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Reduced glutathione and raffinose i

lengthens postharvest storage of cassava root
tubers by improving antioxidant capacity
and antibiosis

Haitian Fu'”, Ying Zhao'?, Jiangi Huang', Yanchun Luo'?, Zusheng Wei'?, Benchi Yu'? and Feng Wen'?*

Abstract

Cassava is an ideal food security crop in marginal and drought environment. However, the post-harvest storage of cas-
sava is urgent problem to be resolved. In this study, the storage tolerant and non-tolerant cassava were screened

by measuring the change of Peroxidase (POD), Superoxide dismutase (SOD), Catalase (CAT) and Malondialdehyde
(MDA) in seven cultivars of cassava. Compared with other cultivars, the cultivar of SC14 showed the highest level

of SOD, MDA and POD respectively at 0 day, 12 day and 9 day postharvest while exhibited lowest level of CAT at 0 day
postharvest, indicating the strongest antioxidant capability and storage tolerance. In contrast, GR15231, termed

as storage non-tolerance cultivars, showed lowest SOD and POD at 12 day and kept a relative high level of CAT

at 12 day post-harvest. In addition, SC14 has higher level of starch and dry substance than GR15231. Mass spectrum
was performed for SC14 and GR15231 to explore the key metabolites regulating the storage tolerance of cassava.
The results showed that the expression of glutathione (reduced) and raffinose was significantly decreased at 12 day
post-harvest both in tolerant SC14 and non-tolerant GR15231. Compared with GR15231, SC14 showed higher level

of raffinose both at 0 and 12 day post-harvest, indicating that raffinose may be the potential metabolites protecting
SC14 cultivar from deterioration post-harvest. Additionally, raffinose ratio of SC14a/SC14b was five times less than
that of GR15231a/GR15231b, reflecting the slower degradation of raffinose in SC14 cultivar compared with GR15231
cultivar. In conclusion, the antioxidant microenvironment induced by reduced glutathione and higher level of raffi-
nose in SC14 cultivar might be the promising metabolites to improve its antioxidant capacity and antibiosis and thus
maintained the quality of Cassava root tubers.
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Introduction

Cassava is an important economic crop in tropical
countries, such as Africa, Asia, Latin America, and the
Caribbean [1]. Cassava is a plant that is enriched in car-
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on cassava as food, with more than 90% were produced

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-023-04466-7&domain=pdf

Fu et al. BMC Plant Biology (2023) 23:475

in sub-Saharan Africain being used for fresh consump-
tion and processed food [3, 4]. Besides, Cassava offers
many different alternative applications as processed food,
animal feed, starch, alcohol biofuel for vehicles etc. As
countries develop, their demand for all these products
increases dramatically [5, 6]. However, the storage toler-
ance of cassava post-harvest still is the urgent problem to
be resolved to improve the high-efficient application of
cassava.

Although cassava can tolerate droughts tress and has
a high yield and starch content of root tuber, its root
tuber has a very short shelf life and is very easy to rot
after harvest compared with other root tuber crops.
It usually begins to deteriorate 1 to 3 days after harvest
[7, 8], which means that they have to be used immedi-
ately or processed into dry products [9]. The decay and
deterioration will reduce the transparency of starch,
affect the quality of starch, seriously affect the process-
ing of starch and fuel ethanol, and cause huge economic
losses to enterprises and farmers. Previous study showed
that pruning the cassava stem, leaving about a 20 cm to
30 cm, three weeks before harvest could delay the onset
of primary deterioration of the plant [10]. In recent years,
efforts have been made to increase cassava production
by improving agronomic practices and decreasing loss
due to biotic and abiotic stress [11, 12]. However, rapid
postharvest physiological deterioration of cassava storage
roots reduces their market ability and limits the potential
of this plant as a food and industrial crop. Therefore, the
main goal of cassava breeding is to enhance storage tol-
erance and delay the decay and deterioration of cassava
root tubers after harvest and improve their shelf-life.

In order to boost the storage tolerance of cassava, mass
spectrum analysis of different cultivars of cassava were
performed and the key regulators responding for the
quick postharvest decay and deterioration were screened.
In addition, the changes in antioxidant enzymes, starch
and dry substance levels associated with changes in qual-
ity of cassava during postharvest storage were measured,
and the differentiated substance and related metabolic
pathways of the new cassava resistant to post harvest
physiological deterioration were compared and analyzed.
we comprehensively measured the level of antioxidant
enzymes that regulating the deterioration in seven cul-
tivars of cassava, and found that POD, SOD, CAT pre-
sented the highest level in SC14 cultivars and the lowest
level in GR15231. In addition, SC14 and GR15231 cul-
tivars respectively showed lowest and highest level of
MDA compared with other six cultivars at 12 day post-
harvest. SC14 showed higher level of starch and dry sub-
stance than GR15231. Then, we conducted UHPLC-Q
Exactive HFX analysis for storage tolerant SC14 and non-
tolerant GR15231cultivars and found that the antioxidant
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microenvironment induced by reduced glutathione and
higher level of raffinose in SC14 cultivar might be the
promising metabolites to improve its antioxidant capacity
and antibiosis and thus maintained the quality of cassava
root tubers.

Materials and methods

Plant materials

The materials used are from Nanning Cassava Germ-
plasm Resources Nursery of Guangxi Subtropical Crops
Research Institute. 3 varieties: SC14, NZ199, SC205; 4
lines: GR15231, 17-2, 17-15, W28. In February 2021, the
spacing between plants and rows will be 0.8 mx1.0 m,
harvest it manually in December after 10 months, try
to keep the cassava root tubers intact, and 50 kg cassava
roots of each variety and line are placed on plastic green-
house shelves. The samples were taken on the 0, 3, 6, 9
and 12 day after harvest. The head, middle, and tail parts
of thre erandom cassava roots was collected. The col-
lected cassava roots were chopped and mixed well. 200 g
mixture was took every three days and stored at -80 °C.

Sample extraction

Following the slow thawing of the sample at 4°C, 100 mg
of the sample was weighed. Subsequently, 100 ul of pre-
cooled water was added to it. After vortexing for 60 s,
400 pL of a pre-cooled methanol-acetonitrile solution
(1:1, v/v) was added, followed by another 60 s of vortex-
ing. The sample was then subjected to low-temperature
ultrasound for 30 min, repeated twice. It was then placed
at -20°C for 1 h to allow protein precipitation. Afterward,
centrifugation was performed at 12000 rpm and 4°C for
20 min to obtain the supernatant. The supernatant was
subjected to vacuum drying and then re-dissolved in
200 ul of 30% acetonitrile (CAN). After vortexing and
centrifuging at 14000 g and 4°C for 15 min, the resulting
supernatant was collected for testing.

Instrument parameters

The data acquisition instrument system primarily com-
prises ultra-high performance liquid chromatography
(UPLC, Vanquish, Thermo, USA) and high-resolution
mass spectrometry (Q Executive HFX, Thermo, USA).

Determination of cassava root starch content
On the 12 day, the content of starch in 5 kg SC14 and
GR15231 was measured respectively, repeating 3 times.
The harvested cassava tubers were weighed with the fresh
cassava starch measuring instrument imported from
Thailand, and the fresh cassava starch content was calcu-
lated according to the formula formulated by Interna-
tional Center for Tropical Agriculture. The formula:
P= (2108 x L5 —213.4) x 100%,

wl—w2

(P=Cassava
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starch content; W1=Weight of fresh cassava roots;
W2 =Weight of fresh cassava roots in water).

Determination of dry substance of cassava root

Three storage root samples were randomly selected from
each variety (line). Each sample weighed 200 g fresh
weight, cut into thin slices, and dried continuously to
constant weight in a 60 °C oven. The dry matter content
was expressed as the percentage of the dry weight of the
storage root in the fresh weight.

Liquid chromatographic parameters

Chromatographic column: Waters HSS T3 (100
2.1 mm, 1.8 pm); mobile phase: Phase A consists of a
0.1% formic acid water solution, while phase B com-
prises a 0.1% formic acid acetonitrile isopropanol mix-
ture; flow rate: 0.3 mL/min; Column temperature: 40°C;
Injection volume: 2 pL; elution gradient: 0.0-2.0 min
(A/B, 90:10 V/V), 6.0-15.0 min (A/B, 40:60 V/V), 15.1—
17.0 min (water/acetonitrile, 90:10 V/V). Throughout
the analysis process, samples are stored in an automatic
sampler at 4°C. To mitigate the impact of instrument
detection signal fluctuations, a randomized sequence is
employed for continuous sample analysis. Quality control
(QC) samples are interspersed within the sample queue to
monitor and assess the system’s stability and the reliability
of experimental data.

UPLC Conditions

Sample extracts underwent analysis using a UPLC—
Orbitrap-MS system (UPLC, Vanquish; MS, HFX). The
analytical conditions were as follows: UPLC: column,
Waters HSS T3 (50*2.1 mm, 1.8 pm); column tempera-
ture, 40C; flow rate, 0.3 mL/min; injection volume, 2
pL; solvent system, water (0.1% acetic acid): acetonitrile
(0.1% acetic acid); gradient program, 90:10 V/V at 0 min
[13], transitioning to 90:10 V/V at 1.0 min, maintaining
90:10 V/V at 7.0 min, and concluding with 90:10 V/V at
9.0 min. The metabolic experiment using UPLC was con-
ducted in four groups, with each group containing six
replicates.

LC-MS/MS analysis

HRMS data were acquired using a Q Exactive HFX
Hybrid Quadrupole Orbitrap mass spectrometer
equipped with a heated ESI source (Thermo Fisher Sci-
entific) and employing the SIM MS acquisition methods.
The ESI source parameters were configured as follows:
spray voltage, -2.8 kV/3.0 kV; sheath gas pressure, 40 arb;
auxiliary gas pressure, 10 arb; sweep gas pressure, O arb;
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capillary temperature, 320°C; and auxiliary gas heater
temperature, 350°C [14].

Mass spectrum conditions

The primary and secondary spectra were collected using
the Q Exactive HFX high-resolution mass spectrometry
system from Thermo Company in the United States. The
conditions of the electrospray ion source (ESI) were as
follows: sheath gas at 40 psi, auxiliary air at 10 psi, ion
spray voltage ranging from 2800 to 3000 V, a temperature
of 350°C, and an ion transfer tube temperature of 320°C.
The scanning mode included Full scan MS2 mode and
positive/negative ion modes. The primary scanning range
covered an m/z range of 70—1050 Da, while the secondary
scanning range spanned 200-2000 Da. The primary
resolution was set at 70,000, and the secondary resolution
at 17,500.

Data analysis process

Metabolomics data processing was performed using Pro-
genesis QI software (Waters Corporation, Milford, USA).
This involved baseline filtering, peak identification, inte-
gration, retention time correction, and peak alignment
of the original data, resulting in a data matrix containing
retention time, mass-to-charge ratio, and peak intensity
information. Following data preprocessing, bioinformat-
ics analysis was conducted, which included multidimen-
sional statistical analysis performed using R software
(PCA, PLS-DA, OPLS-DA) [15], differential metabolite
screening (based on standard VIP>1 and P<0.05 cri-
teria), correlation analysis of differential metabolites,
KEGG pathway analysis [16—18], and other relevant anal-
yses. Databases such as http://www.hmdb.ca/, https://
metlin.scripps.edu/, as well as self-built databases, were
utilized as primary data sources. Subsequently, data
preprocessing steps were executed: 1) Retention of only
non-zero variables that accounted for 80% of the total in
any group of samples; 2) Total peak normalization and
removal of variables with a relative standard deviation
(RSD) of QC samples>30%; 3) Conversion of data into
a logl0 scale to create a data matrix for further analysis.
Data analysis encompassed univariate statistical analysis
(volcano plot), multidimensional statistical analysis, dif-
ferential metabolite screening, correlation analysis of dif-
ferential metabolites, KEGG pathway analysis, and more.

Principal component analysis

PCA analysis was employed to identify prominent data
elements and structures, reduce noise and redundancy,
and decrease the dimensions of the original complex
data. Additionally, PCA was used to identify and remove
abnormal samples and evaluate the repeatability of
quality control (QC) measures. Following dimension
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reduction analysis, samples were represented as relative
coordinate points on the principal components PC1 and
PC2. The distance between each coordinate point indi-
cated the degree of similarity or dissimilarity between
samples, with closer points denoting higher similarity.
PCA analysis allowed for the observation of group sep-
aration trends, identification of potential outliers, and
assessment of variability both between and within groups
based on the original data. The primary parameter used
to assess the quality of the PCA model was R2X. The
PCA model parameters obtained through 7-fold cross-
validation are presented in the table below. This value
represents the extent to which the reduced-dimensional
data interprets the original data. The closer R2X is to 1,
the better the model. Generally, an R2X value greater
than 0.5 indicates a good model.

Multidimensional statistical analysis

The "data matrix" file was imported into R software for
analysis. Initially, unsupervised principal component
analysis (PCA) was employed to visualize the overall
distribution of each sample and the degree of dispersion
between groups. Subsequently, supervised (orthogonal)
partial least squares discriminant analysis ((O)PLS-DA)
was utilized to identify overall differences in metabolic
profiles between groups and identify differential
metabolites. In the OPLS-DA analysis, variables with
variable importance in projection (VIP) greater than 1
were considered significant. To prevent overfitting, the
model’s fitting performance was evaluated through 200
permutation tests.

OPLS-DA analysis

Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA) is a derivative algorithm of PLS-DA. This
method utilizes partial least squares regression to estab-
lish a relationship model between metabolite expressions
and sample categories, enabling the prediction of sample
categories. OPLS-DA is an enhancement of Partial Least
Squares Discriminant Analysis (PLS-DA) designed to fil-
ter out irrelevant noise variables that do not contribute
to classification information, thereby improving the mod-
el’s analytical capabilities and effectiveness. Unlike PLS,
OPLS-DA has the ability to filter or disregard "noise"
variables that are unrelated to the predicted variables.
OPLS-DA segregates variables into two parts: the first
part represents differences related to grouping, while the
second part represents differences unrelated to group-
ing (orthogonal). OPLS-DA can effectively distinguish
between these two parts, enhancing its ability to differ-
entiate group differences and improving overall model
effectiveness and analytical capabilities. Model evalua-
tion parameters (R2Y, Q2) obtained through sevenfold
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cross-validation are presented in the table below. Typi-
cally, Q2 values exceeding 0.5 indicate a stable and reli-
able model, while Q2 values ranging from 0.3 to 0.5
indicate good model stability, and Q2 values below 0.3
suggest low model reliability.

Differential metabolite screening

In PLS-DA analysis, the Variable Importance for the
Projection (VIP) score is calculated to assess the influ-
ence of each metabolite’s expression pattern on the
classification and discrimination of sample groups, as
well as its explanatory power. This aids in the identifi-
cation of potential marker metabolites, typically with a
VIP score greater than 1.0 serving as the screening cri-
terion. Metabolites with VIP>1 are typically considered
as differential metabolites or potential markers [15].
A combination of the T-test and multivariate analysis
using OPLS-DA was employed to identify differentially
expressed metabolites between groups (while simulta-
neously considering VIP>1 and a p-value<0.05) and to
conduct subsequent bioinformatics analysis.

Volcanic map of differential metabolites

Univariate analysis is the simplest and most commonly
employed method for analyzing experimental data. In
the analysis of differential metabolites between the two
groups of samples, two univariate analysis methods, Fold
Change (FC) and T-test, were utilized and visualized
using Volcano Plots. The screening criteria for identifying
differential metabolites on the volcano plot were as follows:
FC>1.5 or FC< 1.5 with a p-value<0.05.

Differential metabolite clustering heatmap

To assess the validity of candidate metabolites and pro-
vide a more comprehensive and intuitive representation
of the relationship between samples and the variations in
metabolite expression patterns among different samples,
the expression levels of qualitatively significant differ-
ential metabolites were utilized to perform hierarchical
clustering within each sample group. This facilitated the
precise identification of marker metabolites and the
investigation of alterations in associated metabolic pro-
cesses. Typically, when the selected candidate metabo-
lites are appropriate and accurate, samples from the same
group tend to cluster together during the clustering anal-
ysis. Metabolites clustered within the same group exhibit
similar expression patterns, potentially indicating their
involvement in closely related metabolic pathways.

Enrichment analysis of differential metabolite KEGG
pathway

The KEGG pathway database contains information
related to metabolism, genetic information processing,
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environmental information processing, cell processes,
biological systems, human diseases, and drug devel-
opment. Our analysis was based on the KEGG data-
base and associated website information, which can
be found at http://www.genome.jp/kegg/pathway.
html. The KEGG pathway enrichment analysis involved
assessing the significance of metabolite enrichment for
each pathway using Fisher’s Exact Test. Pathways were
analyzed individually, with the metabolic pathways rel-
evant to the species or closely related species serving
as the background. This analysis aimed to identify sig-
nificantly impacted metabolic and signal transduction
pathways. In general, a smaller P-value in the KEGG
pathway enrichment results (P <0.05) indicates a higher
level of statistical significance in the enrichment. The
number of differentially expressed metabolites within
a KEGG pathway reflects, to some extent, the degree
to which the biological treatment affects that pathway
in the experimental design. Therefore, by consider-
ing these two factors, we selected metabolic or signal
transduction pathways of interest and differentially
expressed metabolites that significantly influence these
pathways for subsequent biological experimental validation
or mechanistic research.

MetPA analysis of differential metabolites

KEGG pathway topology analysis primarily involves
evaluating the relative importance of metabolites or
biomolecules within a pathway using weighted scores
based on the cyclic reaction structure and the relative
positions of biomolecules. To facilitate comparisons
between different pathways, the comprehensive score
for each pathway was standardized to 1. The impor-
tance of each biomolecule was assessed by assign-
ing it a weighted score based on its relative positional
significance. The cumulative importance score for a
given pathway was then calculated by aggregating the
weighted scores of the matched metabolites. Higher
scores indicate a greater influence on the pathway. In
this analysis, the KEGG topology bubble diagram was
employed to visualize the relative impact of differential
metabolites on the pathway.

Metabolite classification analysis

All metabolites identified in this study (including those
identified in both positive and negative ion modes) were
categorized and enumerated based on their chemical tax-
onomy attributes. The distribution of various metabolite
categories is presented in the figure. Additionally, a cat-
egorized statistical chart of different metabolites within
the comparison group is provided.
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Results

The activity of antioxidant enzymes in different cultivar

of cassava at different time-points after harvest

To screen the cultivar of cassava with excellent storage
tolerance, the enzymatic activity was analyzed among
seven common cultivars, including 17-2, SC14, 17-15,
NZ199, SC205, W28, GR15231. Previous studies showed
that the level of antioxidant enzymes closely reflected
the post-harvest storage tolerance of cassava. Therefore,
we detected the level of four most important antioxi-
dant enzymes for the roots storage, including Peroxidase
(POD), Superoxide dismutase (SOD), Catalase (CAT)
and Malondialdehyde (MDA). Compared with other
cultivars, the cultivar of SC14 showed the highest level
of SOD, MDA at 12 day and POD at 9 day postharvest
while exhibited lowest level of CAT at 0 day posthar-
vest (Fig. 1A, B, C). In contrast, the cultivar of GR15231
showed lowest SOD and POD at 12 day and kept a rel-
ative high level of CAT post-harvest (Fig. 1A, B, C, D).
In addition, the contents of starch and dry substance
in SC14 and GR15231 were detected, and the results
showed that SC14 showed significantly higher level of
starch and dry substance than GR15231, reflecting higher
economic value of SC14 (Fig. 1E, F). Therefore, SC14 and
GR15231 were assigned as the storage tolerant and non-
tolerant Cassava cultivars respectively and were used sub-
sequently for mass spectrum to identify the key regulators
of storage capability.

The grouping of tolerant and non-tolerant cassava
cultivars and UHPLC-Q Exactive HFX analysis

To explore the key targets regulating the tolerance to
storage, the cultivars of SC14 and GR15231 were chose
and grouped them into tolerant and non-tolerant cassava
respectively. To compared the dynamic change of poten-
tial targets, the tissues was collected at 0 day (SC14a and
GR15231a) and 12 day (SC14b and GR15231b) post-har-
vest to UHPLC-Q Exactive HFX analysis, and six repeats
were included in each group and time-points (Table 1).
Totally, 587 different expressed metabolites (DEMs) were
detected among the four groups, and 42, 33, 45 and 43
DEPs were identified for the comparation of SC14b_vs_
SCl4a, SCl4a_vs_GR15231a, SC14b_vs_GR15231b and
GR15231b_vs_GR15231a respectively (Table 2), indicat-
ing that the components of cassava would change sig-
nificantly due to the difference of storage tolerance and
storage time.

The statistics of DEMs between tolerant and non-tolerant
cassava by chemical taxonomy

To overall delineate the effects of different cassava varie-
ties and different storage time on the change of compo-
nents contents, such as carbohydrates and derivatives,
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Fig. 1 The activity of antioxidant enzymes in different cultivar of cassava at different time-points after harvest. A-D The level of POD (A), SOD (B),
CAT (C) and MDA (D) in17-2,SC14, 17-15,NZ199, SC205, W28 and GR15231 cultivars at 0 day, 3 day, 6 day, 9 day and 12 day post-harvest. E The
contents of starch in SC14 and GR15231 cultivars at 12 day post-harvest. F The measurement of dry substance in SC14 and GR15231 cultivars

at 12 day post-harvest

Table 1 The grouping of tolerant and non-tolerant cassava cultivars and UHPLC-Q Exactive HFX analysis

10-SC14 SCl4a_1 0 day post harvest
10-SC14 SC14a-2

10-SC14 SC14a_3

10-SC14 SCl4a_4

10-SC14 SC14a_5

10-SC14 SCl4a_6

22-SC14 SC14b_1 12 day post harvest
22-SC14 SC14b_2

22-SC14 SC14b_3

22-SC14 SC14b_4

22-SC14 SC14b_5

22-5C14 SC14b_6

10-15-23-1 GR15231a_1 0 day post harvest
10-15-23-1 GR15231a_2

10-15-23-1 GR15231a_3

10-15-23-1 GR15231a_4

10-15-23-1 GR15231a_5

10-15-23-1 GR15232a_6

22-15-23-1 GR15231b_1 12 day post harvest
22-15-23-1 GR15231b_2

22-15-23-1 GR15231b_3

22-15-23-1 GR15231b_4

22-15-23-1 GR15231b_5

22-15-23-1 GR15231b_6

SC14 a: 0 day post-harvest; SC14 b: 12 day Post-harvest; GR15231a: 0 day post harvest; GR15231b: 12 day post-harvest. Six repeats were included in each group

Table 2 The differentially expressed metabolites in SC14 and
GR15231 cassava at 0 and 12 day post-harvest

name SC14b_vs_ SCl14a_vs_ SC14b_vs_ GR15231b_
SC14a GR15231a GR15231b VS_
GR15231a
all_num 587 587 587 587
diff_num 42 33 45 43

Four comparation including:5C14b_vs_SC14a, SC14a_vs_GR15231a, SC14b_vs_
GR15231b and GR15231b_vs_GR15231a were conducted

amino acids, peptides and analogues, Lipids and phenyl-
propanoids, chemical taxonomy analysis for all groups
were performed according to the classification. In the
storage tolerant cultivar of SC14a, the main DEMs were
enriched in the taxonomy of lipids (37.5%), carbohy-
drates and derivatives (18.75%) and phenylpropanoids
(18.75%) between the roots of 0 day and 12 day post-
harvest (Fig. 2A). Whereas, we not only observed the
consistent enrichment of lipids (20%), carbohydrates
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B SC14a_vs_GR15231a.pie
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Fig. 2 The statistics of DEMs between tolerant and non-tolerant cassava by Chemical Taxonomy. A-D The distribution of metabolites in SC14
and GR15231 cultivar at 0 and 12 day post-harvest. Four comparation, including SC14b_vs_SC14a (A), SC14a_vs_GR15231a (B), SC14b_vs_

GR15231b (C), and GR15231b_vs_GR15231a (D), were conducted

and derivatives (20%) and phenylpropanoids (10%) but
also the newly enriched organic acids (10%), vitamins
and cofactors (10%), and indoles and derivatives (10%)
in SC14a vs GR15231a (Fig. 2B). In contrast, the enrich-
ment of lipids (28%), carbohydrates and derivatives (16%)
and amino acids, peptides and analogues (16%) and phe-
nylpropanoids (18.75%) were observed between the roots
of 0 day and 12 day post-harvest both in the compara-
tion of GR15231b vs GR15231a and SC14b vs GR15231b.
However, no microelement, such as organic acids, vita-
mins and cofactors and indoles and derivatives were
obviously enriched in storage non-tolerant GR15231a
and GR15231b groups compared with tolerant SCl4a
and SC14b respectively (Fig. 2C, D). Taken together, we
proposed that the enriched organic acids, vitamins and
cofactors and indoles might be responsible for the storage
tolerance of SC14 cultivars.

KEGG analysis of enriched signaling pathways in tolerant
and non-tolerant cassava post-harvest

To investigate the key metabolism pathways mastering
the storage tolerance in SC14 cassava, we performed
KEGG analysis for DEMs in different groups. The path-
way of phenylpropanoid biosynthesis and glycerophos-
pholipid metabolism were significantly enriched in
SCl4a vs SC14b and GR15231a vs GR15231b, indicat-
ing the time-dependent decrease of these two pathways

activity in both SC14 and GR15231 cultivars (Fig. 3A, C).
In addition, these two pathways were the top 2 enriched
in SC14a vs SC14b while it only showed slight enrich-
ment in SCl4a vs GR15231a (Fig. 3A, B). In contrast,
compared with SC14a, GR15231a showed lower activ-
ity of phenylpropanoid biosynthesis and glycerophos-
pholipid metabolism but higher level of Beta-Alanine
metabolism, pantothenate and CoA biosynthesis at 0 day
post-harvest, which reflecting the fast decomposition of
carbohydrates and lipids in GR15231 (Fig. 3C). Consist-
ently, the pathways that responsible for Cassava dete-
rioration, including amino sugar and nucleotide sugar
metabolism, glycerophospholipid metabolism and galac-
tose metabolism, were even higher enrichment at 12 day
in SC14b vs GR15231b (Fig. 3D). Therefore, we inferred
that the metabolites participating in phenylpropanoid
biosynthesis and glycerophospholipid metabolism could
be promising targets to protect the storage tolerance of
SC14 cultivar.

Sample correlation analysis for different cassava cultivars

In order to clearly analyze the metabolic differences of
different varieties of cassava at different storage time
points, the sample correlation analysis according to the
DEMs in SC14 and GR15231 cassava were performed.
Firstly, we observed that the intra-group differences of
samples in all groups and QC groups were very small
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and showed good repeatability, indicating the reliability
of our data. Importantly, SC14a and GR15231a are clus-
tered together, while SC14b and GR15231b are clustered
together, but only see relatively weak correlation clustering
between SCl14a and SC14b was observed. In conclusion,
the metabolic profiles of SC14 and GR15231 were affected
by cassava cultivars and storage time, and the storage time
exert stronger influence on metabolic spectrum (Fig. 4).

The PCA analysis of samples in tolerant and non-tolerant
cassava

To testify variability the inter-group difference and dif-
ference within groups, the principal component analysis
(PCA) of metabolites was conducted. The results showed
that the six repeat in both SCl4a and SC14b were

efficiently clustered together while there was a significant
variability between samples in SC14a and SC14b, indicat-
ing the obvious effect of storage time on the properties
of SC14 cultivar (Fig. 5A-D). Consistently, the obvious
cluster of inter-group samples and apparent segrega-
tion within groups of GR15231 cultivar were observed
(Fig. 5E-F). Taken together, we concluded that the inter-
group difference is qualified for both SC14a and SC14b
cultivar and the metabolites spectrum were obvious
affected by the length of storage post-harvest.

The heatmap analysis and Volcano Plot of DEPs in tolerant
and non-tolerant cassava

In order to analyze the differential metabolite between
the two groups of samples, the Fold Change and T-test
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were comprehensively analyzed to draw the Vol-
cano Plot and heatmaps of the differential metabolite.
The results showed that the expression of glutathione
(reduced) and raffinose in SCl14a and GR15231a was
significantly higher than SC14b and GR15231b, indi-
cating its critical role for the storage tolerance in both
tolerant SC14a and non-tolerant GR15231 cultivars
(Fig. 6A-D, Fig. 7A-D, 8A-D). Additionally, we found
the significant higher level of L-tryptophan in SCl4a
and SC14b respectively compared with GR15231a and
GR15231b and the significant increase of oxidized glu-
tathione in GR15231b compared with GR15231a,
indicating the lower oxidative stress in SC14 cultivar
and the time-dependent increase of oxidative stress
in GR15231 (Fig. 8E-G). Importantly, a significant
decreasing expression of raffinose were observed in the
comparation both in SCl4a vs GR15231a and SC14b
and GR15231b (Fig. 9A, B), indicating that raffinose
may be the potential metabolites protecting SC14 cul-
tivar from deterioration post-harvest. Finally, heatmap
analysis for DEMs of all groups were conducted, and
consistently found that the raffinose ratio of SCl4a/
SC14b was five times less than that of GR15231a/

GR15231b, reflecting the slower degradation of raffi-
nose in SC14 cultivar compared with GR15231. Taken
together, the antioxidant microenvironment induced by
reduced glutathione and higher level of raffinose might
be the promising metabolites to promote the storage
tolerance of cassava.

Discussion

The preservation of cassava post-harvest has always been
a difficult problem to solve [11]. Post-harvest physiologi-
cal deterioration of cassava occurs when blue or brown
spots appeared, and microbial invasion, such as aflatoxin
and penicillium, and oxidative stress induced by metab-
olites would cause decay and deterioration of cassava
after 5 to 7 days post-harvest, which caused great loss of
product and seriously restricted the annual supply of cas-
sava and its comprehensive utilization after production
[19-21]. Therefore, the screening and breeding of cassava
with great storage tolerant cassava could be a promising
strategy to solve this dilemma. In this work, we compre-
hensively measured the level of antioxidant enzymes that
regulating the deterioration in seven cultivars of Cassava,
and we found that POD, SOD, CAT presented the highest
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level in SC14 cultivars and the lowest level in GR15231.
In addition, SC14 and GR15231 cultivars respectively
showed lowest and highest level of MDA compared with
other six cultivars at 12 day post-harvest. SC14 showed
higher level of starch and dry substance than GR15231.
Then, we performed UHPLC-Q Exactive HFX analysis
for storage tolerant SC14 and non-tolerant GR15231 and
found that the antioxidant microenvironment induced by
reduced glutathione and higher level of raffinose in SC14
cultivar might be the promising metabolites to promote
its storage tolerance.

The high level of antioxidant mediator in SC14 culti-
var contributed to the storage tolerance. Previous evi-
dence indicated that ROS-scavenging enzymes were
activated as responses to the physiological stress and
played an important role in delaying the physiological

deterioration process in various plants [7, 22, 23]. High
contents of hydrogen peroxide and guaiacol peroxidase
activity in cassava roots can be used as potential bio-
markers of post-harvest deterioration [24]. Enhanced
reactive oxygen species scavenging by overproduc-
tion of superoxide dismutase and catalase delays post-
harvest physiological deterioration of cassava storage
roots [25]. In this study, the expression of glutathione
(reduced) in SCl4a and GR15231a was significantly
higher than SC14b and GR15231b, indicating its criti-
cal role for the storage tolerance in both tolerant SC14a
and non-tolerant GR15231 cultivars. In addition, SC14a
cultivar had higher level of reduced glutathione than
GR15231a. Therefore, the antioxidant microenvironment
by glutathione may be related to the high storage tolerance
of SC14 compared with GR15231 cultivar.
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Raffinose might be a novel metabolism to depress
cassava post-harvest deterioration. Invasion of micro-
organisms, such as moulds and aflatoxins and penicil-
lium seriously affects the storage tolerance of cassava
post-harvest [21, 26]. Previous evidence showed that
raffinose could efficiently resist fungi and bacteria

infection. Ham et al. showed that raffinose inhibits
streptococcus mutans biofilm formation by targeting
Glucosyltransferase [27]. In addition, the raffinose fam-
ily oligosaccharides were capable to act as antioxidants
[28]. Kim et al. showed that raffinose could inhibit
Pseudomonas aeruginosa biofilm formation via binding
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to LecA and decreasing cellular cyclic diguanylate lev-
els, colony morphology, matrix formation, and swarm-
ing motility, and reduced the concentration of the
second message and cyclic diguanylate by increased
activity of cyclic diguanylate specific phosphodies-
terase [29]. In our study, the expression of raffinose
in SCl4a and GR15231a was significantly higher than
SC14b and GR15231b, indicating its critical role for
the storage tolerance in both tolerant SC14a and non-
tolerant GR15231 cultivars. Importantly, both SC14a
and SC14b showed higher expression of raffinose than
GR15231a and GR15231b respectively, reflecting raffi-
nose may be the potential metabolites protecting SC14
cultivar from deterioration post-harvest. In addition,
consistently found that the raffinose expression ratio of
SC14a/SC14b was five times less than that of GR15231/
GR15231b, implying the slower degradation of raffinose
in SC14 cultivar compared with GR15231.

In conclusion, the antioxidant microenvironment
induced by reduced glutathione and the manipulation of
raffinose might be the promising metabolites to promote
the storage tolerance of cassava.
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