated to the acti-
vation of defence-related pathways of both primary
and secondary metabolisms. To test this hypothesis,
we carried out an extensive leaf metabolic charac-
terization to unravel the metabolic responses of the
virus-resistant cowpea Macaibo genotype during the
progression of CPSMV infection. Contrary to the
hypothesized, the resistance to CPSMV doesn’t seem
to be related to the activation of secondary metabo-
lism, at least in the time period analysed here. Nota-
bly, however, CPSMYV infection altered the dynamic
of accumulation of primary metabolites and the
topology of the primary metabolic network, with the
appearance of a subnetwork containing the amino
acids leucine, isoleucine, and valine. These amino
acids were upregulated by CPSMYV infection and have
been previously associated to resistance to other path-
ogens. The results are discussed in the context of the
physiological relevance of the metabolic changes trig-
gered by CPSMYV infection and the possible implica-
tions for plant virus resistance.
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2 Material and methods
2.1 Plant material and growth conditions

We used the cowpea (Vigna unguiculata (L.) Walp.)
Macaibo genotype, which is resistant to most CPSMV
isolates described until now. Notably, 11 CPSMV iso-
lates were described and present sequences deposited
in GenBank (Teixeira et al. 2021), in which only one
of them has been reported to be capable to infecting
the Macaibo genotype (Lima et al. 2012). Macaibo
seeds were disinfected by adding sodium hypochlorite
(Sigma-Aldrich®) and germinated in filter paper rolls
(28 %38 cm; Germitest) kept in a growth chamber
for 7 days with a 12 h photoperiod, 50 umol m=2 s~}
photosynthetic photon flux density (PPFD). The seed-
lings were transferred to 6 L plastic pots (6 seedlings
per pot) and maintained under hydroponic system
using Hoagland and Arnon’s nutrient solution with
modifications (Hoagland and Arnon 1950; Silveira
et al. 2001). Plants were kept under greenhouse con-
ditions with natural sunlight (300-650 umol PPFD
m~ s71), with daily temperature ranging from 27 to
31 °C and 79.8 + 10.9% of average relative humidity.

2.2 Isolation of CPSMV

The inoculum of cowpea severe mosaic virus
(CPSMV), strain CE, was isolated from previously
infected leaves of cowpea, genotype CE-31, as
described previously (Paz et al. 1999). Virus-infected
leaves of cowpea CE-31 were macerated in 10 mM
potassium phosphate buffer (Sigma-Aldrich®), pH
7.0, containing sodium sulfite (1:10, m/v) for 10 min.
Carborudum (600 mesh) was added to the inoculum
(1:10, m/v) to facilitate infection in the leaf tissues.
The CPSMYV inoculum used in this study corresponds
to an isolate previously characterized in the literature
(Paiva et al. 2016; Silva et al. 2016).

2.3 Inoculation of CPSMYV into cowpea leaves

Cowpea leaves are disposed as trifoliate, composed
by a central leaf surrounded by two lateral leaves
(Fig. 1A). The inoculation of Mock and CPSMV
were performed on the central leaf of the first fully
expanded trifoliate by friction with thumb and index
fingers. Control plants were Mock inoculated with
same solution, but without CPSMV (Fig. 1A). Central

Non-directly infected leaves
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Fig. 1 Representative leaf infected with cowpea severe mosaic
virus (CPSMV) and the detection of the CPSMV in leaf tissues
of the Macaibo genotype. A Representative image of a cow-
pea first true leaf 15 days after CPSMV inoculation, highlight-
ing the leaves that have been directly (DIL) and non-directly
(NDIL) infected with CPSMV. B Detection of the coat protein
of CPSMV by PCR analysis using CPSMV inoculated leaves
after 2, 4, 8, 24, 48 and 72 h after inoculation (HAI). Mock and
CPSMV lanes represent negative and positive controls. The
band found in the CPSMYV spot corresponds to the expression
of the CPSMYV coat protein extracted from a leaf material of a
CPSMV-susceptible genotype

(called herein as directly infected leaf—DIL) and lat-
eral (called herein as non-directly infected leaves—
NDIL) of cowpea Macaibo were harvested after 02,
04, 08, 24, 48 and 72 h after virus or mock inocula-
tion (HAI) and frozen in liquid nitrogen for metabo-
lomics analysis.

2.4 Virus detection in cowpea leaves

Frozen cowpea leaves were macerated with lig-
uid nitrogen until a fine powder. Total RNA was
extracted using SV Total RNA Isolation System kit
(Promega®) according to the manufacturer’s instruc-
tions. To confirm the absence and/or the presence of
CPSMV in the uninfected and virus infecting cowpea
plants, virus detection by RT-PCR was performed
as described previously (Paiva et al. 2016). Briefly,
the first-strand cDNA product that corresponds to
a fragment of the viral coat protein gene obtained
was amplified by RT-PCR using two degenerated
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universal oligonucleotide primers for the Comovirus
genus:25 5-GCATGGTCCACWCAGGT-3'(forward)
and 5-YTCRAAWCCVYTRTTKGGMCCACA-3'
(reverse). The RT-PCR reaction thermal cycler pro-
grammed was an initial denaturation step at 95 °C for
5 min, 40 cycles consisting of denaturation at 94 °C
for 20 s, annealing at 41 °C for 20 s, and extension at
72 °C for 45 s, followed by an extension step at 72 °C
for 10 min. Upon completion of the reaction, the
products were visualized (gel-red staining) after a 1%
(m/v) agarose gel electrophoresis run carried out on a
Pharmacia Biotec electrophoresis unit for 40 min, at
25 °C, 100 V, 50 mA. Virus detection was performed
using CPSMV-specific primers previously validated
(Paiva et al. 2016; Silva et al. 2016). The viral iden-
tity was then inferred based on this previously char-
acterized isolate and the PCR detection, without addi-
tional DNA sequencing.

2.5 GC-TOF/MS-based metabolite profiling analysis

The extraction of polar metabolites and the gas
chromatography time of flight mass spectrometry
(GC-TOF/MS) analysis were carried out exactly as
described previously (Lisec et al. 2006). Leaves were
macerated with liquid nitrogen until a fine powder.
50 mg was transferred to a microtube (2.0 mL), where
1.4 ml of methanol (LC-MS grade, Sigma-Aldrich®)
and 60 uL of ribitol (0.2 mg/mL in deionized water)
(Sigma-Aldrich®) were added. Ribitol is used as an
internal quantitative standard, which corrects for any
experimental error during sample preparation as well
as for variations in the sensitivity of the GC-MS
(Lisec et al. 2006). Microtubes were shaken (950
r.p.m.) for 15 min at 37 °C, followed by centrifugation
(11,000 g) for 10 min. The supernatant was trans-
ferred to a new microtube (2.0 mL), where 375 uL
of cold chloroform (LC-MS grade, Sigma-Aldrich®)
and 700 pL of deionized water were added. After
mixing by vortex and centrifugation (10,000 g,
15 min), aliquots of 150 uL from upper (polar) phase
were taken and dried using speed vac. Subsequently,
samples were derivatized by adding 40 pL of meth-
oxyamine hydrochloride (Sigma-Aldrich®), previ-
ously dissolved in 20 mg/mL in pure pyridine (Sigma-
Aldrich®) and shaken at 37 °C for 2 h. We next added
70 uL of N-Methyl-N- (trimethylsilyl) trifluoroaceta-
mide (MSTFA) (Sigma-Aldrich®) and tubes were
shaken again at 37 °C for further 30 min. After that,
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a centrifugation was performed, and the supernatant
was transferred to vials and injected in a GC-TOF/
MS (Agilent 6890N, LECO Pegasus III TOF-MS).
Analysis of the chromatograms was carried out using
the Xcalibur 2.1 software (Thermo Fisher Scientific,
Waltham, MA, USA). Metabolites were identified
using the Golm Metabolome Database (http://gmd.
mpimp-golm.mpg.de/) (Kopka et al. 2005).

2.6 LC/MS analysis

Ultra-high-performance liquid chromatography high-
resolution mass spectrometry (LC/MS) analysis was
carried exactly out as described earlier (Tohge and
Fernie 2010). This analysis was carried out using the
same leaf material of the GC-TOF/MS analysis, but
the sample preparation was made following the pro-
tocol for LC-MS. The LC/MS platform used mostly
detect medium polarity secondary metabolites (Perez
de Souza et al. 2021). We first used a metabolic fin-
gerprinting approach, which provides a global over-
view of the features detected by LC/MS without the
need for metabolite identification (Perez de Souza
et al. 2019). This analysis was carried out by using
13.586 features (peaks found in the chromatograms).
After that, the metabolites were annotated by using
MZmine (Pluskal et al. 2010), which resulted in 98
metabolites identified.

2.7 Metabolic network analysis

Debiased sparse partial correlation (DSPC) were cal-
culated among the metabolites of the metabolic net-
works using Lasso Penalty Method and the Correla-
tionCalculator software. Correlation-based metabolic
networks were build using MetScape on Cytoscape
software considering — 0.5>r>0.5. The parameters
density and heterogeneity of the metabolic networks
were obtained as described earlier (Assenov et al.
2008). Both network density and heterogeneity were
calculated from the aggregate metabolic network
constructed for each condition using the correlation
matrix of all metabolites. As these metrics describe
global topological properties of the reconstructed net-
work rather than replicate-level measurements, they
produce single values and do not include measures of
variability such as standard deviation. We further cal-
culated and identified the number of hubs of the net-
work as described earlier (Freire et al. 2021). Briefly,
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a node was considered a hub when its degree of con-
nection (number of links) was higher than the average
of the degree of connection of the network in a given
mock-treated leaf and time point. For example, if the
mean degree of connection of the mock-treated local
leaf at 02 HAI is 3, all nodes with degree of connec-
tion higher than 3 at 02 HAI are considered hubs.

2.8 Experimental design and data analysis

Experiments were completely randomized in a facto-
rial arrangement consisted of two treatments (mock
and virus inoculation), two organs (DIL and NDIL),
six time points (02, 04, 08, 24, 48 and 72 h after
infection (HAI)) and five biological replicates (n=5).
The metabolomics data was evaluated using analy-
sis of variance (ANOVA) followed by the Tukey’s
test (P<0.05) and partial least squares-discriminant
analysis (PLS-DA) using the MetaboAnalyst plat-
form (Chong et al. 2018). This data was also ana-
lysed using a time series approach named clustering
dynamic time warping (dtw) through the TSclust on
R software (Montero and Vilar 2015). Heat maps
were build using the MetaboAnalyst platform or the
MultiExperiment Viewer 4.9.0 software and manu-
ally integrated into a metabolic pathway.

3 Results

3.1 CPSMYV infects cowpea Macaibo leaves, but no
visual symptom was observed

No visual symptoms appeared after 15 days of
CPSMV inoculation either in DIL or in NDIL
(Fig. 1A). Conventional RT-PCR analysis of the
CPSMV coat protein suggests an increase in the
infection in the first day of infection (from 2 to 8
Hours After CPSMV Inoculation (HAI)), as com-
pared to the negative control (Mock). Interestingly,
the intensity of the CPSMV coat protein band meas-
ured by RT-PCR decreased from 8 to 24, 48 and 72
HAI, resembling more the negative than the positive
CPSMYV control (Fig. 1B). This result suggests that
CPSMYV can infect Macaibo leaves, but the intensity
of the CPSMYV coat protein band reduces throughout
time. It is important to highlight, however, that the
RT-PCR approach used here provides only qualita-
tive or semi-quantitative information based on band

intensity. Thus, although this result coupled to the
lack of symptoms after 15 days of CPSMV infec-
tion suggest that Macaibo struggle CPSMYV infection,
further quantitative RT-PCR analysis are required to
confirm this hypothesis.

3.2 Leaf primary metabolism is altered in
CPSM V-infected leaves

We carried out an extensive metabolic characteriza-
tion of leaves inoculated with mock or CPSMV for
02, 04, 08, 24, 48 and 72 HAI. GC-TOF/MS analysis
highlights that the primary metabolism was substan-
tially modified upon CPSMYV infection (Fig. 2). 22
and 17 metabolites were differentially accumulated
over time in DIL and NDIL, respectively (Table 1).
The content of 21 and 14 metabolites was signifi-
cantly (P<0.05) altered upon CPSMV infection in
DIL and NDIL in at least one time point, when com-
pared to their respective mock control, respectively
(Table 1; Fig. 2). Partial least squares-discriminant
analysis (PLS-DA) clearly separated Mock from
CPSMV-infected leaves, with a great extent to the
DIL, in which a clearer separation by the first compo-
nent was observed (Fig. 3). PLS-DA using the data of
DIL and NDIL normalized according to their respec-
tive mock control further distinguished the metabolic
responses of DIL and NDIL to CPSMYV, as evidenced
by the separation by the first components (Fig. 4).
This analysis provides a variable importance in pro-
jection (VIP) score for each parameter used in the
PLS model. Metabolites with VIP score higher than
1 are those that most contributed to the separation
found in the PLS-DA graph (Xia and Wishart 2011).
Citrate, nicotinic acid, Val, Leu and Ile showed VIP
score higher than 1 in both DIL and NDIL in at least
one time point (Table S1). The contents of citrate
decreased while fumarate, pyruvate, and the amino
acids Ala, Asn, Gln, Glu, homoserine, Ile, Leu, Pro,
Ser, Thr, and Val increased after CPSMYV infection in
DIL at 48 HAI (Fig. 5). Nicotinic acid, Val, Leu and
Ile are also included in the VIP score list of the PLS
model that discriminated DIL from NDIL (Table S1).
This analysis indicates that the primary metabolism
was transiently modified upon CPSMV infection,
given that the differences between mock and CPSMV
treated leaves observed at 48 HAI disappear at 72
HAL
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Fig. 2 Changes in the content of primary metabolites in leaves
that have been directly (DIL) or non-directly (NDIL) inocu-
lated with Mock (control group) or CPSMV (cowpea severe
mosaic virus) for 02, 04, 08, 24, 48 and 72 h. The content of
each metabolite is represented by the colour scale of the leg-

3.3 Metabolic fingerprinting analysis highlights that
leaf secondary metabolism was slightly affected
by CPSMYV inoculation

We next carried out a LC-MS-based metabolic fin-
gerprinting analysis (Figures S1A-B), which is use-
ful to discriminate samples based in the intensity of
the features (peaks) identified in the chromatograms

@ Springer
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end. Red and blu squares represent metabolites with increased
and decreased content in DIL (upper squares) and NDIL
(lower squares) leaves, as compared to their mock control,
respectively. Dashed lines indicate non-sequential metabolic
reactions. Abbreviation: HAI, hours after inoculation

(Kosmides et al. 2013; Candido-Sobrinho et al.
2022). Most of the features detected belongs to path-
ways of the secondary metabolism (Figure S2). None
of them were statistically different over time and
between Mock and CPSMV (Table S2A). When the
data of DIL and NDIL were normalized according
to the values found in their respective mock control,
34 and 35 features were found to display differential
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Table 1 List of metabolites identified by gas chromatography
mass spectrometry (GC/MS) analysis in leaves that have been
directly (DIL) or non-directly (NDIL) inoculated with Mock
(control group) or CPSMV (cowpea severe mosaic virus)

Time Mock vs CPSMV
Metabolites DIL NDIL DIL NDIL
Alanine P<0.05 ns P<0.05 ns
Asparagine P<0.05 P<0.05 P<0.05 P<0.05
Aspartate Ns ns P<0.05 ns
Butyrate ns P<0.05 ns ns
Citrate P<0.05 P<0.05 P<0.05 P<0.05
Fumarate P<0.05 P<0.05 P<0.05 ns
Glucoheptose  ns ns P<0.05 ns
Glucose P<0.05 P<0.05 ns P<0.05
Glutamate P<0.05 P<0.05 P<0.05 P<0.05
Glutamine P<0.05 P<0.05 P<0.05 P<0.05
Glutarate P<0.05 ns P<0.05 P<0.05
Glycerate ns ns ns P<0.05
Glycerol P<0.05 ns P<0.05 ns
Glycine P<0.05 P<0.05 P<0.05 ns
Glycolate ns ns ns ns
Homoserine P<0.05 P<0.05 P<0.05 ns
myo-inositol ns ns ns P<0.05
Isoleucine P<0.05 P<0.05 P<0.05 P<0.05
Lactate P<0.05 ns P<0.05 ns
Leucine P<0.05 P<0.05 P<0.05 P<0.05
Malate P<0.05 P<0.05 P<0.05 P<0.05
Malonate ns ns P<0.05
Nicotinic_acid ns P<0.05 ns P<0.05
Oxalate P<0.05 P<0.05 ns ns
Proline P<0.05 P<0.05 ns ns
Pyruvate P<0.05 ns P<0.05 ns
Salicylic_acid ns ns ns ns
Serine P<0.05 P<0.05 ns ns
Succinate ns ns ns ns
Sucrose P<0.05 ns ns P<0.05
Threonine P<0.05 P<0.05 P<0.05 ns
Valine P<0.05 P<0.05 P<0.05 P<0.05

The pattern of accumulation of the metabolites over time was
analysed by analysis of variance (ANOVA) (P <0.05) using
the entire data set (all time points) of DIL and NDIL leaves
infected with Mock or CPSMV. Metabolites with no changes
over time are identified with ns (non-significant). These results
are displayed in the Time columns. Metabolites with differen-
tial accumulation between Mock and CPSMV-infected leaves
were compared by Student’s ¢ test (P<0.05) in each time
point (02, 04, 08, 24, 48 and 72 h after infection). The col-
umns Mock vs CPSMV display metabolites in which the level
was significantly (P <0.05) or non-significantly (ns) altered in
CPSMV compared to Mock in at least one time point

accumulation over time in DIL and NDIL, respec-
tively (Table S2B). However, only one feature was
significantly different between mock and CPSMV
treatments (Table S2C), indicating that the second-
ary metabolism was not affected by CPSMYV inocula-
tion in the period analysed here. We next identified 97
metabolites from the LC/MS data (Figures S3A-B).
None of these 97 metabolites were significantly
altered overt time and between the treatments
(Table S3). When the data from CPSMV-infected
leaves were normalized according to the values found
in mock-treated leaves, only one and two metabolites
changed over time in DIL and NDIL, respectively
(Table S3). Our metabolomics analyses collectively
suggest that the major metabolic changes induced by
CPSMYV infection are observed in the primary rather
than the secondary metabolism. We then next deeply
explored the GC-TOF/MS data using other systemic
analyses.

3.4 The dynamic of accumulation/degradation
of primary metabolites was altered in
CPSM V-infected leaves

We next adopted a time-series approach based on
dynamic time warping (DTW) and hierarchical clus-
tering to better investigate the changes in primary
metabolites in DIL and NDIL over time of CPSMV
infection. DTW analysis cluster metabolites with
similar dynamic over time using a maximum-mini-
mum transformation, i.e. the content of the metabo-
lites is transformed to a O (lowest average value) to
1 (highest average value) scale (Deans et al. 2019;
Candido-Sobrinho et al. 2022). Twenty clusters were
generated including data from DIL and NDIL (Fig-
ure S4). The dynamic of accumulation/degradation of
22 and 14 metabolites was altered in DIL and NDIL
over time, respectively (Table S4). For example, the
dynamic of Leu changed from the cluster 5 to 3 after
CPSMYV infection (Figures S5A, C). By contrast, Ala
changed from the cluster 7 to the clusters 13 and 3 in
DIL and NDIL after CPSMV infection (Figures S5B,
D). Similar differences were also observed in cer-
tain sugars (glucose, sucrose), organic acids (malate
and succinate), amino acids (Pro, Ser, and homoser-
ine), GABA, glycerate and glycolate, especially in
DIL (Figures S5A-D). Nicotinic acid and salicylic
acid were grouped in different clusters in DIL, whilst
only salicylic acid was grouped in a different cluster
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Fig. 3 Partial least-squares discriminant analysis (PLS-DA)
using the gas chromatography mass spectrometry (GC/MS)-
based metabolite profiling data from leaves that have been
directly (DIL) or non-directly (NDIL) inoculated with Mock
(control group) or CPSMV (cowpea severe mosaic virus).
Raw data refer to the content of the metabolites normalized
by the ribitol and the fresh mass used in the extraction. Upper
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and lower panels refer to leaves subjected to mock (in red) or
CPSMV (in green) treatments and harvest after 02, 04, 08, 24,
48 and 72 h after infection (HAI). The percentage variation
explained by the components 1 and 2 are represented in each
axis. PLS-DA was carried out using the Metaboanalyst plat-
form (n=5)
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Fig. 4 Partial least-squares discriminant analysis (PLS-DA)
using the gas chromatography mass spectrometry (GC/MS)-
based metabolite profiling data from leaves that have been
directly (DIL) or non-directly (NDIL) inoculated with Mock
(control group) or CPSMV (cowpea severe mosaic virus). DIL
(in red) and NDIL (in green) leaves were subjected to mock
or CPSMYV treatments and harvest after 02, 04, 08, 24, 48 and
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72 h of infection (HAI). This PLS-DA was carried out using
data from DIL and NDIL infected with CPSMV normalized
by their respective mock control. The percentage variation
explained by the components 1 and 2 are represented in each
axis. PLS-DA was carried out using the Metaboanalyst plat-
form (n=5)



Page 9 of 15 8

Theor. Exp. Plant Physiol. (2026) 38:8
Asn
L]
5
4 G.In
2
S s e
=) Qe o .
_? Citrate e Ala O eHomoserine
® e ® g
2
Fumarate pro
> ® Ser
1 Pyruvate oup
® DOWN
0 Non-SIG
-1 0 1 2 3 4
log2(FC)
Alanine Asparagine Citrate
25 . 200 l::] .
20 : 120- ﬁ
150-
15 . ; .
100 80 .
10 —
5| e 50] il 40
. . .
Fumarate Glutamine Glutamate
. 60 . 3000 .
300 2500
0 o 2000
200
150 20 g e T
. 1000
E 100 . . . . ¢
_9 Homoserine Isoleucine Leucine
. 20 .
s - E —
15 —_— 15
(&) w0
GJ 10 10
> 5 20 :
- — = . 5
‘@ Proline Pyruvate Serine
m 125- . . 600 .
100-
25 10 400
0 200
. 5 *
| — w= | mn
Threonine Valine
60 o] .
48 HAI
50
° @ Mock
40
© O CPSMV
30
. .0 30

Fig. S Volcano and box plots of selected metabolites iden-
tified by gas chromatography mass spectrometry (GC/MS)
analysis in leaves that have been directly (DIL) or non-directly
(NDIL) inoculated with Mock (control group) or CPSMV
(cowpea severe mosaic virus) for 48 h. These metabolites
showed a differential accumulation between mock and CPSMV
treatments by Student’s t test (P <0.05). This analysis was car-
ried out using the Metaboanalyst platform

after virus infection in NDIL (Table S4). Beyond the
changes in the content of metabolites, CPSMYV infec-
tion substantially altered the dynamic of accumula-
tion/degradation of primary metabolites over time.

3.5 The density and the topology of the leaf primary
metabolic network was relatively unaffected by
CPSMYV infection

We next applied a correlation-based network
approach to investigate the changes in both density
and topology of leaf metabolic networks induced by
CPSMYV infection. Nodes and links correspond to the
metabolites identified by GC-TOF/MS and the debi-
ased sparse partial correlation (DSPC) among them,
respectively (Freire et al. 2021). Given that network
density and heterogeneity are descriptive properties
of the reconstructed metabolic network, these param-
eters are represented by single values and do not allow
statistical inference between treatments and time
points. CPSMYV infection increased and decreased the
density and the heterogeneity of the networks, respec-
tively, in DIL and NDIL (Figures S6A-B). Interest-
ingly, Ile, Leu and Val appear as a module highly
connected to each other in DIL (Figure S6A). This is
even more evident when the links of the networks are
restricted to the significant correlations (P <0.05), in
which an isolated, highly connected module (subnet-
work) composed by Ile, Leu, Val and homoserine is
formed (Figs. 6A-B).

These network analyses suggest that CPSMV
infection leads to metabolic networks more connected
(higher density) and with the presence of more hubs
(lower heterogeneity). However, when the networks
were analysed in each time point (Figures S7-S8),
no clear pattern of changes in either density or het-
erogeneity of the networks were observed in CPSM V-
infected leaves (Figures S9A-D). This result high-
lights that, although the primary metabolism was
altered by CPSMYV, the topology of the metabolic net-
work is relatively unaffected.

3.6 Branched-chain amino acids were the major hubs
of CPSMV-infected leaf metabolic networks

We next identified the hubs of these networks and
investigated their behaviour throughout the time of
CPSMV infection. Interestingly, the number of hubs
and the number of exclusive hubs was substantially
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Fig. 6 Correlation-based metabolic networks of leaves that
have been directly (DIL) or non-directly (NDIL) inoculated
with Mock (control group) or CPSMV (cowpea severe mosaic
virus). The metabolic networks were created combining gas
chromatography mass spectrometry (GC/MS)-based metabo-
lite profiling data from all time points (from 02 to 72 h after
inoculation). Nodes and links represent metabolites and the
correlation among them, respectively. Bigger nodes and thicker

higher in mock-treated leaves, when compared to
DIL (Figures S9E, G). In NDIL, these parameters
oscillated over time in both mock and CPSMV-
treated leaves, with exception of the number of hubs
in mock-treated leaves that remained relatively sta-
ble over time (Figures S9F, H). Among the hubs
identified in the different time points, nicotinic acid
is the one that most appeared in the different time
points in DIL, followed by glucoheptose and Gln
(Figure S10). Glucose, sucrose, fructose, and sev-
eral metabolites related to the TCA cycle such as
fumarate, pyruvate, oxalate, malate, malonate, suc-
cinate, and citrate were found as hubs in DIL. The
branched-chain amino acids (BCAA) Ile, Leu, and
Val were identified as hubs after 72 HAI in DIL
(Figure S10). Similarly, Ile and nicotinic acid at 48
HALI and Val at 72 HAI were also found as hubs in
NDIL (Figure S11).
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lines imply more connections and stronger debiased sparse
partial correlation (DSPC) coefficient (r), respectively. Red and
blue lines represent positive and negative r. The networks were
build using MetScape on Cytoscape software considering only
the significant correlations (P <0.05). Both density and hetero-
geneity of the networks were obtained by using NetworkAn-
alyzer on Cytoscape

CPSMV infection modified the metabolic net-
work of cowpea differently in DIL and NDIL (Fig-
ure S12). Even though a few important hubs (e.g.
glucose at 4 HAI, lactate at 24 HAI, and nicotinic
acid at 48 HAI) were found as hubs in both DIL
and NDIL, the number of hubs range substan-
tially between them over time (Figures S9E-F). Ile
appeared as hub in all time points in DIL, whilst Val
was identified as a hub at 2, 4, 24, 48 and 72 HAI
and Leu appears at 4, 8 and 48 HAIL. Homoserine,
Thr, butyrate, and nicotinic acid appeared as hubs
only in DIL. Ile, glycolate, Gly, Val and myo-ino-
sitol appeared as hubs in NDIL in different time
points (Figure S13). These results suggest that nico-
tinic acid and BCAAs are prominent hubs in cow-
pea leaves under CPSMYV infection, although they
do not necessarily indicate a causal relationship
with viral resistance.
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4 Discussion

4.1 CPSMV infection alters especially the primary
rather than the secondary metabolism

Plant metabolism is separated in primary and second-
ary metabolisms. Whilst the first is related to essen-
tial metabolic pathways such as those associated with
carbon and nitrogen metabolisms, the former is espe-
cially activated under unfavourable conditions (Saito
et al. 2013). However, a growing body of evidence
highlights that the primary metabolism is of para-
mount importance for plant acclimation to drought,
salinity, flooding and other abnormal abiotic condi-
tions (Pires et al. 2016; Barros et al. 2017; Fabregas
et al. 2018; Fabregas and Fernie 2019; Balfagdn et al.
2022; Zandalinas et al. 2022; Cardoso et al. 2023).
Our results highlight that the major changes induced
by CPSMV infection was observed at the primary
rather than the secondary metabolism. This is evi-
denced by the low number of features and metabo-
lites derived from the LC/MS platform that have
been significantly altered in response to CPSMV
(Tables S2-S3), in contrast to the more drastic
changes observed in primary metabolites identified
by GC/MS (Table 1).

The higher stability of the secondary metabolism
could be related to the incompatible nature of the
CPSMV-Macaibo pathosystem. This interaction is
characterized by a rapid elimination of the virus, as
evidenced by the lack of CPSMV coat protein expres-
sion in leaves of a resistant cowpea genotype six days
after CPSMYV infection (Varela et al. 2019). In this
context, our RT-PCR result showed that the signal
intensity of the CPSMV coat protein band reduced
after 24, 48 and 72 HAI (Fig. 1B). Together with
the lack of symptoms 15 days after virus inocula-
tion (Fig. 1A), this reinforces the findings from pre-
vious works highlighting the incompatibility of the
CPSMV-Macaibo pathosystem (Vale and Lima 1995;
Lima et al. 2012; Paiva et al. 2016). However, it is
important to highlight that the conventional RT-PCR
used here to detect viral presence provides only quali-
tative or semi-quantitative information based on band
intensity. Therefore, RT-qPCR analyses would be
required to accurately quantify viral load dynamics
and confirm potential reductions in virus accumula-
tion. It seems like that changes in the expression of
genes and proteins (Varela et al. 2017; Jha et al. 2023)

and in the content of primary metabolites are suffi-
cient to struggle CPSMYV infection, safeguarding the
secondary metabolism.

It is noteworthy that the modifications in the con-
tent of primary metabolites triggered by unfavourable
conditions are faster than that observed in second-
ary metabolites (Angelovici and Kliebenstein 2022;
Brand and Tissier 2022), whose biosynthesis and
accumulation is mostly transcriptionally regulated
(Yang et al. 2012). Thus, we cannot exclude the pos-
sibility that the concentration of secondary metabo-
lites is constitutively high in Macaibo leaves, which
could contribute to CPSMV resistance without the
need to further increase the concentration of these
compounds after CPSMV infection. Additionally,
it is known that the phytohormones ethylene, sali-
cylic acid, and jasmonic acid are important against
viruses (Collum and Culver 2016; Pan et al. 2021).
However, how these and other phytohormones con-
tribute to CPSMV resistance remains to be investi-
gated. Further LC/MS analysis comparing suscepti-
ble and resistant cowpea genotypes to CPSMV may
unveil which metabolism and phytohormone-medi-
ated mechanisms contribute to cowpea resistance to
CPSMV infection.

4.2 On the stability of the primary metabolic
network under CPSMV infection

Plant metabolism operates as a highly integrated
network (Sweetlove and Fernie 2005). It is thus
important to analyse the metabolic changes at net-
work level. Here, the values of both density and het-
erogeneity of the DIL metabolic network oscillated
throughout the time of CPSMYV infection (Figure S9).
Although DIL leaves had lower density and higher
heterogeneity than mock-treated leaves in the first
day of CPSMV infection (i.e. 2, 4 and 8 HAI) (Fig-
ures S9A, C), which was associated to a clear reduc-
tion in the number of hubs (Figure S9E), the values of
density and heterogeneity were similar between mock
and CPSMV DIL at 24 and 72 HAI (Figures S9A,
C). These results indicate that the dynamic of the
topology and the density of the metabolic networks
were not substantially altered by CPSMV infection.
Similarly, a recent multi-species/stress condition
meta-analysis indicate that the changes in topol-
ogy and density of metabolic networks are species
and stress intensity specific (Cardoso et al. 2023).
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Thus, although the changes in the content of primary
metabolites seems to be a common response to (a)
biotic unfavourable conditions (Obata and Fernie
2012; Pires et al. 2016; Fabregas and Fernie 2019;
Fonseca-Pereira et al. 2019; Zandalinas et al. 2022),
as observed here, the metabolic network of cowpea
leaves directly infected with CPSMV remained rela-
tively stable throughout the time of CPSMV infec-
tion. These results suggest that CPSMV infection
triggers adjustments in metabolite abundance without
substantially disrupting the topology of the cowpea
metabolic network. This suggests that Macaibo pri-
mary metabolism remains structurally robust dur-
ing the early stages of CPSMYV infection, potentially
contributing to its ability to buffer viral perturbations
during this period.

4.3 Looking to the subnetworks: metabolic pathways
contributing to CPSMV resistance

Scale-free networks, such as plant metabolic net-
works, are characterized by the presence of few nodes
with high number of connections (links), called hubs
(Barabasi 2009). In plants, amino acids associated to
acclimation to unfavourable conditions such as Asn,
Val, Leu, Ile, Pro, Trp, and Gly have been identified
as hubs in metabolic networks from numerous spe-
cies under different abnormal conditions (Cardoso
et al. 2023). Here, when the metabolomics data was
analysed combining all time points (from 2 to 72
HAI), both DIL and NDIL networks showed higher
density and lower heterogeneity, when compared to
mock-treated leaves (Figure S6). Interestingly, Val
and Ile were significantly and positively correlated in
mock-treated leaves (Fig. 6A). This strong interaction
was maintained after CPSMYV infection with addition
of Leu and homoserine, creating a highly intercon-
nected subnetwork (Fig. 6A). These amino acids were
present in several VIP score lists (Table S1) and had
higher content in DIL in different time points, espe-
cially at 48 HAI (Fig. 5), when compared to mock-
treated leaves. Homoserine is synthesized from Asp
and is a metabolic intermediate of Thr biosynthe-
sis (Aubert et al. 1998). Thr can be also used to the
synthesis of Val, which justify the high correlation
among them. Leu, Ile, and Val can be synthesized
from pyruvate and from protein degradation (Aradjo
etal. 2011).

@ Springer

BCAAs play an important role defending plants
against abiotic unfavourable conditions (Hilde-
brandt et al. 2015; Batista-Silva et al. 2019), spe-
cially by feeding alternative pathways of respiration
(Araujo et al. 2010; Pires et al. 2016). Increases in
Leu, Ile, and Val were also associated to the toler-
ance of rice and wheat against the fungus Ustilagi-
noidea virens and Puccinia striiformis, respectively
(Corredor-moreno et al. 2021; Liu et al. 2023). The
mechanism by which these BCAAs modulated plant
resistance to these pathogens involved the activa-
tion of salicylic acid-mediated defence responses in
wheat (Corredor-moreno et al. 2021) and by stimu-
lating cell death in the fungi, especially when Leu
was exogenously applied (Liu et al. 2023). Therefore,
although the accumulation of BCAAs has been com-
monly observed in plants under unfavourable growth
conditions, they are highly associated to plant path-
ogen resistance in different species. The increase in
the content of BCAAs observed here could either be
related to a transient response to the stress caused by
CPSMYV or is part of the mechanism that confers the
resistance of Macaibo against CPSMV. It is impor-
tant to note, however, that the increases in BCAAs
observed during CPSMYV infection does not neces-
sarily indicate a causal relationship with viral resist-
ance. Future studies will be required to determine
whether BCAA metabolism contributes directly to
CPSMV resistance, for instance through exogenous
BCAA application or by manipulating the metabolic
flux through this pathway using pharmacological or
genetic approaches. Thus, whether BCAAs can be
used as markers for CPSMYV resistance in breeding
programs or metabolic engineer strategies remains to
be determined in future studies.

5 Conclusion

This study demonstrates that CPSMV infection pri-
marily affects the dynamics of primary metabo-
lism, while secondary metabolism remains largely
unchanged during the early stages of infection.
Although transient metabolic changes were observed,
the overall topology of the primary metabolic net-
work remained relatively stable. Notably, network
analyses revealed the emergence of a highly con-
nected module composed of the BCAAs isoleucine,
leucine, and valine. This suggests that BCAA-related
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metabolic adjustments may be part of the metabolic
reprogramming associated with CPSMV resist-
ance. Future studies investigating the functional role
of these pathways may help clarify whether BCAA
metabolism contributes directly to antiviral defence
mechanisms and whether these metabolic traits could
be explored in metabolic engineer strategies to obtain
virus-resistant cowpea genotypes.
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