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PN

Abstract: Salvia miltiorrhiza Bunge is one of the most famous traditional Chinese medicinal plants. The
two most important classes of pharmaceutically relevant compounds in S. miltiorrhiza are phenolic
acids and tanshinones. The MYB family of transcription factors may efficiently regulate the secondary
metabolism in plants. In this study, a subgroup 4 R2R3MYB transcription factor gene, SmMYB4,
was isolated from S. miltiorrhiza and functionally characterized using overexpression and a RNAi-
mediated silencing. We achieved a total of six overexpressions and eight RNAi transgenic lines
from the Agrobacterium leaf disc method. The content of the total phenolics, rosmarinic acid, and
salvianolic acid B markedly decreased in the SmMYB4-overexpressing lines but increased in the
SmMYB4-RNAI lines. The content of the total tanshinones, cryptotanshinone, and tanshinone IIA
decreased in the SmMYB4-overexpressing transgenic lines but increased in the SmMYB4-RNA!i lines.
A gene expression analysis demonstrated that SmMYB4 negatively regulated the transcription of the
critical enzyme genes involved in the phenolic acid and tanshinone biosynthesis. The genetic control
of this transcriptional repressor may be used to improve the content of these bioactive compounds in
the cultivated S. miltiorrhiza.

Keywords: Salvia miltiorrhiza Bunge; SmMYB4; transcription factor; phenolic acids; tanshinones;
transgenic plants

1. Introduction

Salvia miltiorrhiza Bunge, called ‘Dan-Shen” in Chinese, is one of the most widely
used traditional herbal medicines for various cardiovascular and cerebrovascular diseases.
Water-soluble phenolic acids and lipid-soluble tanshinones are the two major classes of
pharmaceutical ingredients in S. miltiorrhiza [1]. With an increasing market demand for
S. miltiorrhiza, the wild resources are rapidly decreasing and becoming extremely scarce.
However, the quality of cultivated S. miltiorrhiza is deteriorating. Therefore, improving
the content of the bioactive components in cultivated S. miltiorrhiza using modern plant
genetic engineering and metabolic engineering technology is important. The biosynthesis,
accumulation, and regulation of these active ingredients have become intensively attractive
research areas.

The transcription factors (TFs) can bind the cis-elements of a target gene’s promoter
region to activate or inhibit its transcription. They offer an effective strategy for enhancing
the production of pharmaceutically active metabolites in medicinal plants [2]. Following
the publication of the S. miltiorrhiza genome [3], many transcription factor gene families,
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such as MYB, bHLH, WRKY, ERF, and bZIP have been identified and investigated [4-8].
Their important roles in biosynthesis or bioactive ingredient accumulation have been a
research focus in recent years. SmbHLH10, SmWRKY1, and SmWRKY?2 could upregulate the
tanshinone biosynthesis [9-11]. SmbHLH51 could positively regulate the biosynthesis of
phenolic acids [12]. SmbHLH148, SmbHLH3, SmERF115, and SmGRAS1/2 not only regulated
the biosynthesis of the phenolic acid but also the tanshinone biosynthesis [13-16].

The MYB transcription factor is one of the largest members of the TF families in
plants. Based on the number of imperfect repeats in the DNA-binding domain, the MYB
transcription factors are classified into four subfamilies known as IRMYB, R2R3-MYB,
RIR2R3-MYB, and R1R2R3R1/2-MYB. Most MYB proteins in plants are mainly R2R3-MYBs.
Various studies have reported that they play critical roles in plant hormone and stress re-
sponses, secondary metabolic regulation, organ morphogenesis, and nutrient absorption [4].
IbMYB116 from the sweet potato enhances drought tolerance in the transgenic Arabidopsis
thaliana [17]. MsMYB4 significantly increased the salinity tolerance of alfalfa [18]. The
overexpression of PbrMYB5 in tobacco confers an enhanced tolerance to chilling stresses,
whereas the down-regulation of it in the P. betulaefolia by a virus-induced gene silencing,
results in an elevated chilling sensitivity [19]. In regulating the secondary metabolism, the
R2R3-MYB transcription factors have an essential function in producing flavonoid metabo-
lites. MYB1 and AcMYB10 regulate the biosynthesis of anthocyanin in onion and kiwifruit,
respectively [20,21]. ViMybA1 and VrMYBCS1 positively correlate with the anthocyanin
accumulation in the berry skin [22]. NnMYBS5 is a transcription activator of the anthocyanin
synthesis contributing to the flower coloration in the lotus (Nelumbo Adans) [23]. CcMYB12
and FeMYBF1 regulate the flavonol biosynthesis in the globe artichoke and buckwheat,
respectively [24,25]. NtMYB3 represses the biosynthesis of the flavonols in the narcissus
and leads to a proanthocyanin accumulation [26]. The MYB transcription factors also mod-
ulate the biosynthesis of lignin, chlorophyll, and carotenoid [27-29]. Additionally, MYB
can regulate the root and leaf development, fruit ripening, Fe homeostasis, and resistance
against pathogens [30-37]. With the development of the genome sequencing technology,
many species ‘genome data and information have been reported, which provides powerful
tools and resources for the identification and in-depth study of the MYB gene family. Now,
more and more MYB gene families have been identified from different species, including
Solanum lycopersicum [38], Gossypium hirsutum [39], Prunus persica [40], Solanum tubero-
sum [41], Medicago sativa [42], and so on. It has become a hot spot to study and understand
the function of each member and their mutual relationship.

There are more than 110 R2R3-MYB TFs classified into 33 subgroups in S. miltior-
rhiza [4], some of which are supposed to regulate the biosynthesis of either the phenolic
acids or tanshinones. For instance, SmPAP1 and SmMYB111 are positive regulators of the
phenolic acids, while SmMYB39 negatively regulates their biosynthesis [43—45]. SmMYB36
promotes the tanshinone accumulation but inhibits the phenolic acid biosynthesis [46].
Nevertheless, SmMYB98 simultaneously improves the accumulation of the tanshinones
and salvianolic acids [47]. SmMYB9b enhances the tanshinone concentration in hairy roots,
too [48]. However, the detailed functions of many other members in the SmMMYB TF family
remain unknown.

We previously isolated a gene of the subgroup 4 R2R3 MYB, named SmMYB4 (GU586494.1),
from S. miltiorrhiza and proposed its possible involvement in the phenolic acid biosynthesis.
Herein, we used the overexpression and RNAi-mediated gene silencing to investigate its
role in regulating the phenolic acid and tanshinone biosynthesis. The manipulation of the
SmMYB4 protein levels offers a potential tool to regulate the metabolic flux responsible for
the biosynthesis of the phenolic acids and tanshinones in S. miltiorrhiza.

2. Materials and Methods
2.1. Plant Materials

Mature seeds of S. miltiorrhiza, purchased from Shaanxi Tasly Plants Pharmaceu-
tical Co., Ltd. (Shangluo, China), were sewn in a mixed medium containing an equal
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proportion of vermiculite and nutrient soil and germinated at 25 + 2 °C, using a cycle
of light (16 h at 8000 1x) and dark (8 h). The two-month-old seedlings were frozen
in liquid nitrogen for the subsequent total RNA extraction. The seeds were sterilized
and cultured on a MS (Murashige and Skoog) medium to obtain sterile plantlets, as
described by Yan and Wang [49]. The leaves from these plantlets were used for the
genetic transformation experiments.

2.2. Subcellular Localization of SmMYB4

The cDNA sequence (with no termination codon) of SmMMYB4 was obtained from a
public database and then cloned and sequenced from the cDNA library of S. miltiorrhiza
with the designed primers. The sequence was inserted into pHBT-GFP-NOS vector at
Kpnl and BamHI restricted sites to form SmMYB4-GFP. The plasmids were transiently
transformed into onion epidermal cells using the PDS-1000 Gene Gun (American Bole BIO-
RAD, Santa Clara, CA, USA). The onion epidermis cells were isolated and observed under
a Leica DM6000B microscope (Leica, Leica Microsystems Co., Ltd., Wetzlar, Germany)
at 475 nm.

2.3. Construction of the SmMYB4-OE and SmMYB4-RNAi Expression Vectors

According to the manufacturer’s protocol, the total RNA was extracted using E.Z.N.A.
OMEGA TM Plant RNA Kit and converted into cDNA using PrimeScript™ RT Master Mix
Kit (Takara, Bao Biological Engineering (Dalian) Co., Ltd., Dalian, China).

To construct the overexpression vector, the entire open reading frame (ORF) of
SmMYB4 was amplified with the primers OESmMYB4-BgIIl and OESmMYB4-BstPI
(Supplementary Material Table S1). The PCR (polymerase chain reaction) products were
ligated into the pMD19-T vector (Takara) and transformed into Escherichia coli DH5x
cells. The recombinant plasmids were digested with Bg/lI/BstPI and then ligated into the
pCAMBIA1302 vector to generate the overexpression plasmid OESmMYB4-1302. To construct
the RNAIi plasmid, a specific 246 bp fragment of SmMYB4 was selected as the RNAi target
fragment. The forward and reverse RNAI target fragments were amplified with the primers
ISmMY B4-HindIll/ISmMYB4-BamHI and ISmMYB4-Kpnl /ISmMYB4-Xhol, respectively, and
inserted into the pKANNIBAL vector. An interfering box was cloned into pART27 to generate
the SmMYB4-RNAi vector named ISmMYB4-pART27. To verify whether the overexpression
and RNAI vectors were successfully constructed, OESmMYB4-1302 and ISmMYB4-pART27
were digested with BgIII /BstPI and Xhol/Notl, respectively.

2.4. Transformation and Detection of S. Miltiorrhiza

The OESmMYB4-1302 and 1SmMYB4-pART27 vectors were separately transformed into
the Agrobacterium tumefaciens strain GV3101 using a freeze-thaw method [50]. The A. tumefaciens
GV3101 harboring the recombinant vectors of OESmMYB4-1302 or 1SmMYB4-pART27 were
used to generate the transgenic plants according to the protocol established in our laboratory [49].

To confirm whether the target sequences had been integrated into the genome of
S. miltiorrhiza, the genomic DNA was extracted (following OMEGA DNA extraction
kit instructions) from the fresh leaves of one-month-old transgenic plantlets and non-
transformed (WT) plants. The primers of 35S promoter and Kan resistance gene were
used for identifying the overexpression and the RNAi transgenic plantlets, respectively
(Supplementary Material Table S2). The PCR products were detected using 1% agarose
gel electrophoresis.

The total RNA was isolated from the young leaves and converted into cDNA using the
above method. The reverse transcripts were utilized as templates for analyzing the expression
of SmMYB4 in the transgenic lines and the WT lines, using real-time quantitative PCR (qQPCR).
The primers Q-SmMYB4-F and Q-SmMYB4-R were synthesized by Beijing Aoke peak Biotech-
nology Co., Ltd., Beijing, China (Supplementary Material Table S2). SmUbiquitin (JF760206.1)
served as an internal control to normalize the expression levels. The qPCR reactions were
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performed in triplicate under the same conditions, as described previously [44]. The relative
gene expression was calculated using the comparative Ct method.

2.5. Determination of the Total Phenolic Acids and Flavonoids

The transgenic and wild S. miltiorrhiza were sub-cultured for 90 d. Then, the roots were
dried in the shade. The sample preparation followed the methods described by Zhang [45].
The total phenolic acid and flavonoid contents were measured using the Folin—Ciocalteu
and NaNO,-AICl3 methods, respectively [51,52]. The gallic acid and epicatechin (EC) were
used as a standard for determining the total phenolic and flavonoid content, respectively.

2.6. Evaluation of the Salvianolic Acid and Tanshinone Contents

The sample preparation followed the previously described method [45]. The con-
tents of the salvianolic acid and tanshinones were determined using a HPLC (high-
performance liquid chromatography) system (Agilent Zorbax, Agilent, Santa Clara, CA,
USA). The chromatographic separation was performed using a C18 column (Agilent Eclipse
XDB-C18-USP L1, 4.6 mm x 250 mm, 5 pm particle size) at 30 °C and a sample injection
volume of 20 uL. The detection at 280 nm, using a flow rate of 1.0 mL/min over a gradient of
methanol containing 0.4% acetic acid (buffer A), triple distilled water containing 0.4% acetic
acid (buffer B), and acetonitrile (Fisher Scientific) containing 0.4% acetic acid (buffer C).
The gradient conditions are shown in Supplementary Material Table S3. The standards of
rosmarinic acid (RA), salvianolic acid B (SAB), cryptotanshinone (CT), and tanshinone II A
(T-II A) were purchased from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China).

2.7. Expression Analysis of the Essential Genes in the Phenolic Acid and Tanshinone Pathways

Five essential enzyme genes involved in the biosynthesis of salvianolic acids were se-
lected to elucidate the target gene of SmMMYB4, including SmPAL1 (encoding phenylalanine
ammonia-lyase, PAL), SmC4H (encoding cinnamate-4-hydroxylase, C4H), Sm4CL2 (encod-
ing 4-coumaric acid CoA-ligase, 4CL), SmTAT (encoding tyrosine aminotransferase, TAT),
and SmHPPR (encoding hydroxyphenylpyruvate reductase, HPPR). Meanwhile, seven
key enzyme genes related to the biosynthesis of tanshinones were investigated, includ-
ing SmHMGR1-3 (encoding 3-hydroxy-3-methylglutaryl-coenzyme A reductase, HMGR),
SmDXS1, and SmDXS3 (encoding 1-deoxy-D-xylulose5-phosphate synthase, DXS), and
SmGGPPS1 and SmGGPPS3 (encoding geranylgeranyl diphosphate synthase, GGPPS). The
sequences of these genes were downloaded from the NCBI database and used to design
the qPCR primers (Supplementary Material Table S4).The gPCR was performed according
to the method mentioned above.

2.8. Analysis of the Target Genes Regulated by SmMYB4

To elucidate the targets of the transcriptional regulation by SmMYB4, the 2.5 kb
upstream sequences of the key enzyme genes were extracted from their corresponding
scaffolds. The published genome of S. miltiorrhiza was obtained from the National Data
Center of Traditional Chinese Medicine of China (https://ngdc.cncb.ac.cn/search/?dbld=
gwhé&q=+PRJCA003150/accessed accessed on 18 August 2020). The amino acid sequence
of SmMMYB4 was used as the input to the online profile inference tool (http:/ /jaspar.genereg.
net/ accessed on 18 August 2020) to search for its binding sequences. The matrix with
the smallest E-value was used to scan the promoter sequences of the candidate genes and
to ascertain whether they were targets of SmMYB4 (the threshold was set to the default
value of 80%).

2.9. Yeast One-Hybrid (Y1H) Assay
The Y1H assay was performed, as described in Li et al., 2020 [53].
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3. Results
3.1. Characterization Analysis of SmMYB4

The isolated full-length SMMYB4 contained an ORF comprising 696 bp, encoding a
polypeptide of 231 amino acids with a molecular weight of 26 kDa and a plI of 8.865.
SmMYB4 is predicted to localize in the nucleus (ProtComp 9.0 server, http://linux1
.softberry.com/ accessed on 3 May 2021), and is demonstrated by the further subcel-
lular localization experiment (Supplementary Material Figure S1). The phylogenetic
analysis (MEGA®6.0) indicated that all R2R3-MYB repressors from various plants are di-
vided into two clades (Figure 1). SmMYB4 is grouped with AtMYB4, AtMYB32, NtMYB2,
NtMYB3, and VvMYB4a, belonging to subgroup 4 of the R2R3-MYB transcriptional factors.
SmMYB39, which was previously functionally characterized as a repressor of phenolic acid
biosynthesis, belongs to the same clade as SmMYB4.

700 SMMYB39
- SmMYB4
68 HsMYB4
86 - AtMYB4-like
AtMYB4
47
NtMYB3
NtMYB2
AtMYB32 -
FaMYB1 7
463|:V\MYBCZ-L3
100 GhMYB6
- FaMYBI-like
57 ——— VWYBC2-L.2
- PhMYB27
58
70 VWYBC2-L1 J

Figure 1. Phylogenetic analysis of the MYB repressors. SmMYB4 is shown by the red rectan-
gle. S. miltiorrhiza SmMYB39 (AGS48990.1), SmMYB4 (ADG46002.1), Arabidopsis thaliana AtMYB4
(NP_195574.1), AtMYB32 (NP_195225.1), Fragaria ananassa FaMYB1 (AAK84064.1), Narcissus tazetta
NtMYB3 (AGO33166.1), NtMYB2 (ATO58377.1), Hibiscus syriacus HsMYB4 (KAE8690675.1), Petunia
hybrid PAMYB27 (AHX24372.1), Vitis vinifera VvMYB4a (NP_001268129.1), VvMYBC2-L1 (ABW34393),
VVMYBC2-L2 (ACX50288), VVMYBC2-L3 (AIP98385.1), Gossypium hirsutum GhMYB6 (AAN28286.1).

The protein sequence alignment of SmMYB4 and the numerous R2R3-MYB repressors
indicated that SmMMYB4 consists of conserved R2 and R3 DNA binding domains at the
N-terminus. A bHLH binding motif ([D/E]Lx;[R/K]x3LxsLx3R) was found in the R3
DNA binding domain of SmMMYB4. Additionally, the amino acid sequence of SmMMYB4
has two typically conserved motifs at the C-terminus, C1 (KLIsrGIDPxT/SHRxI/L) and
C2 (pdLNLD/ELxiG/S) (Figure 2), which were previously identified in the subgroup
4 R2R3-MYB transcriptional factors [26].

3.2. Molecular Identification of the Transgenic Plantlets

The fragments of about 700 bp were captured from the digestion products of the
detected OESmMYB4-1302 vectors, and the expected fragments of approximately 1300 bp
and 3400 bp were obtained from the cutting products of the detected ISmMYB4-pART27
vectors, which indicated that the overexpression and the RNAi vectors were successfully
constructed (Supplementary Material Figure S2). Then, the constructed vectors were
sequenced using their respective primers. The transgenic plants were generated to exam-
ine the function of SMMYB4. In this research, fourteen overexpression transgenic lines
(O-4-1-14) and seventeen interference transgenic lines (I-4-1-16) were screened at the DNA
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level (Supplementary Material Figure S3). At the level of transcription, six overexpression
lines (O-4-3, O-4-5, O-4-6, O-4-7, O-4-8, O-4-9) and eight silent lines (I-4-1, I-4-2, I-4-3, I-4-5,
1-4-7,1-4-8, 1-4-9, 1-4-10) with a significant alteration, were obtained (Figure 3), in which the
highest and the lowest expression level of SmMYB4 was 201.33-fold and 0.207-fold of that
in WT, respectively.
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Figure 2. Multiple alignments of the amino acid sequences of SmMYB4 and other R2R3-MYB
repressors belonging to subgroup 4. R2 domain, R3 domain, and C2 motif are marked in red,
blue, and green lines, respectively. The bHLH binding motif is shown by the red rectangle
(*, ** and *** Represents that they have the same conserved structure and function.).



Metabolites 2022, 12, 968

Relative expression level

Taral flav

Total phenols (mg/g DW)

onoids (mg/g DW)

2,500
2.000
1.500

1. 0001

0.009

0‘006

(A 00157 (B)

WT 0-4-3 0-4-5 0-4-6 0-4-7 0-4-8 0-4-9 WT I1-4-1 I1-4-2 1-4-3 1-4-5 1-4-7 1-4-8 1-4-9 I-4-10

Figure 3. Expression of SmMYB4 in the transgenic lines. (A,B) indicates the expression level of
SmMYB4 in the overexpressing lines and RNAI lines, respectively (** p < 0.01, *** p < 0.001).

3.3. SmMYB4 Suppresses the Accumulation of Phenolic Acids and Flavonoids

To study the function of SmMMYB4 in the secondary metabolites biosynthesis, the
total phenolic acid and flavonoid contents of S. miltiorrhiza were detected (Figure 4A,B).
Compared with the WT, the total phenolic acid content was significantly lower in the
SmMYB4 overexpression lines and markedly higher in the RNAi lines. The total phenolic
acid content was minimal (7.38 mg/g, DW) in line O-4-3 and maximal (17.67 mg/g, DW)
in line I-4-1. The overexpression of SmMYB4 had no significant effect on the flavonoid
content, but its silencing resulted in the accumulation of flavonoids, which reached a peak
level (19.10 mg/g, DW) in line I-4-1.
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Figure 4. The content of metabolites in the transgenic plants. (A-F) indicate the content of the total
phenolic acids, total flavonoids, RA, SAB, CT, and T-1IA, respectively (** p < 0.01, *** p < 0.001).

3.4. SmMYB4 Negatively Regulates the Salvianolic Acid and Tanshinone Biosynthesis

RA and SAB are the most abundant water-soluble active constituents in S. miltiorrhiza.
It was found that their content had a significant change in the transgenic lines compared
with the WT, which had 2.88 mg/g RA and 12.77 mg/g SAB (Figure 4). Compared to
the WT, the RA and SAB contents were lower in the overexpression lines (O-4-3, O-4-7,
0-4-9). Their respective levels in line O-4-9 notably decreased by 0.566-fold and 0.576-fold.
Conversely, their content in the interference lines was significantly higher, being 1.41- and
1.80-fold of their respective contents in the WT (Figure 4C,D).

The total tanshinone content in the overexpression lines was lower than that in the
WT, especially in line O-4-9, which was 0.32-fold lower. In contrast, their content in all
interference lines was significantly higher, up to 2.98-fold that of WT (Supplementary
Material Figure S4). Compared with the WT, the CT content in the three overexpression
lines was lower, the lowest being measured in line O-4-9 (0.04 mg/g), whereas the T-IIA
content was not significantly changed. It is noteworthy that the content of CT and T-IIA
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was markedly higher in three interference lines (Figure 4E,F), with line I-4-2 having the

most CT (10.14-fold of WT) and line I-4-1 having the most T-ITA (17.2-fold of WT).

3.5. SmMYB4 Inhibits the Expression of Key Enzyme Genes

To uncover the target genes regulated by SmMYB4, the expression of twelve key
enzyme genes involved in the salvianolic acid and tanshinone biosynthetic pathways was
analyzed. The qPCR analysis demonstrated that silencing SmMYB4 markedly upregulated
SmPAL1, SmC4H, Sm4CL2, and SmTAT (Figure 5). On the contrary, the overexpression of
SmMYB4 downregulated these genes except for Sm4CL2. The highest levels of SmPALI,
SmC4H, Sm4CL2, and SmTAT were 5.46, 2.67, 4.68, and 10.28 times their respective levels
observed in the WT. The lowest levels of SmPAL1, SmC4H, and SmTAT were 41.45%, 9.89%,
and 17.02% of their respective levels in the WT. In the tanshinone biosynthetic pathway,
SmDXS1, SmDXS3, SmGGPPS1, and SmGGPPS3 were significantly upregulated in all
interference lines, while only SmDXS1 was downregulated in all overexpressing lines.
The transcription levels of other genes increased in the overexpressing lines but were not

significantly different from their levels in the WT.

expression

Relative

Zos

Figure 5. The relative expression level of the key enzyme genes in the salvianolic acid and tanshinone
biosynthetic pathways. (A—E) represent the relative expression level of SmPAL1,SmC4H, Sm4CL2, SmTAT,
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and SmHPPR in the salvianolic biosynthetic pathway, respectively. (F-L) represent the relative expres-
sion level of SmGGPPS1, SmGGPPS3, SmDXS1, SmDXS3, SmHMGR1, SmHMGR2, and SmHMGR3 in
the tanshinone biosynthetic pathway, respectively. (* p < 0.5, ** p < 0.01, *** p < 0.001).

3.6. SmMYB4 Possibly Binds to the Promoter of Key Enzyme Genes

The matrix {(G/A) (G/T) TG (G/T) T (G/A)} was selected to scan the promoters
of SmPAL1, SmC4H, Sm4CL2, SmTAT, SmDXS1, SmDXS3, SmGGPPS1, and SmGGPPS3.
Numerous possible SmMMYB4 binding sites were found to exist within each promoter.
(Supplementary Material Table S5). The Y1H assay demonstrated that SmMYB4 directly
bind the promoters of SmTAT1, SmC4H, and SmPAL1 (Figure 6). Therefore, we deduced
that SmMMYB4 might carry out its inhibitory function in the salvianolic acid and tanshinone
biosynthetic pathways by binding to the promoter of these genes.

1 x 10x 100x 1000 x

NEG control

POS control

AD-SmMYB4
_+_

pHIS2-SmTAT1

AD-SmMYB4
+

pHIS2-SmC4H

AD-SmMYB4
+

pHIS2-SmPALL1

Figure 6. SmMYB4 binds the promoters of SmTAT1, SmC4H, and SmPALI1. The first and second
rows represent the negative and positive controls, respectively. NEG control: pGADT? + p53HIS2;
POS control: pGADT7-p53 + p53HIS2.
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4. Discussion

S. miltiorrhiza, an important medicinal material for treating cardiovascular and cere-
brovascular diseases, has a growing market demand. The content of the bioactive com-
ponents in the roots is one of the most crucial quality evaluation indexes. The exclusive
information demonstrated that the secondary metabolites biosynthesis is regulated by
diverse transcription factors and microRNAs [54,55]. The R2R3-MYB transcriptional factors
are a large gene family in plants and have been reported to play crucial roles in regulating
secondary metabolites. They can positively and negatively regulate the generation of
secondary metabolites.

The R2R3 MYB proteins are more conserved in the N-terminal DNA binding domains,
while the protein sequences at the C-terminus are divergent and believed to be responsible
for several kinds of regulatory functions. Based on the specific conserved regions in the
C-terminus, R2R3 (MYBs TFs) have been classified into many subgroups, in which subgroup
4 R2R3-MYB transcriptional factors function as negative regulators in the phenylpropanoid
and flavonoid biosynthesis [56]. Many subgroup 4 R2R3-MYB transcription factors have
been identified as transcriptional repressors. AtMYB4 suppressed the expression of AtC4H
and resulted in the downregulated accumulation of the sinapic acid [57]. The ectopic
overexpression of PvMYB4 from Panicum virgatum in the transgenic switch grass resulted
in a reduced lignin content [58]. BrMYB4 negatively regulated the BrC4H gene involved in
phenylpropanoid biosynthesis [59]. NtMYB2 and NtMYB3 repressed the biosynthesis of
anthocyanin and flavonols in the Chinese narcissus, respectively [26,60]. SmMYB39 and
SmMYB36 negatively regulated the phenolic acid and flavonoid biosynthesis in S. miltior-
rhiza [45,46]. In the current study, the overexpression of SmMYB4 significantly decreased
the salvianolic acid and tanshinone content, while its silencing enhanced their accumula-
tion, suggesting that SmMYB4 negatively regulates their biosynthesis. Moreover, a C2 motif
that is believed to be the key characteristic responsible for the transcriptional inhibition
was harbored in the C terminus of SmMYB4.

The variations in the salvianolic acid and tanshinone content are closely related to the
expression of genes encoding key enzymes involved in their biosynthesis. The expression
levels of SmPAL1, SmC4H, Sm4CL2, and SmTAT were significantly downregulated in the
SmMYB4-overexpressing transgenic lines and markedly upregulated in the RNAi trans-
genic lines. Combined with the promoter analysis, it was concluded that SmMYB4 affects
the accumulation of the salvianolic acids by binding to the promoters of the genes men-
tioned above. Nevertheless, SmPAP1 activated the promoters of two key genes, SmPAL1
and SmC4H [43]. SmMYB98 activated the promoter of SmPAL1 and SmRASI in the sal-
vianolic acid biosynthesis [47]. The overexpression of SmMYB36 downregulated most
genes in the phenylpropanoid pathway (SmPAL1, SmC4H1, Sm4CL2) and tyrosine path-
way (SmTAT1, SmHPPR1). However, the expression level of RAST and CYP98A14 did not
change significantly. A similar phenomenon occurred in the SmMYB36-overexpressing
lines [46]. The expression of SmPAL1, SmPAL2, SmPAL3, SmC4H, Sm4CL2, Sm4CL3,
SmRAS1, and CYP98A14 was significantly induced in the SmMYB111-overexpressing
lines but markedly reduced in the corresponding silenced lines [44]. The overexpression of
SmMYBIDb in the hairy roots significantly upregulated the transcription of SmDXS2, SmDXR,
SmGGPPS, and SmKSL1, suggesting it enhanced the tanshinone synthesis through the stim-
ulation of the MEP (methylerythritol phosphate) pathway [48]. The expression of SmDXS1,
SmDXS2, SmDXR, SmMCT, SmMDS, SmHDS, SmCMK, SmHDR1, SmHMGR2, SmGGPPS1,
SmCPS1, SmKSL1, and SmCYP76AHI was enhanced when SmMYB36 was overexpressed [46].
SmMYB98 activated the expression of SmGGPPS] in the tanshinone biosynthesis [47]. In
our study, the expression level of SmDXS1, SmDXS3 SmGGPPS1, and SmGGPPS3 increased
significantly in the RNAi transgenic lines but was not changed in the overexpressing lines.
We conclude that SmMMYB4 affects the accumulation of the tanshinones by negatively reg-
ulating the expression of these key enzyme genes. The inability to detect any significant
changes in the expression of other genes may be due to the competitive binding of the
activator-type MYBs and the repressor-type MYBs to those targets (Figure 7).
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Figure 7. Multiple R2R3-MYBs regulating the salvianolic acid and tanshinone biosynthetic pathways
in S. miltiorrhiza. (A) indicates multiple R2R3-MYBs regulating salvianolic acid synthesis pathway,
and (B) indicates multiple R2R3-MYBs regulating tanshinone biosynthetic pathway.

The secondary metabolism in plants involves a complex three-dimensional regulatory
network. A pathway or a key enzyme gene is usually regulated by many different tran-
scription factors, which can interact and coordinatively regulate the gene expression. For
example, PavMYB10.1 interacts with PavbHLH and PavWD40, and binds to the promoter
regions of the anthocyanin biosynthesis genes PavANS and PavUFGT in sweet cherry [61].
The anthocyanin synthesis in the lotus is regulated by a NnMYB5-NnbHLH1-NnTTG1
complex [23]. The MYB activator WHITE PETAL1 (WP1) physically interacts with MtTT8
and MtWD40-1 proteins to form the conserved MYB-basic-helix-loop-helix-WD40 regula-
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tory module, and regulates the floral carotenoid pigmentation through the transcriptional
activation of the carotenoid biosynthetic genes in Medicago truncatula [29]. SmPAP1 regu-
lates the phenolic acid biosynthetic pathway in S. miltiorrhiza by interacting with SmMYC2
and activating SmPALT and SmC4H [43]. SmMYB111 positively regulates the phenolic acid
biosynthesis in S. miltiorrhiza by interacting with SmTTG1 and SmbHLH51 [44]. However,
the specific mechanism of SmMYB4 needs further study. Our work will entail not only the
elucidation of the secondary metabolic networks, but also enhance the understanding of
the gene regulatory networks integrated with the metabolic networks.

5. Conclusions

In summary, a subgroup 4 R2R3 MYB transcription factor gene named SmMYB4
was cloned and functionally identified in the present study. Six overexpressions and
eight RNA interference transgenic lines were successfully obtained via the Agrobacterium-
mediated leaf-disk transformed method. Based on the analysis of the content of the
phenolic acids and tanshinones in transgenic plants and the expression of genes in the
related pathway, we speculated that SmMMYB4 negatively regulates the biosynthesis of
the phenolic acids by repressing the expression of SmPAL1, SmC4H, Sm4CL2, and SmTAT,
and simultaneously negatively regulates the biosynthesis of tanshinones by inhibiting the
expression of SmDXS1, SmDXS3 SmGGPPS1, and SmGGPPS3. SmMYB4 may directly bind
to the promoter of these genes. Our results will be helpful in better understanding the
regulation mechanism of the phenolic acids and tanshinones production in S. miltiorrhiza
and provide a train of thought to improve the contents of bioactive compounds in this
traditional herbal.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /metabo12100968/5s1, Table S1: Primers used in the SmMYB4-OE and
SmMYB4-RNAI vector construction; Table S2: Primers for the molecular detection of transgenic plants;
Table S3: Gradient conditions of the mobile phase of HPLC; Table S4: Primers for the key enzyme genes
in the salvianolic acid and tanshinone biosynthetic pathways; Table S5: Information of the SmMYB4
binding sites in the promoters of the key enzyme genes; Figure S1: Subcellular localization of SmMYB4
in onion epidermal cells; Figure S2: Restriction endonuclease digestion of the overexpression and RNAi
expression vectors. A represents the Bgl II/BstP I digestion of the overexpression vectors, in which P
represents plasmids, M refers to Marker DL2000, and 14 represents the digest results of Bgl II/BstP
I. B represents the digestion of the RNAi expression vectors, in which P represents plasmids, M
refers to Marker DL2000, 1 refers to the digestion of Xho I, and 2 refers to the digestion of Not I. The
target fragment is marked with a red line or arrows; Figure S3: Detection of the transgenic lines
at the DNA level Detection. Results of the overexpression and interference transgenic lines were
individually shown in Figure S3A,B: P indicates positive control (Plasmids), WT indicates negative
control (untransformed plants), and M indicates Marker DL2000; Figure S4: Total tanshinone contents
in the roots of transgenic plants (** p < 0.01, *** p < 0.001).
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Abstract: Fermented kohlrabi is a very popular side dish in China. Chinese kohlrabies industrially
fermented for 0 years (0Y), 5 years (5Y), and 10 years (10Y) were employed and analyzed by non-
targeted metabolomics based on GC-TOF-MS, and the differential metabolites were screened using
multivariate statistical analysis techniques, including principal component analysis (PCA) and
orthogonal partial least squares discrimination analysis (OPLS-DA). The results showed that 47,
38, and 33 differential metabolites were identified in the three treatment groups of 0Y and 5Y (A1),
0Y and 10Y (A2), and 5Y and 10Y (A3), respectively (VIP > 1, p < 0.05). The metabolites were
mainly carbohydrates, amino acids, and organic acids. Furthermore, 13 differential metabolites were
screened from the three groups, including L-glutamic acid, L-aspartic acid, y-aminobutyric acid, and
other compounds. Four metabolic pathways termed alanine, aspartate, and glutamate metabolism,
arginine biosynthesis, arginine and proline metabolism, and glycolysis/gluconeogenesis were the
most significant pathways correlated with the differential metabolites, as analyzed according to
the Kyoto Encyclopedia of Genes and Genomes (KEGG). The odors for the three ultra-long-term
industrially fermented kohlrabies were significantly different, as detected by E-nose. The present
work describes the changes in metabolites between different ultra-long-term industrially fermented
kohlrabies and the associated metabolic pathways, providing a theoretical basis for the targeted
regulation of characteristic metabolite biosynthesis in Chinese fermented kohlrabi.

Keywords: kohlrabi; metabolomics; GC-TOF-MS; differential metabolites; metabolic pathway

1. Introduction

Kohlrabi (Brassica juncea var. megarrhiza Tsen et Lee) is a root-type variant of mustard,
belonging to the cruciferous Brassica annual herb, which is rich in vitamins, fiber, mineral
elements, and other nutrients [1]. Kohlrabi originated in China as a cross-pollinating crop
with small flower organs and is mainly used as a raw material to make Chinese pickles.
Kohlrabi is widely distributed in China and mainly grown in Sichuan, Yunnan, Guizhou,
Hunan, Hubei, Jiangsu, and Zhejiang Provinces. The crop is usually sown from mid-to-late
August to early September and harvested from December to January of the next year.
The suitable growth temperature for kohlrabi is 15-20 °C. In addition to its edible value,
kohlrabi also has certain medicinal values. It has been suggested that regular consumption
of Brassica plants can effectively reduce the incidence of colon cancer and rectal cancer, as
well as cardiovascular and degenerative diseases, immune dysfunction, and age-related
macular degeneration [2]. Raw kohlrabi has a strong mustard spicy taste and thus it is not
suitable as a side dish before fermentation. The mustard spicy taste is generally removed
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by fermentation and fermented kohlrabi becomes crisp and tender, with a rich aroma and
a delicious taste, making it a very popular side dish in Chinese cuisine. Yang et al. [3]
analyzed the effects of high-hydrostatic-pressure treatment and heat treatment on the
texture of kohlrabi, and suggested that high-hydrostatic-pressure treatment could better
maintain the textural properties of kohlrabi. The flavor of fermented kohlrabi is closely
correlated with production processes and raw materials. Jiang et al. [4] found that raw
materials could produce significantly different flavors of kimchi. By using headspace solid-
phase microextraction combined with gas chromatography-mass spectrometry, Zhang
and co-workers [5] determined and analyzed the types and contents of flavor substances
in mustard cabbage using traditional and modern fermentation processes. A total of 78
flavor substances were detected, including 16 esters, 11 aldehydes, 18 alcohols, 8 ketones, 6
acids, 5 olefins, 7 phenols, and 7 others. The main different flavor components between
the two different fermented mustard cabbages were allyl isothiocyanate, ethyl acetate,
3-butyronitrile, phenol, ethanol, and acrolein.

Metabolomics is a qualitative and quantitative technique used to analyze changes in
small-molecule metabolites with a relative molecular mass less than 1000 in organisms
and their changes after stimulation and interference [6]. According to experimental pur-
poses, metabolomics is normally divided into targeted metabolomics and non-targeted
metabolomics. In recent years, metabolomics has been widely used in drug evaluation,
disease diagnosis and treatment, plant stress-resistance research, and functional food
development. Nuclear magnetic resonance spectroscopy, gas chromatography—mass spec-
trometry, gas chromatography-time-of-flight mass spectrometry (GC-TOF-MS), and liquid
chromatography—mass spectrometry hyphenated techniques are the commonly used tech-
niques in metabolomics. GC-TOF-MS exhibits more advantages, such as high mass resolu-
tion and accuracy, high scanning speed, and good sensitivity [7], and has been widely used
to quantify and identify metabolites in various fields of research, such as carbohydrates,
sugar alcohols, organic acids, and amino acids [8]. Metabolomics can also be employed to
evaluate the flavor and nutritional value of food [9]. The development of dishes based on
fermented kohlrabi depends on the metabolite contents.

To date, research on the metabolomics of Chinese ultra-long-term industrially fer-
mented kohlrabi has not been reported in the literature, and the metabolic pathways closely
related to the metabolites in Chinese ultra-long-term industrially fermented kohlrabi are
poorly understood. In this study, non-targeted metabolomics of GC-TOF-MS combined
with multivariate statistical analysis methods were used to measure and analyze the related
metabolites of Chinese ultra-long-term (0-year, 5-year, and 10-year) industrially fermented
kohlrabi, for the first time, and to elucidate their associated metabolic pathways. The
10-year fermented kohlrabi is normally used for soup, while, the 5-year fermented kohlrabi
is suitable for Chinese braised dishes. The three different kohlrabies possess significantly
different sensory properties. The experimental results will provide some theoretical support
for differential metabolite synthesis in industrially fermented kohlrabi and the product
development of functional kohlrabi.

2. Materials and Methods
2.1. Production of Ultra-Long-Term Industrially Fermented Kohlrabi

The kohlrabies were cultivated by local farmers in Chengjia Town (latitude 29 degrees
39" north and longitude 104 degrees 21’ east) in the same area of Zigong City, China,
and were of the same variety (Queyecai). After maturity, the kohlrabies were harvested
and washed with water. Then, the washed kohlrabies were air-dried outside for about
30 days. After air-drying, the kohlrabies were transferred into fermentation tanks. Eight
percent (w/w) salt (upper layer 60%, middle layer 30%, and lower layer 10%) was added to
the kohlrabies and they were pickled for 5 days. Then, 5% (w/w) salt (upper layer 10%,
middle layer 30%, and lower layer 60%) was added to the once-pickled kohlrabies and
they were pickled for a further 4 days. Finally, all the fermentation tanks were completely
sealed, and the pickled kohlrabies were fermented for 5 years (5Y) and 10 years (10Y). The
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kohlrabies were fermented in 200 kg tanks. There were 1000-1600 kohlrabies per 200 kg
tank, depending on the size of the kohlrabies. All tested samples were vacuum-packaged
in aluminum foil bags and stored at —80 °C for further analysis.

2.2. Physicochemical Analysis

pH values were measured with a pH meter (PHS-3C, Shanghai Sanxin Instrument,
Shanghai, China). Color measurements for redness (a*), yellowness (b*), and brightness
(L*) were performed using a colorimeter (RC-10, Konica Minolta, Tokyo, Japan). The total
acid contents, reducing sugar contents, and soluble protein contents were respectively
determined by the acid-base titration method [10], the direct titration of the alkaline copper
tartrate solution method [11], and the spectrophotometry method [12]. The salt contents
were determined by Dought’s method [13].

2.3. Extraction of Metabolites from Ultra-Long-Term Industrially Fermented Kohlrabi

Extraction of metabolites from ultra-long-term industrially fermented kohlrabies
was performed according to the method of Oliver and Tobias [14]. Fifty milligrams of
kohlrabi was transferred into a 2 mL Eppendorf tube and 0.5 mL of solution (acetoni-
trile:isopropanol:water (3:3:2, v/v/v)) was added to each tube. Then, four zirconium
beads with sizes of 2 mm were placed in the tube and the kohlrabi was ground using a
high-throughput tissue grinder (Scientz Biotechnology, SCIENTZ-48, Ningbo, China). The
sample was centrifuged at 12,000 rpm for 2 min after grinding, and 2 mL of the supernatant
was transferred into a clean Eppendorf tube, which was subsequently dried in a vacuum
concentrator. The dried powder was resuspended in 80 pL of 20 mg/mL methoxamine
pyridine and incubated at 60 °C for 60 min. Finally, 100 uL of BSTFA-TMCS (v/v, 99:1) was
added and incubated at 70 °C for 90 min after 30 s of vortexing. The resuspension was
centrifuged at 14,000 rpm (Cence, H1850-R, Changsha, China) for 3 min, and 100 pL of the
supernatant was transferred into a detection bottle.

2.4. Detection of Metabolites from Ultra-Long-Term Industrially Fermented Kohlrabi by
GC-TOF-MS

GC-TOF-MS was performed as described in a previous study [15]. A DB-5MS capillary
column (30 m x 250 pm i.d., 0.25 um film thickness; Agilent ] & W Scientific, Folsom, CA,
USA) was used for gas chromatography. Derivatized species were separated at a constant
flow of helium at 1 mL/min, and 1 pL of the sample was injected through the autosampler
in a split ratio of 1:10. The inlet temperature was 280 °C, and the transfer line and ion
source temperatures were 320 °C and 230 °C, respectively. The heating program was: initial
temperature 50 °C, lasting 0.5 min, increased to 320 °C at a rate of 15 °C/min and held at
320 °C for 9 min. A full-scan method was used, with a scan rate of 10 spec/s, an electron
energy of =70V, and a solvent delay of 3 min.

2.5. GC-TOF-MS Data Preprocessing and Analysis

The obtained GC-TOF-MS raw data were converted into a common format by Anal-
ysis Base File Converter software and subsequently pre-processed by MSDIAL software.
Differential metabolites were characterized according to molecular weight (molecular
weight error < 30 ppm). Fragmentation information obtained in MS/MS mode was fur-
ther matched and annotated in the HMDB, Metlin, Massbank, LipMaps, mzclound, and
BioNovoGene (Suzhou, China) databases. The matrix containing metabolite names and
peak intensities was processed according to missing-value imputation and normalization
and subsequently imported into SIMCA (version 14.1) for PCA and OPLS-DA analysis.

2.6. Metabolic Pathway Analysis

Various public databases were searched, including the KEGG and PubChem databases,
to further validate the details of the identified metabolites. The screened differential
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metabolites were mapped to MetaboAnalyst 5.0 (www.metaboanalyst.ca, accessed on
10 March 2022) for related metabolic pathway analysis.

2.7. E-Nose Analysis

Electronic-nose analysis was performed using a Fox 4000 Sensory Array Fingerprint
Analyzer (Alpha M.O.S., Toulouse, France), which contains 18 metal oxide semiconductors.
A description for all 18 sensors was given in a previous study [16]. For E-nose analysis,
0.5 g of fermented kohlrabies was ground and transferred into a 10 mL headspace bottle.
The balance time was 5 min at 70 °C. The temperature of the injection module was 70 °C.
The injection speed was 500 uL/s, and the injection period was 1 s. The data-acquisition
time was 120 s. The detection time was 180 s. A PCA plot of the E-nose was employed
to further analyze all the samples. Five parallel experiments were performed for every
sample.

2.8. Statistical Analysis

Student’s t-tests were performed on metabolites with VIPs > 1 in the OPLS-DA model
using IBM SPSS Statistics (version 24), and the significance level was set at p < 0.05. The fold
change for each metabolite was calculated by EXCEL (version 2016). After log2 processing,
the differential metabolites were defined with |log2 FC| > 1.1, VIP > 1, and p < 0.05 as the
standard.

3. Results
3.1. Physicochemical Analysis

The physicochemical analyses of the three ultra-long-term industrially fermented
kohlrabies are listed in Table 1. The pH and reducing sugar contents gradually decreased
and the total acid contents thus constantly increased. The protein contents became lower
and lower, which was possibly the result of proteolysis catalyzed by proteases. The colors
of the industrially fermented kohlrabies changed significantly, as shown in Figure S1. The
color of the 5Y fermented kohlrabi was nearly red, and its L* value was smaller than that of
the 0Y fermented kohlrabi but bigger than that of the 10Y fermented kohlrabi.

Table 1. Changes in physicochemical properties of ultra-long-term industrially fermented kohlrabies.

0Y 5Y 10Y
pH 6.26 + 0.012 3.59 & 0.04P 347 +0.02°¢
Total acid (%) 0.26 +0.022 0.88 + 0.06 ° 0.914+0.01°
Reducing sugar (g/100 g) 547 £0.12 247 +0.01° 2.05+0.04 ¢
Protein (g/100 g) 2.68 +£0.15°2 1.87 £0.13P 1.24 +0.13¢
Salt content (%) 12.06 £0.22 12.64 +0.14° 12.66 4+ 0.16°
Brightness (L*) 56314122 31.54 4+ 1.08P 22,034 052P
Redness (a*) 347 +£0.172 104 +0.19P 5.75+0.29 ¢
Yellowness (b*) 20.78 £ 0.652 14.34 +04P 9.64 +0.16 ¢

Different superscript letters in the same row indicate significant differences (p < 0.05).

3.2. PCA Analysis for the Metabolomics of Ultra-Long-Term Industrially Fermented Kohlrabies

Based on GC-TOF-MS combined with multivariate statistical methods, the differential
metabolites of the three kohlrabies were explored. Twenty microliters of each extract from
the three different kohlrabies were mixed together and the obtained mixture was used as
a quality control (QC). QC is often required to obtain high-quality metabolomic data, as
revealed in Figure 1. The aggregation degree of the QC was better than that of the 0Y, 5Y,
and 10Y ultra-long-term fermented kohlrabies, indicating that the experimental data were
reliable. All data for the 0Y, 5Y, and 10Y kohlrabies were distributed in different regions,
indicating significant differences in the metabolites among the three different groups of
fermented kohlrabi. R?X and Q2 were the main parameters for judging the PCA model,
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R?X =0.72 > 0.5 and Q? = 0.536, suggesting that the PCA model could well interpret the
significant differences among the differential metabolites in the three kohlrabies.
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Figure 1. The scatter plots of the PCA model for the 0Y, 5Y, and 10Y fermented kohlrabi samples rep-
resenting 0-year, 5-year and 10-year ultra-long-term industrially fermented kohlrabies, respectively.

3.3. OPLA-DA Analysis of Metabolites from Three Different Kohlrabies

For further analysis of the three treatment groups (A1, A2, and A3), OPLS-DA analysis
was performed and obtained good separation, as shown in Figure 2. Figure 2A,C,E indi-
cated the OPLS-DA score maps for the three kohlrabi groups, respectively. It was obvious
that all groups were significantly separated, implying that the significant differences in the
types and contents of metabolites from the three kohlrabies were caused by the different
ultra-long-term fermentation periods. The OPLS-DA model parameters listed in Table 2
could explain and predict the differences between every two kohlrabi metabolites. In
order to further verify the model was reliable, 200-loop-iteration permutation tests were
performed, as can be seen in Figure 2B,D,F. All the intersections for the Q? regression line
and Y-axis were on the negative half-axis, indicating that the OPLS-DA model was stable
and reliable. Moreover, no overfitting phenomenon was observed.

Table 2. Parameters of the OPLS-DA models for the industrially fermented kohlrabi samples.

Group R%X R%Y Q?
Al (0Y-5Y) 0.719 0.999 0.980
A2 (0Y-10Y) 0.775 1.000 0.994
A3 (5Y-10Y) 0.688 1.000 0.979
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Figure 2. Scatter plots and permutation tests of the OPLS-DA models for fermented kohlrabi samples.
(A,CE) represent the OPLS-DA analyses for Al (0Y-5Y), A2 (0Y-10Y), and A3 (5Y-10Y), while
(B,D,F) represent permutation tests for Al (0Y-5Y), A2 (0Y-10Y), and A3 (5Y-10Y).

3.4. Screening and Identification of Differential Metabolites from the Three Industrially Fermented
Kohlrabies

In this study, VIP > 1 and p < 0.05 were used as the screening standards for differential
metabolites from ultra-long-term industrially fermented kohlrabi. Based on the set stan-
dards, 47, 38, and 33 differential metabolites were respectively screened from group A1, A2,
and A3, as shown in Figure 3A. Carbohydrates and carbohydrate conjugates, amino acids
and their derivatives, and organic acids and their derivatives were the main differential
metabolites in the three industrially fermented kohlrabies. Additionally, more organic acids
were produced with the extension of fermentation time. The differential metabolites of the
three industrially fermented kohlrabies were analyzed using a Venn diagram, as shown
in Figure 3B. Thirteen major differential metabolites were identified from the three indus-
trially fermented kohlrabies, including six carbohydrates and carbohydrate conjugates
(2-amino-3,4,5,6-tetrahydroxyhexanal, 3,6-anhydrogalactose, a-D-quinolulose, B-lactose,
D-(+)-cellobiose, methylpyran glycosides), one amino acid and one derivative (DL-aspartic
acid, 2-amino-3-methylsuccinic acid), one nucleic acid derivative (uracil), one fatty acid
derivative (lactitol), one alkaloid (leucine), and two other metabolites (2,3-butanediol,
galactosylglycerol).
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Figure 3. Classification information (A) and Venn diagram (B) for the differential metabolites in
industrially fermented kohlrabi. (Al: Chinese kohlrabies industrially fermented for 0 years and
5 years, A2: Chinese kohlrabies industrially fermented for 0 years and 10 years, A3: Chinese
kohlrabies industrially fermented for 5 years and 10 years.)

3.5. Heat Map Analysis for Differential Metabolites

In order to better evaluate the metabolic patterns of the main differential metabolites
in industrially fermented kohlrabi, the relative contents of the 13 differential metabolites
in the industrially fermented kohlrabies were analyzed by hierarchical clustering analysis
and displayed in the form of a heat map, as shown in Figure 4. It was obvious that all
the main differential metabolites increased with the extension of fermentation, except
2,3-butanediol. The main differential metabolites with higher contents in 10Y kohlrabi were
B-lactose, lactitol, DL-aspartic acid, methylhexoside, 2-amino-3-methylsuccinic acid, 3,6-
anhydrogalactose, D-(+)-cellobiose, a-D-quinovopirose, uracil, dictamnine, 2-amino-3,4,5,6-
tetrahydroxyhexanal, and galactosylglycerol. However, the main differential metabolite
with a higher content in 5Y kohlrabi was 2,3-butanediol.
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Figure 4. Hierarchical clustering analysis heat map of the main differential metabolites in ultra-long-
term industrially fermented kohlrabi samples.

3.6. Metabolic Pathway Analysis for Differential Metabolites in Ultra-Long-Term Industrially
Fermented Kohlrabi

The identified differential metabolites were imported into the KEGG database to ob-
tain perturbed metabolic pathway information. Consequently, four main pathways were
enriched, termed alanine, aspartate and glutamate metabolism (impact = 0.82), arginine
biosynthesis (impact = 0.26), arginine and proline metabolism (impact = 0.24), and gly-
colysis/gluconeogenesis (impact = 0.13), as shown in Figure 5. Alanine and aspartic acid
and glutamic acid were metabolized with L-aspartic acid as a raw material, which was
converted into oxaloacetate under the catalysis of x-amino acid oxidase. 2-oxoglutaric acid
was generated from oxaloacetate through the citric acid cycle, which was subsequently con-
verted into L-glutamic acid, catalyzed by L-glutamic acid synthase. L-glutamic acid acted as
a raw material in the arginine biosynthetic pathway and was catalyzed by glutamate dehy-
drogenase (NADP+) to generate NH3, which was subsequently converted into L-citrulline
under the catalysis of carbamoyl phosphate synthase, acetylornithine transcarbamylase,
and acetylornithinease [17]. The metabolism of arginine and proline employed L-glutamic
acid as raw material, which produced L-ornithine under the catalysis of glutamate kinase,
glutamate semialdehyde dehydrogenase, and ornithine aminotransferase. The L-ornithine
was catalyzed by ornithine decarboxylase to produce putrescine, which was subsequently
converted into y-aminobutyric acid through putrescine-pyruvate aminotransferase and the
catalysis of other enzymes. Oxaloacetate generated by the citric acid cycle was used as the
precursor for the glycolysis/gluconeogenesis pathway, which was subsequently converted
into phosphoenolpyruvate under the catalysis of phosphoenolpyruvate carboxykinase.
Phosphoenolpyruvate further generated pyruvate by phosphoenolpyruvate carboxyl syn-
thase, which was finally converted into lactic acid, catalyzed by lactate dehydrogenase.
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Figure 5. Integrated analysis diagram of the main metabolic pathways in ultra-long-term industrially
fermented kohlrabi.

3.7. E-Nose Analysis

As analyzed by E-nose, the differences in nitrogen oxides, amines, sulfides, and
acetone among the three different fermented kohlrabies were not significant, as revealed
in Figure 6A. However, significant differences in polar substances, non-polar substances
(hydrocarbons, ammonia, chlorine), aromatics (toluene, xylene), amines, and chlorines
were observed in the three different industrially fermented kohlrabies. With the extension
of fermentation, the sensor signals became stronger, suggesting that the contents of the
related compounds increased, which results agree well with the changes in the metabolites.
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Figure 6. E-nose analysis. (A) Radar graph of the three different industrially fermented kohlrabies.
Blue, red, and black indicate 0Y, 5Y, and 10Y industrially fermented kohlrabies, respectively. (B) PCA
plot of the three different industrially fermented kohlrabies.

PCA is the method normally used to generate principal component variables to
eliminate correlations between original feature variables. As shown in Figure 6B, the three
different fermented kohlrabies were presented in a PCA spatial distribution map. The first
two components (PC1 and PC2 were 96.70% and 2.08%, respectively) explained nearly
99% of the total variance, indicating that the PCA model can better reflect the overall
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information for the samples [18]. The contribution of PC1 was much higher than that of
PC2, implying that the farther the samples were on the horizontal axis, the greater the
difference in smell. The spatial regions of these samples showed that the odors for the 0Y,
5Y, and 10Y industrially fermented kohlrabies were significantly different.

4. Discussion

During fermentation, the carbohydrates were metabolized by microorganisms to gen-
erate acids; consequently, the total acid contents increased and the pH and reducing sugar
contents decreased [19]. Generally, the growth of most spoilage microorganisms will be
inhibited when the pH is lower than 3.8 and the total acid is more than 0.5%, resulting in
the safety of fermented vegetables. The flavor and metabolites will be significantly changed
with the extension of fermentation. It has been well demonstrated that microorganisms
continuously utilize the substrates in kohlrabi through enzymatic reactions to maintain
their normal physiological functions [20], leading to the hydrolysis of proteins and fats
to generate amino acids and fatty acids. As shown in Figure S2, during the fermentation
process, the contents of organic acids and their derivatives, amino acids and their deriva-
tives, and carbohydrates and carbohydrate conjugates increased with the extension of
fermentation. It has been suggested that the contents of organic acids, amino acids, alde-
hydes, and ketones would significantly increase in fermented wild mustard greens with
the extension of fermentation, which would promote the formation of unique flavors [21].
Organic acids are important factors in the flavors and aromas of fermented foods and play
an irreplaceable role in the formation of flavor and overall sourness during the fermentation
process. Lactic acid is the most important acid-tasting substance in Chinese paocai, which
is produced by the anaerobic fermentation and metabolism of lactic acid bacteria. Lactic
acid is an important flavor substance in fermented vegetables, which provides the fresh,
sour taste to products. With the extension of fermentation time, the contents of lactic
acid in the fermented kohlrabies increased. During the fermentation process of Chinese
suancai, the pH kept decreasing and the total titratable acidity thus kept increasing [22].
Organic acids are considered the intermediate products of many life activities in plants
and play important roles in regulating plant life activities. For example, salicylic acid and
benzene-ring-containing carboxylic acids and their derivatives could systemically induce
and produce resistance in a variety of plants [23]. Similarly, malic acid could increase
tolerance to water stress in different plants [24]. On the other hand, organic acids could
prevent the accumulation of reactive oxygen species in cells and give plants the ability
to avoid oxidative stress [25] through maintaining intracellular pH, potential, and redox
balance [26].

Amino acids are a class of important biologically active organic compounds. As
shown in Figure S2, among the 69 differential metabolites detected, 10 free amino acids
can be divided into 4 groups: sweet amino acids (L-ornithine), bitter amino acids (L-valine,
L-isoleucine, L-leucine, L-methionine), tasty amino acids (DL-aspartic acid, L-glutamate),
and tasteless amino acids (L-glutamine, DL-homoserine, y-aminobutyric acid). During
fermentation, sweet amino acid contents first increased and then decreased. Except for
L-methionine, all the other bitter amino acids showed increasing trends in the A1 (0Y-5Y)
group. However, their levels stabilized in the A3 (5Y-10Y) group. The fresh amino acids
showed an upward trend during fermentation, which possibly explained why the 10Y
fermented kohlrabi was suitable for soup. Besides their important contributions to the
taste of fermented vegetables [27], free amino acids are also important flavor precursors.
Some free amino acids produced by protein hydrolysis can be converted to small molecular
compounds, such as aldehydes, ketones, and hydrocarbons, through a series of reactions,
such as deamination and decarboxylation, which have important impacts on the taste
of fermented food. The contents of free amino acids in kohlrabi changed significantly
during the ultra-long-term fermentation, indicating that the fermentation period was
closely related to product taste. Generally, the free amino acids generally showed a trend
of first rising and then slightly declining during fermentation, which was consistent with
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a previous study [28], possibly due to the conversion of free amino acids into volatile
flavor substances by microorganisms. The contents of amino acids were generally affected
by a variety of factors. It has been reported that wheat-grain free amino acids were
affected by soil type and irrigation water salinity levels [29]. However, free amino acids
in tomato plants were highly dependent on nitrogen formation and concentration in the
rooting medium. Li and co-workers demonstrated that the contents of free amino acids
in mustard were significantly affected by different light treatments. Furthermore, the
contents of free amino acids in sprouted mustard greens were significantly higher than in
mustard seeds. Meanwhile, light treatment promoted the synthesis of free amino acids
in mustard [30]. The community structure of microorganisms and their physiological
metabolism have a significant impact on amino acid contents in fermentation systems.
Lactic acid bacteria decompose proteins into various free amino acids under the catalysis of
secreted polypeptide enzymes [31]. Zhao et al. suggested that Lactobacillus plantarum and
Lactobacillus brucei could significantly increase levels of glutamic acid, glycine, and gamma-
aminobutyric acid in Chinese paocai, as measured by GC-MS [32]. Amino acids are used as
the main biological macromolecular materials for building organisms and play important
roles in plants, including building cells and repairing tissue damage, enhancing plant
metabolism, and improving plant stress resistance. Amino acids could affect the growth
of plants by influencing the coordinated distribution of nitrogen sources and nitrogen in
plants. Increasing leaf nitrogen allocation could significantly enhance leaf nitrogen fixation
and nitrogen-use efficiency by photosynthesis [33].

Amino acids also play a positive role in the stress response of many plants as a
kind of regulator. For example, proline, tryptophan, leucine, isoleucine, and valine were
considered to be related to drought stress in plants [34]. However, L-tryptophan, L-
glutamic acid, and L-phenylalanine played important roles in salt stress in Tibetan highland
barley [35]. It is well known that glutamate and homocysteine participate in cadmium stress
in mustard leaves [36]. On the other hand, amino acids have effects on plant flowering
under stress conditions. For example, aspartic acid, glutamic acid, alanine, glycine, and
serine could promote plant flowering, while cysteine, threonine, and phenylalanine inhibit
plant flowering [37].

Carbohydrates participate in the physiological reaction processes of cells in plants
and can also be used as structural components and metabolic components in living organ-
isms [38]. For example, carbohydrates act as important components of signaling pathways
that connect and construct networks of pathways to control metabolic responses in plants. It
has been suggested that carbohydrates induce stress responses and increase plant resistance
to abiotic stress [39].

Secondary metabolites are a class of organic compounds with complex structures
which are synthesized through a series of metabolic pathways using a large number of
primary metabolites as precursors, including alkaloids, pigments, antibiotics, phenolic
acids, and other substances [40]. Benzoate was the only differential metabolite among
phenolic acids detected in ultra-long-term industrially fermented kohlrabi. Under enzy-
matic reactions, phosphoenolpyruvate and erythrose-4-phosphate generate phenylalanine
through the shikimate pathway, which is subsequently converted into trans-cinnamic acid,
benzoic acid, salicylic acid, and 4-hydroxychalcone, and thus enters the flavonoid metabolic
pathway [41]. It has been suggested that alkaloids play important anti-tumor and analgesic
roles, among which are a class of nitrogen-containing basic organic compounds, mainly
including isoquinolines, pyridines, etc. [42]. In this study, two differential metabolites of
alkaloids, dictamnine and 2-hydroxypyridine, were detected in ultra-long-term industrially
fermented kohlrabi. Furthermore, the contents of the two alkaloids were dramatically
increased during the fermentation process. Dictamnine is a small-molecule alkaloid with
various biological activities, which is normally synthesized through the shikimic acid
pathway and can be extracted from various plants. On the other hand, dictamnine has
many beneficial biological activities, such as anti-platelet aggregation, anti-hypertension,
antibacterial, anti-mitotic, and anti-fungal activities [43].
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The change in 2,3-butanediol observed in this work was consistent with a previous
study in which, with the extension of fermentation, the content of 2,3-butanediol in Chinese
suancai first increased and then decreased [44]. Carbohydrates could generate acetoin
through a series of enzymatic reactions, which is subsequently converted into by-products,
such as 2,3-butanediol and lactic acid, under the action of acetoin reductase in a reversible
way [45]. Xiong et al. indicated that during the fermentation process of Chinese paocai,
lactic acid bacteria consumed a large amount of sucrose and glucose to produce lactic acid.
The accumulation of lactic acid resulted in a decrease in the content of 2,3-butanediol [46],
which finding possibly supports our result that the content of 2,3-butanediol in 10Y ultra-
long-term industrially fermented kohlrabi was lower than that in 5Y ultra-long-term
industrially fermented kohlrabi. 2,3-Butanediol was the common differential metabolite
among the three ultra-long-term fermented kohlrabies, and its contents were significantly
different among the three kinds of fermented kohlrabies, as revealed in Figure 4, such that
it might be used as an important biomarker to distinguish the different ultra-long-term
fermented kohlrabies.

The 5Y and 10Y kohlrabies are respectively used for making soup and Chinese braised
dishes, which possibly correlates with the metabolites in the two different kohlrabies. The
contents of dictamnine, galactosylglycerol, linoleate, L-Rhamnose, S-Lactose, (9Z,127,15Z)-
Octadecatrienoic acid, galacturonan, lactitol, L-Isoleucine, and threonate continuously
increased, with the highest level in 10Y kohlrabi (Figure S2), among which the dictam-
nine, galactosylglycerol, L-rhamnose, and (9Z,12Z,15Z)-octadecatrienoic acid possess the
function of inhibiting cancer cell proliferation [47]. Moreover, linoleate, galacturonan, and
hexadecanoic acid exhibit antibacterial and anti-inflammatory activities [48]. Lactitol and
L-isoleucine are used to treat liver disease and hyperinsulinism [49,50]. Threonate has
a certain therapeutic effect on Alzheimer’s disease [51]. L-rhamnose, lactitol, lactic acid,
linoleate, hexadecanoic acid, and pentose are flavor substances, with sweet, sour, fatty,
and smoky-sweet-salty-coffee tastes, respectively, playing very important roles in flavor
formation in 10Y kohlrabi. However, the levels of D-tagatose, L-leucine, tranexamic acid,
D-(—)-fructose and 2,3-butanediol were higher in 5Y kohlrabi than in the 0Y and 10Y kohlra-
bies (Figure S2), among which D-tagatose, L-leucine, and tranexamic acid have the function
of promoting weight loss, neuron regeneration, and hemostasis, respectively [52-54], while
D-(—)-fructose brings a clean sweet taste and 2,3-butanediol gives the fruity and creamy
aroma which contributes to the flavor of 5Y kohlrabi.

The colors of the three different kohlrabies were significantly different, as can be seen
in Figure S1. Tyrosine was detected in all the three different kohlrabies and its contents
gradually decreased, with the lowest level in 10Y kohlrabi (Figure S2). Tyrosine can be
converted into dopa under the catalysis of tyrosinase, which can generate melanin through
oxidation [55] and probably has a potential impact on the color of kohlrabi.

5. Conclusions

In the present study, GC-TOF-MS combined with multivariate statistical analysis
was used to determine the differential metabolites in Chinese ultra-long-term industrially
fermented kohlrabies that underwent fermentation for different periods and to clarify their
associated metabolic pathways. There were 47, 38, and 33 differential metabolites in the
three groups of kohlrabi industrially fermented for 0 year and 5 years, 0 year and 10 years,
and 5 years and 10 years, respectively (VIP > 1, p < 0.05). The differential metabolites
were mainly carbohydrates, amino acids, and organic acids, and there were 13 common
differential metabolites, including L-glutamic acid, L-aspartic acid, y-aminobutyric acid,
etc. Through KEGG metabolic pathway analysis, four metabolic pathways termed ala-
nine, aspartate and glutamate metabolism, arginine biosynthesis, arginine and proline
metabolism, and glycolysis/gluconeogenesis were finally identified. The correlation with
differential metabolites was the most significant, which may provide some theoretical
support for subsequent research on fermented kohlrabi. Traditionally fermented kohlrabi
undergoes complex biochemical reactions during the fermentation process. The metabolic
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pathways are normally complex, and the metabolites are numerous. Moreover, the odors
of the three ultra-long-term industrially fermented kohlrabies were significantly different.
Further in-depth analysis of the changes in the metabolites and metabolome of kohlrabi
during fermentation is required.
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Abstract: Carotenoids are important compounds of quality and coloration within sweet potato
storage roots, but the mechanisms that govern the accumulation of these carotenoids remain poorly
understood. In this study, metabolomic and transcriptomic analyses of carotenoids were performed
using young storage roots (52) and old storage roots (54) from white-fleshed (variety S19) and
yellow-fleshed (variety BS) sweet potato types. S19 storage roots exhibited significantly lower total
carotenoid levels relative to BS storage roots, and different numbers of carotenoid types were detected
in the BS-S2, BS-54, S19-52, and S19-54 samples. 3-cryptoxanthin was identified as a potential key
driver of differences in root coloration between the S19 and BS types. Combined transcriptomic and
metabolomic analyses revealed significant co-annotation of the carotenoid and abscisic acid (ABA)
metabolic pathways, PSY (phytoene synthase), CHYB ([3-carotene 3-hydroxylase), ZEP (zeaxanthin
epoxidase), NCED3 (9-cis-epoxycarotenoid dioxygenase 3), ABA2 (xanthoxin dehydrogenase), and
CYP707A (abscisic acid 8’-hydroxylase) genes were found to be closely associated with carotenoid and
ABA content in these sweet potato storage roots. The expression patterns of the transcription factors
OFP and FAR1 were associated with the ABA content in these two sweet potato types. Together,
these results provide a valuable foundation for understanding the mechanisms governing carotenoid
biosynthesis in storage roots, and offer a theoretical basis for sweet potato breeding and management.

Keywords: sweet potato; carotenoid; abscisic acid; metabolome; transcriptome

1. Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) is an annual worldwide member of the
Convolvulaceae family, representing an important food source and cash crop throughout
the world [1]. Sweet potato storage roots contain high levels of carbohydrates, minerals,
dietary fiber, and bioactive ingredients [2]. Yellow-fleshed sweet potato types are rich in
[3-carotene and other provitamin A carotenoids [3]. The color of sweet potato storage roots
is considered highly important, in part because it can inform consumer choices [4]. There is
thus a clear need to fully explore the interplay between carotenoid biosynthesis and storage
root color development in order to better guide the selective breeding of sweet potatoes
with a high level of commercial value.

Carotenoids are isoprenoid-derived pigments that are vital for the growth of the
plants [5]. In addition to determining the coloration of the flesh of fruits and roots in which
they accumulate, these carotenoids can exert a range of antioxidant and antitumor activities
in humans, with some studies suggesting that these bioactive compounds can prevent a
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variety of ocular diseases [6,7]. The pigmentation of sweet potato storage roots is primarily
determined by the apparent carotenoid and anthocyanin discrepancy [8,9]. While orange-
and yellow-fleshed storage roots contain similar carotenoids, the actual differing levels of
particular carotenoids within the roots of different sweet potato types have been extensively
studied in many plant species. [10-12].

Carotenoid biosynthesis has been studied at length in plants including Arabidopsis [13],
tomatoes [14], peppers [15], rice [16], and maize [17]. This process is governed by a series
of controlled reactions including condensation [14], dehydrogenation [18], cyclization [19],
hydroxylation [20], and epoxidation [17]. The phytoene synthase (PSY)-mediated conden-
sation of 20-carbon geranylgeranyl diphosphate (GGPP) molecules to generate colorless
phytoene (C40) represents a critical step in this biosynthetic process [21]. Lycopene is then
generated through successive phytoene desaturation and isomerization. Phytoene desat-
urase (PDS), z-carotene isomerase (Z-1SO), z-carotene desaturase (ZDS), and carotenoid
isomerase (CRTISO) catalyze four different dehydrogenation reactions [22]. During the pro-
cess of carotenoid cyclization reactions, competition between lycopene beta cyclase (LCY-{3)
and lycopene epsilon cyclase (LCY-¢) governs the relative production of 3-carotene and
x-carotene [12], with the double hydroxylation of these two respective products yielding
lutein and zeaxanthin, after which further modification of zeaxanthin can yield neoxanthin
and violaxanthin [17]. These latter two carotenoids serve as precursors for the biosynthe-
sis of the phytohormone abscisic acid (ABA), which relies on the enzymatic cleavage of
9-cis-violaxanthin or 9'-cis-neoxanthin (9-cis-epoxy-xanthophylls), mediated by NCED, to
produce C15-xanthoxin and C25-apocarotenoid [23]. After transfer from plastids into the
cytoplasm, xanthoxin then undergoes two further processing steps to yield ABA, whereas
apocarotenoid can be converted by ABA2 (short-chain dehydrogenase/reductase-like en-
zyme ABA-deficient 2), after which it can be oxidated by AAO (ABA by abscisic aldehyde
oxidase) to yield ABA [24]. Further metabolic processing of ABA can then be performed by
enzymes, including ABA-S’-hydroxylases and CYP enzymes of the 707A clade, producing
major catabolites, including phaseic acid (PA) and dihydrophaseic acid (DPA) [25].

Carotenoid production is primarily shaped by the expression of genes that regulate
the different steps in these biosynthetic pathways [26], with differential gene expression
ultimately accounting for the observed differences in carotenoid content among species
and types. In yellow celery, lutein and (3-carotene content is closely associated with
AgLCYB and AgPSY?2 expression levels [20]. Analyses of mutant Oranzheva kaoia types,
exhibiting high concentrations of 3-carotene, have revealed the presence of a biosynthetic
pathway breakdown owing to CrtZchr03 gene deletion, ultimately contributing to increased
[3-carotene content and affirming the regulatory role of particular genes in this metabolic
context [27]. Studies of mutant Cara cara navel oranges have further demonstrated that the
DXS1, DXR, GGPPS2, PSY1, and LCYB genes are the primary determinants of carotenoid
biosynthesis [9].

Comprehensive multi-omics analyses have been widely employed to study the mech-
anisms whereby plant pigmentation is established. In Cyclocarya paliurus, for example,
the MYB transcription factors (TFs) and two bHLH TFs were identified via a multi-omics
approach as important regulators of flavonoid biosynthesis [28]. Similarly, integrative
metabolomic and transcriptomic analyses have enabled the determination of the mecha-
nisms that regulate anthocyanin and flavonoid accumulation within sweet potato root skin
and leaf vein base tissues [29]. By leveraging these multi-omics techniques, researchers
have also established a putative transcriptional regulatory network that dictates flavonoid
and carotenoid biosynthesis in navel oranges, enabling the development of a hierarchical
model for proposed pathway-related genes and TFs [9]. Similar strategies have also sup-
ported studies concerning the relationship between carotenoid biosynthesis and petal color
in Brassica napus [26].

To date, most studies of sweet potato carotenoids have primarily focused on phe-
notypic characteristics or derivation rather than on underlying metabolic and molecular
processes. In the present study, the storage roots of the white-fleshed 519 and the yellow-
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fleshed BS sweet potato types were selected for systematic metabolomic and transcriptomic
analyses aimed at exploring the mechanisms underpinning carotenoid accumulation in
these sweet potato storage roots. Ultimately, this approach highlighted key metabolites
and genes associated with the coloration of these sweet potato storage roots while offering
novel mechanistic insight into the basis for sweet potato carotenoid biosynthesis.

2. Materials and Methods
2.1. Plant Materials and Treatments

The white-fleshed, red-skinned S19 variety (Ipomoea batatas (L.) Lam. cv ‘Shangshu 19”)
and the yellow-fleshed, light yellow-skinned BS variety (Ipomoea batatas (L.) Lam. cv
“Baishu’) were selected for experimental use.

On 30 May 2020, these two sweet potato types were planted on the experimental
agricultural farm of Shanxi Agricultural University (coordinates: 112.58" E, 37.42 N). They
were planted in a random block arrangement, with two rows of 50 plants per variety using
a single ridge planting approach with 35 cm between plants, and a row spacing of 90 cm.
Sample collection was performed on day 90 (S1), day 100 (S2), day 110 (S3), and day 120 (S4)
after planting. In total, five plants per variety were harvested at random for each time point,
yielding 20 storage roots. Similarly sized storage roots with smooth skin were selected for
subsequent characterization.

Harvested sweet potato roots were rinsed, dried with absorbent paper, and cut into
0.5 cm x 0.5 cm X 0.5 cm cubes that were snap-frozen for 30 min in liquid nitrogen and
stored at —80 °C.

2.2. Analyses of Total Carotenoid Content and Color

A colorimetric approach was used to assess the average carotenoid content in BS
and S19 sweet potato storage root samples. The color was assessed using a X Rite V5450
colorimeter (Xrite, Grand Rapids, MI, USA). Carotenoid content following crude organic
solvent-mediated extraction was assessed as per Lambert-Beer’s law as follows:

A = aCL €]

where A corresponds to the absorbance of a given solution, C corresponds to the concen-
tration of the reactant, L corresponds to liquid layer thickness, and o corresponds to the
absorption coefficient.

Each sample was analyzed in triplicate using biological replicates.

2.3. Quantification of Carotenoid Content and ABA Levels

After freeze-drying, samples of detached sweet potato storage roots from the BS and
519 types at the S2 and S4 time points were ground using a mixer mill. An UPLC-APCI-
MS/MS system (UPLC, ExionLC™ AD, https:/ /sciex.com.cn/ (accessed on 4 November
2020); MS Applied Biosystems 6500 Triple Quadrupole, https:/ /sciex.com.cn/ (accessed on
4 November 2020)) and the MetWare (http:/ /www.metware.cn/ (accessed on 4 November
2020)) application were then used to assess the carotenoid and phytohormone content in
these samples, with all analyses having been performed by the MetWare company. Princi-
pal component analysis (PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) approaches were used to evaluate differences in metabolite profiles among these
samples. Differentially abundant metabolites (DAMs) were identified using defined signifi-
cance criteria: variable importance in projection ((VIP) > 1, |log2 FC (fold change) | > 1,
and p < 0.05 (Student’s t-test)). The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was then used to map DAMs and to assess significant enrichment thereof, and to
define key enriched pathways.

2.4. gPCR

Prior to the experimental operation, the bench was treated with a Solid RNase scav-
enger (Coolaber, Beijing, China). Frozen sweet potato storage root samples were ground in
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liquid nitrogen using a mortar and pestle to produce a powder from which total RNA was
extracted using RNaiso Plus (Takara Biotechnology, Beijing, China). An ultra-low-volume
spectrometer (BioDrop, Cambridge, UK) was utilized to measure the concentration and
A260/A280 ratios for these samples, with cDNA then being prepared with a PrimeScript™
RT reagent Kit with gDNA Eraser (Takara Biotechnology, Beijing, China), based on pro-
vided directions for RNA samples with an A260/A280 of 1.8-2.1. Prior to qPCR analyses,
these cDNA samples were subject to 5-fold dilution. A Bio-Rad CFX96 Real-Time PCR
instrument and TB Green® Premix Ex Taq™ II (Takara Biotechnology, Dalian, China) were
used for qPCR with the following settings: 95 °C for 30 s; 40 cycles of 95 °C for 5's; 60 °C
for 30 s. A melting curve from 60 °C to 95 °C (0.5 °C increments for 5 s) was used. The
AACq approach was used to assess relative gene expression [30] in the Bio-Rad Manager
3.1 software, with Actin serving as a control to normalize gene expression levels. Primer
Premier 5.0 was used to design all primers for this study (Table S8).

2.5. RNA-Sequencing

For RNA-Seq analyses, Oligo(dT) magnetic beads were used to isolate polyadenylated
mRNA, while the removal of rRNA from total RNA samples was additionally used to
isolate mRNA. A splitting buffer was used to break RNA molecules into shorter strands that
then served as templates for first-strand cDNA synthesis using random hexamer primers.
Then, dNTPs (dUTP, dATP, dGTP, dCTP), DNA polymerase I, and first-strand cDNA were
used for second-strand cDNA synthesis, followed by the use of AMPure XP beads to isolate
prepared cDNA. Following the addition of a poly-A tail, samples were then concatenated
using a sequencing adapter, and a final cDNA library was generated through PCR-based
enrichment. A Qubit 2.0 instrument was used to quantify cDNA library size, with insert
size being assessed using an Agilent 2100 instrument, and qPCR being used to measure
the effective concentration. After cDNA library quality had been confirmed, an Illumina
Hi-Seq instrument was used for sequencing.

2.6. Quality Control and Bioinformatics Analyses

After sequencing, cleaned reads were obtained through filtering, error rate analyses,
and assessments of GC content in the obtained raw reads. The Trinity software was
used to derive reference sequences, and clustering was performed with the Corset (https:
/ /code.google.com/p/corset-project/ (accessed on 10 November 2020)) tool, which enables
the establishment of gene-level counts based on de novo transcriptomic assemblies in
which the most extended cluster sequences are designated as a unigene. MetWare (http:
//www.metware.cn/ (accessed on 4 November 2020)) performed all analyses. Unigenes
were compared with the KEGG and the Gene Ontology (GO) databases using the BLAST
software, and predicted amino acid sequences for protein-coding unigenes were established,
after which they were compared with the protein family (Pfam) database using the HMMER
program. Differentially expressed genes (DEGs) were compared between samples using
DESeq? in R, with Benjamini-Hochberg correction being used to control for the p-value
false discovery rate (FDR) when performing multiple comparisons. DEGs were ultimately
identified based on the following criteria: 110g2FC| >1 and FDR < 0.05. The prediction
of gene function was performed using cluster analyses, and distribution frequencies were
assessed in all functional categories.

2.7. Statistical Analysis

SPSS 22.0 was used for statistical analyses of included samples. Data were compared
using the Tukey test for multiple comparisons. Differences in physicochemical indices were
compared using a minimum of three biological replicates for all experiments. Microsoft
Office Excel 2016 was used for data analyses.
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3. Results
3.1. Carotenoid Accumulation in Storage Roots Varies in Different Sweet Potato Types

During different stages of development, the coloration of S19 and BS storage roots
were compared, revealing that these two types exhibited white and yellow storage root
flesh, respectively (Figure 1a). In line with these phenotypes, BS samples contained 7-fold
higher total carotenoid levels relative to S19 samples over the analyzed stages of devel-
opment (51-54) (Figure 1c,d). Changes in color represented by the b * (yellow/white)
value were significantly positively correlated with total carotenoid content (r? > 0.95),
and this trend remained consistent from stage S1 to stage S4 (Figure 1b—d). Carotenoid
content in these storage root samples was then examined in further detail via LC-MS/MS,
leading to the identification of 68 carotenoid types, including 14 types of lutein, 7 types of
carotenes, and 47 types of carotenoid esters. The BS-S2, BS-54, S19-S2, and S19-54 samples
contained 12, 12, 9, and 8 carotenoid types, respectively. Different trends in carotenoid
content were observed in these two sweet potato types over the course of development.
The most abundant carotenoid in the yellow-fleshed BS sweet potato storage roots was
B-cryptoxanthin (81.41% in S2; 82.02% in S4), and these levels were 86- and 111-fold higher
than the corresponding levels in white-fleshed S19 storage roots at the S2 and 54 stages,
respectively (Figures 2f and Sla,b). Whereas the most abundant carotenoid in S19 samples
was f3-carotene (69.18% in S2; 77.92% in S4), its total abundance remained significantly
lower than that in BS storage roots during all stages of development (Figures 1 and Slc,d).
These results suggest that the contents of 3-cryptoxanthin, 3-carotene, and zeaxanthin
palmitate may be the primary determinants of the overall differences in total carotenoid
content observed in storage roots from these two types of sweet potato. Significant increases
in violaxanthin, lutein palmitate, violaxanthin palmitate, violaxanthin dipalmitate, and
echinenone content were also evident in BS storage roots relative to those from S19 sweet
potatoes at the S2 and S4 stages of development, whereas no differences in antheraxanthin,
apocarotenal, or lutein content were observed when comparing these two types. Principal
component analysis (PCA) confirmed that there were significant differences between the
metabolite profiles of these two sweet potato types, with PC1 and PC2 accounting for 61.9%
and 15.7% of the variability among these samples, respectively (Figure Sle).

3.2. Changes in ABA Metabolism over the Course of Storage Root Development

ABA metabolism and its relationship with carotenoids in sweet potatoes were exam-
ined by using LC-MS/MS. Opposing trends in ABA and ABA-glucosyl ester (ABA-GE)
content were observed in these storage roots, with ABA-GE levels trending upwards over
the course of development in both sweet potato types, while ABA levels trended down-
wards. Total ABA content was significantly higher in BS storage roots than S19 storage roots
(Figure 3a,b). As shown in Figure 3¢, changes in the ABA content of these two sweet potato
types were positively correlated with the observed trends in most carotenoid compositions.
However, the change trend of ABA-GE content was only related to that of antheraxanthin
content (Figure 3c).

3.3. Transcriptomic Analyses of BS and S19 Sweet Potato Storage Roots

To fully understand the molecular mechanisms that shape sweet potato carotenoid
biosynthetic processes, a transcriptomic analysis of the S19 and BS sweet potato storage
roots was conducted at the young (52) and old (S4) stages of development. In total,
analyses of these 12 samples yielded 79.17 GB of clean data (6 GB/sample), with Q30 base
percentages of >90% and a GC content of 45% (Table S1). Over 84% of reads were mapped,
including 70% uniquely mapped reads and 10% multiply mapped reads (Table S2).

DESeq2 was next used to identify differentially expressed genes (DEGs) in BS and
519 samples at these different stages of development (11og2FC| > 1, FDR < 0.05). PCA
and cluster analyses revealed close clustering of biological replicate samples, with clear
distinctions between samples from different groups (Figure 4a—c). In total, these analyses
identified 8643 (4470 upregulated and 4173 downregulated), 12,212 (6154 upregulated
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and 6058 downregulated), 3298 (983 upregulated and 2315 downregulated), and 4409
(1391 upregulated and 3018 downregulated) DEGs for the respective S19-S2_vs_BS-S2,
519-54_vs_BS-54, BS-S2_vs_BS-54, and 519-S2_vs_S19-54 comparisons (Figure 4d). In total,
10 subset classes were clustered based on DEG expression patterns (Figure 4e).
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Figure 1. Analyses of sweet potato storage root phenotypic characteristics and carotenoid con-
tent. (a) Storage root phenotypes were assessed for BS-52, BS-S4, S19-S2, and S19-54 samples.
Scale bar = 200 um. (b) Correlations between carotenoid content and color change. (c,d) Total
carotenoid content (c) and color change (d) were analyzed in both sweet potato types at the an-
alyzed time points. Data are means + SEM (n = 3). *** p < 0.001, ** p < 0.01, * p < 0.05.

When the annotated DEGs in these groups were subject to GO classification based
on the molecular function (MF), biological process (BP), and cellular component (CC)
annotation categories (Table S3), 3800 DEGs (885 MF, 2491 BP, and 424 CC), 3883 DEGs
(898 MF, 2547 BP, and 438 CC), 3064 DEGs (728 MF, 2048 BP, and 288 CC), and 3329 DEGs
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(728 MF, 2222 BP, and 325 CC) were annotated for these four respective comparisons
(519-52_vs_BS-52, 519-54_vs_BS-54, BS-52_vs_BS-54, and S19-52_vs_S19-54).
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Specific metabolic pathways involved in the regulation of sweet potato storage root
carotenoid biosynthesis in the BS and 519 were further explored through KEGG enrichment
analyses for these four comparisons, revealing these DEGs to be significantly enriched
in cellular processes, environmental information processing, genetic information process-
ing, metabolism, and organismal systems. In total, 19, 11, 30, and 20 DEGs from the
four respective comparisons (BS-S2_vs_BS-54, S19-S2_vs_S519-54, S19-52_vs_BS-52, and
519-S4_vs_BS-54) were found to be significantly enriched in the carotenoid biosynthesis
pathway (ko00906) (Figures S2-54).
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Figure 3. Correlations between ABA levels and carotenoid content. (a) Total ABA-GE levels in the
indicated samples (ug/g FW). (b) Total ABA levels in the indicated samples (ug/g FW). (c) The
contentsof ABA and ABA-GE were positively correlated with the contents of carotenoid-related
components (graphic area is positively correlated with content.). Data are means 4+ SEM (1 = 3).
**p<0.01,*p <0.05.

3.4. Combined Analyses of Metabolites and Genes Associated with Carotenoid Biosynthesis in
Sweet Potato Storage Roots

To explore the metabolites and mechanisms associated with sweet potato storage root
carotenoid accumulation, a combined transcriptomic and metabolomic analysis of BS and
519 samples during the different stages of development was conducted. In total, 43 DEGs
and 7 differentially accumulated metabolites (DAMs) were associated with the carotenoid
biosynthesis pathway (Tables S4 and S5), enabling the establishment of a metabolic profiling
diagram for these carotenoid pathways (Figure 5). In total, 24 differentially expressed
structural genes associated with the biosynthesis and catabolism of carotenoids were
identified, including genes encoding PSY (15-cis-phytoene synthase), ZEBRA2 (prolycopene
isomerase), ZEP (zeaxanthin epoxidase), VDE (violaxanthin de-epoxidase), NCED (9-cis-
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epoxycarotenoid dioxygenase), LCYE (lycopene epsilon-cyclase), and CHYB ((3-carotene
3-hydroxylase).
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Figure 4. Analyses of DEGs identified in transcriptomic of sweet potato storage root samples and
principal component analyses. (a) Sample repeatability and correlation analyses. (b) Heatmaps
representing hierarchically clustered DEGs. (c) Statistical analyses of DEGs in the indicated groups.
(d) PCA for samples included in transcriptomic analyses. (e) DEG cluster analyses.
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Figure 5. The carotenoid and ABA metabolic pathways exhibiting DEG and DAM enrichment.
(A: BS-S2; B: BS-S4; C: S19-S2; D: S19-54.).

PSY (29616) expression in BS has been shown to be significantly upregulated relative
to levels in 519 storage roots at the S2 and S4 stages. CHYB expression in the storage roots
of these sweet potato types trended downward from the S2 to the 54 stage, with CHYB
gene (31548 and g953) expression levels in BS storage roots that were 3.56-, 3.85-, and 2.52-,
2.59-fold higher than those in the S19 storage root at the analyzed stages of development.
Relative to BS storage roots, lower levels of ZEP (¢41700) expression were evident in 519
storage roots, particularly during the S2 stage. However, ZEP genes (314444 and g1103)
were expressed at very high levels in S19 samples, with opposing expression trends during
different stages of development. CCD gene (349586) expression was significantly increased
in BS storage roots at the analyzed stages of development, as compared to those from S19
sweet potatoes. Relative NCED3 (§36276) expression was increased by 34.09- and 39.74-fold
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in S19 storage roots during the respective S2 and S4 stages relative to levels in BS storage
roots. Moreover, 8 ABA metabolism-associated DEGs were identified, including 14 ABA2
(xanthoxin dehydrogenase) and 5 CYP707A (abscisic acid 8'-hydroxylase). Downregu-
lated expression of the ABA2 gene was observed over the course of development, with
significantly lower ABA2 (g34785) expression in S19 storage roots relative to those from BS
sweet potatoes. The ABA degradation-associated gene CYP707A (g34128) was expressed
at 302.20- and 59.31-fold higher levels in S19 storage roots relative to BS storage roots
at the S2 and 5S4 stages, respectively. Three key ABA2 genes (g4684, g34785, and g41600)
were also significantly positively correlated with ABA content (Figure 6). These DEGs
may be associated with the observed differences in carotenoid metabolic activity in the BS
and S19 types, and with differences in the levels of detected DAMS. (3-carotene (C02094),
B-cryptoxanthin (C08591), antheraxanthin (C08579), violaxanthin (C08614), neoxanthin
(C13431), ABA (C06082), and ABA-GE (C15970) were detected (Figure 5, Table S5).
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Figure 6. Differentially expressed genes encoding transcription factors in sweet potato samples.
(a—d) The top 20 TF-encoding genes exhibiting the greatest fold-change in expression levels when
comparing the BS-52 and BS-54 (a), S19-52 and BS-S2 (b), 519-52 and S19-54 (c), and 519-54 and BS-54

(d) samples.
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3.5. Identification of Transcription Factors Related to Carotenoid Accumulation

Transcription factors (TFs) and other transcriptional regulators (TRs) are key regu-
lators of the expression of all genes, including those associated with the biosynthesis of
carotenoids. In this study, 284 (88 upregulated, 196 downregulated), 255 (58 upregulated,
197 downregulated), 365 (231 upregulated, 134 downregulated), and 577 (335 upregulated,
242 downregulated) differentially expressed TF-coding genes were identified from the
comparisons of BS-52_vs_BS-54, 519-S2_vs_S519-54, 519-S2_vs_BS-52, and 519-S4_vs_BS-54,
respectively. Moreover, these four respective comparisons yielded 44 (10 upregulated, 34
downregulated), 57 (18 upregulated, 39 downregulated), 89 (41 upregulated, 48 downregu-
lated), and 126 (54 upregulated, 72 downregulated) differentially expressed TR-encoding
genes (Table S6). These TFs included members of the AP2/ERF, MYB, bHLH, bZIP, NAC,
FAR1, C2H2, PLATZ, WRKY, OFP, and TCP families, while identified TRs included mem-
bers of the PHD, SET, SNF2, TAZ, and AUX/IAA, and SNF2 families (Table S7). Of these
differentially expressed TFs and TRs, the most highly expressed included AP2/ERF, MYB,
bHLH, AUX/IAA, SNF2, and PHD. When screening the top 20 DEGs encoding TFs, the
genes associated with carotenoid biosynthesis were found to be upregulated when compar-
ing S19 and BS storage roots, particularly during the S2 stage of development (Figure 7).
The gene encoding NAC was expressed at higher levels in BS storage roots relative to S19
storage roots during both the 52 and 54 stages, although when comparing S2 vs. 54 samples,
NAC (g103) was downregulated in BS storage roots yet upregulated in S19 storage roots.
Strikingly, of the analyzed differentially expressed TF genes, OFP (g10779) and FAR1 (g1323)
expression levels differed significantly in the storage roots from the two sweet potato types,
with OFP (g10779) being expressed at significantly higher levels in BS samples, whereas
FAR1 (g1323) was expressed at significantly higher levels in S19 samples at the S2 and S4
stages of development.
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Figure 7. Correlation between DEGs and DAMs trends, with stronger correlations corresponding to
a more consistent trend.
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3.6. RNA-Seq Result Validation

To confirm the validity of the RNA-Seq results established above, 13 DEGs associated
with carotenoid biosynthesis, 8 DEGs associated with ABA biosynthesis, and 9 TFs closely
associated with carotenoid biosynthesis were selected for qPCR-based verification analysis
(Figure 8). Overall, the observed expression trends for these 30 genes were highly consistent
with the RNA-Seq results presented above, confirming the accuracy and reliability of these
transcriptomic sequencing analyses.
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Figure 8. Expression analyses of structural genes and transcription factors associated with the

carotenoid and ABA biosynthesis pathways. Data are means 4= SEM (n = 3). ** p < 0.001, ** p < 0.01,

*p <0.05.
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4. Discussion

In sweet potato storage roots, carotenoid content is a key determinant of coloration,
appearance, and health-related benefits, thereby shaping consumer preference [31]. In-
deed, the increase in total carotenoid content is strongly correlated with the changes in
the color of these storage roots over the course of development. Sweet potato storage
roots contain carotenoids such as 3-carotene, 3-cryptoxanthin, zeaxanthin, and violaxan-
thin [32]. Here, characterization of carotenoid content in storage root samples prepared
from two sweet potato types at different stages of development revealed that BS stor-
age roots contained significantly higher carotenoid levels relative to S19 storage roots,
with marked differences in the levels of the two primary carotenoids in these storage
roots ([3-carotene and (-cryptoxanthin). The most abundant carotenoids in yellow-fleshed
sweet potatoes included (3-carotene and (3-cryptoxanthin, with the latter being present at
higher concentrations [10-12,32]. Consistently, B-cryptoxanthin was the most abundant
carotenoid in yellow-fleshed BS storage roots, suggesting that it may be the primary deter-
minant of the observed differences in coloration between these two sweet potato types.

Efforts to characterize carotenoid metabolism-related genes have been made in a
range of species including tomatoes [14], carrots [33], oranges [34], and peppers [15]. The
mechanisms shaping carotenoid biosynthesis in sweet potatoes, however, have yet to be
firmly established. In an effort to identify key carotenoid accumulation-associated genes
and metabolites, metabolomic and transcriptomic analyses were thus performed. PSY is a
key rate-limiting carotenoid biosynthesis-associated enzyme in plants that can ultimately
shape total carotenoid content [21,35]. Both RNA-Seq and qPCR analyses confirmed
significantly increased PSY (g29616) expression in BS storage roots relative to those from
519 sweet potatoes during the tested developmental stages, potentially partially accounting
for observed differences in carotenoid content in these two types. The CHYB enzyme is
responsible for catalyzing the addition of a hydroxyl residue necessary for esterification,
and is vital for chromoplast carotenoid accumulation in a range of plants. CHYB is a rate-
limiting enzyme in the zeaxanthin biosynthesis pathway that has been shown to play a key
role in chromoplast carotenoid accumulation in Ipomoea petals [36]. Consistently, BS storage
roots exhibited higher CHYB (g1548 and g953) expression levels relative to S19 storage roots,
potentially contributing to differences in 3-carotene and zeaxanthin content in BS and 519
samples. The ZEP enzyme catalyzes zeaxanthin and antheraxanthin f-rings epoxidation,
and BS storage roots were herein found to express significantly higher levels of ZEP
(§41700). In line with the present report, Suematsu et al. suggested that ZEP is an important
mediator of carotenoid accumulation in yellow-fleshed sweet potatoes [37]. The NCED
enzyme also plays an important role in downstream aspects of plant carotenoid biosynthesis
pathways [23,38]. In apricots, NCED expression is responsible for flesh coloration, causing
the low levels of 3-carotenoid observed in white apricots [39,40]. Here, white-fleshed S19
storage roots were found to exhibit particularly high levels of NCED3 (336276) expression,
particularly during the 54 stage of development, in line with prior research, and suggesting
that this gene may be a central driver of the differences in coloration and carotenoid content
between the BS and the S19 sweet potato types.

ABA is a key carotenoid-derived phytohormone that is essential in the context of
carotenoid metabolism and biosynthesis [23]. By cleaving the (C1;-Cj2) double bond in
9-cis-violaxanthin and 9'-cis-neoxanthin, NCED generates xanthoxin, which is an ABA
precursor, such that NCED catalyzes the initial step necessary for ABA biosynthesis [24].
In the present analysis, the ABA biosynthesis-related genes ABA2 (g34785) and CYP707A
(g34128) were found to exhibit opposing expression patterns in the two analyzed sweet
potato types. Specifically, ABA2 (334785) was significantly upregulated in BS storage roots
relative to those from S19 sweet potatoes at the S2 and S4 stages of development, whereas
CYP707A (g34128) exhibited the opposite expression pattern. ABA2 has previously been
reported by Gonzalez-Guzman et al. to encode a key enzyme involved in ABA biosynthesis
that catalyzes xanothoxin conversion into abscisic aldehyde [41]. In Capsicum annuum, Kim
et al. determined that ABA hydroxylation mediated by CYP707A was able to promote the
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degradation of ABA, and thereby reduce the levels of this phytohormone [42]. Consistently,
ABA2 (g34785) and CYP707A (g34128) expression levels were found to be positively and
negatively correlated with the ABA levels in BS and S19 samples. Together, these data
support roles for PSY, CHYB, ZEP, NCED3, ABA2, and CYP707A as essential regulators of
ABA and carotenoid biosynthesis and metabolism in sweet potato storage roots.

Our study showed that the top 20 DEGs encoding TFs that were identified when
comparing the S19 and BS storage roots samples were associated with ABA and carotenoid
biosynthesis. MYB, HD-ZIP, bZIP, bHLH, and WRKY have previously been identified as
critical TFs involved in coordinating carotenoid biosynthesis [43,44]. Specifically, bLHLH has
been shown to bind the PSY promoter and to thereby suppress the expression of this gene,
thus reducing carotenoid accumulation [43]. Moreover, bZIP has been reported to influence
total carotenoid content in tomatoes [45], while MYB plays a similar role in wolfberries [46].
In line with these prior results, marked bHLH, bZIP, and MYB upregulation was observed
in S19 storage root samples relative to those from BS sweet potatoes.

Strikingly, the two sweet potato types exhibited opposite expression patterns for the
TF-encoding FAR1 (g1323) and OFP (g10779) genes. In a prior report, Tang et al. high-
lighted the importance of FAR1 as a positive regulator of Arabidopsis ABA signaling [47].
Global transcriptional profiling of Arabidopsis specimens further revealed that OFP is a
transcriptional repressor capable of controlling ABA signal transduction [48]. We showed
that significant increases in FAR1 (g1323) expression were evident in S19 storage roots
relative to those from BS sweet potatoes, whereas OFP (g10779) expression was markedly
reduced in 519 samples, as compared to BS samples. This may at least partially account for
the observed differences in ABA content in these two sweet potato types [49]. ABA is a key
phytohormone that is derived from carotenoid metabolite precursors [23]. These two TFs
may thus serve as important regulators of the interplay between carotenoid metabolism
and ABA biosynthesis in sweet potato storage roots.

5. Conclusions

The mechanisms underlying carotenoid biosynthesis were assessed through compre-
hensive metabolomic and transcriptomic analyses of the storage roots from two sweet
potato types exhibiting different levels of carotenoid content. In this study, PSY, CHYB,
ZEP, NCED3, ABA2, and CYP707A were identified as critical genes associated with the
observed differences in carotenoid and ABA content in these two sweet potato types. The
OFP and FART1 transcription factors were also identified as important regulators of ABA
biosynthesis in sweet potatoes. Carotenoid metabolism is closely related to the biosynthesis
of the ABA, and carotenoids are precursors of the ABA. These results enabled the estab-
lishment of a proposed integrated network controlling the metabolism and biosynthesis of
carotenoids and ABA in sweet potato storage roots. However, further work will be critical
to validate these results and to clarify the role that other genes and regulatory mechanisms
play in shaping these processes.
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Abstract: Forsythia suspensa (Thunb.) has been widely used in traditional medicines in Asia. Ac-
cording to the 2020 edition of Chinese Pharmacopoeia, phillyrin is the main active ingredient in
F. suspensa, which is effective in clearing heat, reducing swelling, and dispersing nodules. F. suspensa
leaf is a non-toxic substance and it can be used to make a health tea. Here, we combine elicitors and
transcriptomics to investigate the inducible biosynthesis of the phillyrin from the F. suspensa. After
the fruits and leaves of F. suspensa were treated with different concentrations of methyl jasmonate
(MeJA), the content of phillyrin in the fruits reached a peak at 200 uM MeJA for 12 h, but which
was decreased in leaves. To analyze the differences in key enzyme genes involved in the phillyrin
biosynthesis, we sequenced the transcriptome of F. suspensa leaves and fruits treated with 200 uM
MeJA for 12 h. We hypothesized that nine genes related to coniferin synthesis including: F. suspensa
UDP-glycosyltransferase (FsUGT); F. suspensa 4-coumarate coenzyme CoA ligase (Fs4CL); and F. suspensa
Caffeoyl-CoA O-methyltransferase (FSCCoAOMT) etc. The qRT-PCR analysis of genes related to phillyrin
biosynthesis was consistent with RNA-seq analysis. We also investigated the dynamic changes of
genes in F. suspensa leaves and fruits at different time points after 200 UM MeJA treatment, which
laid the foundation for further study of the molecular mechanisms regulating the biosynthesis of
phillyrin.

Keywords: Forsythia suspensa; comparative transcriptome; MeJA treatment; phillyrin; phillyrin biosyn-
thesis

1. Introduction

Forsythia suspensa (Thunb.) is utilized as a common traditional medicine in China,
Japan, Korea, and many European countries. It is called ‘Liangiao’ in China [1]. Based on
the different harvest time, F. suspensa fruits can be classified into ‘Qingqiao” and ‘Laoqgiao’
forms. In folk medicine, the extract of the dried fruit has long been used to treat a variety
of diseases, such as inflammation, pyrexia, gonorrhea, tonsillitis, and ulcers [2]. F. suspensa
fruit is also the main active ingredient in many widely used classic Chinese patent medicine
prescriptions, such as Shuanghuanglian injections [3] and Lianhua Qingwen granules [4].
Lianhua Qingwen is also recommended for the treatment of COVID-19 [5]. The dried
ripe fruit of F. suspensa has also been prescribed for the treatment of diabetes in China [6].
In addition to the medicinal value of F. suspensa fruit, it has also been reported in recent
years that the extract of F. suspensa leaves has antibacterial and other pharmacological
effects [7]. In folk medicine, F. suspensa leaves are also used as tea [8]. Therefore, it is of
great significance to study the secondary metabolites and their synthetic pathways in F.
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suspensa. In recent years, many active ingredients have been identified in F. suspensa, such
as phenylethanoid glycosides, lignans, flavonoids, terpenes, and volatile oils [9]. Lignan
and phenylethanol glycoside are the two main representative characteristic components
in F. suspensa; more than 30 lignans and lignan glycosides, including (+)-forsythin, have
been isolated from F. suspensa alone [10]. Phillyrin (also named forsythin), a kind of
lignan substance, mitigates apoptosis and oxidative stress [11], has anti-viral and anti-
inflammatory activity [12], and improves insulin resistance [13]. The biosynthesis of lignan
(including phillyrin) consists of three stages: coniferyl alcohol, the precursor of lignan, is
synthesized through the phenylpropanoid pathway; then, structurally diverse lignans are
synthesized from coniferyl alcohol; and finally, lignans are modified by glycosylation to
form lignan glycosides, which are accumulated and stored in plant cells and tissues [14].

The phenylpropane biosynthesis pathway shares some intermediates with the lig-
nan biosynthesis pathways [15]. Based on previous study, phenylalanine ammonia-lyase
enzyme (PAL), coumarate 3-hydroxylase (C3H), 4-coumarate CoA ligase (4CL), caffeoyl
o-methyltransferase (COMT), caffeoyl-CoA o-methyltransferase (CCoAOMT), cinnamoyl-
CoA reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), dirigent protein (DIR),
o-methyltransferase (OMT), and udp-glycosyltransferase (UGT), are key enzymes of the
phillyrin-related secondary metabolism in plants. PAL is the enzyme that catalyzes the first
step reaction of phenylpropanoid metabolism, connects the biological primary metabolism,
and is the key and rate-limiting enzyme of phenylpropanoid metabolism [16]. C3H cat-
alyzes the formation of caffeic acid from coumaric acid, which is methylated to form ferulic
acid [17]. The enzyme 4CL activates cinnamic acid and its hydroxylated derivatives by
forming the corresponding CoA thioesters, and it is one of the key enzymes in lignan
biosynthesis [18]. Both COMT and CCoAOMT are substrate methylation enzymes, and
lignan monomer synthesis requires a two-step methylation reaction at the 3’ and 5’ posi-
tions of the two-step methylation reaction; COMT and CCoAOMT are two methylation
enzymes at different substrate levels that are associated with the specific synthesis of lignan
monomers [19,20]. As an enzyme that catalyzes the first reaction of the lignan synthesis
pathway, CCR is considered to be a potential control point for regulating the flow of carbon
to lignans [21]. CAD catalyzes the formation of coniferyl dehyde to coniferyl alcohol, which
is one of the key enzymes in lignan synthesis [14]. Although a coniferyl alcohol has yet
to be identified, a dirigent protein (DIR) was shown to participate in the stereo-specific
dimerization of E-coniferyl alcohol [22]. In the biological pathway for the formation of
phillyrin from coniferyl alcohol, after the formation of (+)-epipinoresinol, phillygenin can
be produced by oxygen methylation, possibly mediated by a specifc O-methylase [23].
Most lignans exist in plants in the form of glycosylation, which is catalyzed by UGT to
generate lignan glycosides [24]. Methyl jasmonate (MeJA), a well-known exogenous in-
ducing factor, participates in many plant processes, ranging from plant defense to growth
and development [25]. As an abiotic inducer, MeJA can rapidly and selectively induce
the expression of specific gene associated with specific biological process during plant
secondary metabolism, thereby regulating the synthesis of secondary metabolites in plant
cells [26,27]. MeJA-induced transcriptome changes have been analyzed in many different
plant species including wheat and sweet basil [28,29]. In addition, genomic and transcrip-
tomic information of F. suspensa is scarce in public databases. To identify the genes involved
in the biosynthesis of phillyrin, the fruits and leaves of F. suspensa plants after 12 h of MeJA
treatment were explored by transcriptional sequencing, based on the Illumina Novaseq
6000 sequencing platform, and the relevant genes in the phillyrin synthesis pathway were
analyzed using Quantitative Real-Time PCR (qRT-PCR). This study provides a theoretical
basis for further exploring the molecular regulation mechanism of secondary metabolites
in F. suspensa and reveals the mechanism of the formation of phillyrin in F. suspensa.
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2. Materials and Methods
2.1. Plant Materials and Treatment

F. suspensa used in this study was grown in 2021 at the F. suspensa medicine source
base in Yiyang, Luoyang, China. In this study, fruit, and leaf tissues of F. suspensa plants,
were treated with 50, 200, and 400 uM of MeJA. Preparation of MeJA (Sigma-Aldrich, 95%,
Sigma, St. Louis, MO, USA) stock solution: 218 nL MeJA stock solution was dissolved
in 2 mL absolute ethanol, then diluted with ddH,O to make the 10 mM MeJA solution.
The high (400 M), medium (200 M), and low (50 uM) concentrations of MeJA treatment
solution were obtained by diluting the 10 mM MeJA solution, respectively. During the
experiment, final concentrations of MeJA solutions (50, 200, and 400 M) were sprayed
on the fruit and leaf surfaces of F. suspensa plants until the solution covered the leaf and
fruit surfaces just dripping down. Control plants were sprayed with an equal volume of
ethanol in ddH;O. For each treatment, each replicate was considered and three plants were
collected. Leaves and fruits from treatments 0 h (as control), 7 h, 12 h, 24 h, 48 h were
collected, frozen in liquid nitrogen, and stored at —80 °C. The F. suspensa fruit treated with
50 uM MeJA, 200 uM MeJ A, and 400 uM MeJ A were represented as M1F, M2F and M3F,
respectively. The F. suspensa leaf treated with 50 uM MeJA, 200 uM MeJA, and 400 M
MeJ A, were represented as M1L, M2L, and M3L, respectively.

2.2. Determination of Phillyrin Content in F. suspensa Fruits and Leaves

High performance liquid chromatography (HPLC, Agilent 1260 Infinity, Agilent Tech-
nologies Co. Ltd., Palo Alto, CA, USA) was used to determine the content of phillyrin in
F. suspensa fruit and leaf. The MeJA-treated F. suspensa fruits and leaves were lyophilized
and homogenized in a sterilized mortar. The extract was sonicated with 15 mL of methanol
(70% v/v) for 30 min for a total of 0.5 g. The extract was cooled to room temperature and
centrifuged at 4000 rpm for 10 min. The filtrate was then filtered through a 0.22 um organic
microporous membrane and stored under seal.

HPLC conditions: the mobile phase consisted of acetonitrile (A)-water (B) with gradi-
ent elution (0-40 min, 25% A) was at flow rate 1.0 mL min !, column temperature 30 °C, the
column was manufactured by Thermo Fisher Scientific (Waltham, MA, USA) Co., Ltd., with
a diameter of 4.6 mm, a length of 250 mm, and a particle size of 5 um. Detection wavelength
277 nm. The injection volume of the HPLC method was 10 uL. For the quantification of
phillyrin, standards were used. The results were described in grams per kilogram of fresh
weight. All experiments were repeated in triplicate.

2.3. RNA Extraction, cDNA Library Construction and Illumina Sequencing

We analyzed the content of phillyrin at different time periods after different concen-
trations of MeJ A treatment by HPLC, and selected F. suspensa fruits (M2F)/leaves (M2L)
treated with 200 uM MeJA for 12 h and F. suspensa fruits (CKF)/leaves (CKL) treated
with control solution for 0 h for transcriptome sequencing including 12 samples with
three replicates for each material. Total RNA was extracted from the tissue using TRIzol®
Reagent (Invitrogen, Carlsbad, CA, USA) (Plant RNA Purification Reagent for plant tissue)
according the manufacturer’s instructions (Invitrogen) and genomic DNA was removed
using DNase I (TaKara, Japan). RNA degradation and contamination was monitored on 1%
agarose gels. Then, the integrity and purity of the total RNA quality was determined by
2100 Bioanalyser (Agilent Technologies Co. Ltd., Palo Alto, CA, USA) and quantified using
the ND-2000 (NanoDrop Technologies, Wilmington, DE, USA). Only high-quality RNA
sample (OD260/280 = 1.8~2.2, 0D260/230 = 1.8~2.2, RIN = 8.8~10.0, 285:18S = 1.4~1.8)
was used to construct sequencing library. RNA purification, reverse transcription, library
construction and sequencing were performed at Shanghai Majorbio Bio-pharm Biotech-
nology Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions (Illumina,
San Diego, CA, USA). Paired-end RNA-seq sequencing library was sequenced with the
Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA) (2 x 150 bp read length).
Each sample contained three biological replicates.
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2.4. Transcriptome Assembly and Annotation

The high-quality clean reads were obtained after removing reads containing adapters
and low-quality reads. Transcriptome de novo assembly was performed using the Trinity
program [30]. Functional annotation of the unigenes was carried out using BLASTx pro-
gram with an E-value threshold of 1 x 10~ against the NCBI non-redundant protein (Nr)
datbase [31], Swiss-Prot protein database, COG database [32], and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database [33]. GO annotation was analyzed by Blast2GO
software (Version 2.2.31+) [34]. Transcription factors (TFs) were identified using PlantTFDB
database with default parameters [35].

2.5. Differentially Expressed Genes (DEGs) Analysis

The high-quality RNA reads were counted against bowtie’s paired results [36] by
RSEM (http:/ /deweylab.biostat.wisc.edu/rsem/). Differential expression analyses among
the two treatments (CKL-vs.-M2L and CKF-vs.-M2F with three biological replicates per
treatment) were conducted using edgeR software (Version 3.24.3) [37]. Genes with a fold
change > 2 and a false discovery rate (FDR) < 0.05 in a comparison were defined as
significant DEGs. DEGs were then subjected to enrichment analysis of GO functions and
KEGG pathways. Heatmaps of DEGs were analyzed using HemI [38].

2.6. Quantitative Real-Time PCR (qRT-PCR)

The RNA samples (1 ug) with A260/A230 ratios between 1.8 and 2.2 were used to
synthesize the first strand of cDNA with the First Strand cDNA Synthesis Kit (CISTRO,
Guangzhou, China) in a 20 pL reaction mixture according to the manufacturer’s protocol.
The cDNA samples were diluted 10-fold with distilled water prior to the qRT-PCR analysis.
The qRT-PCR analysis was performed using ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) and Roche Light Cycle96 Real-Time PCR system with the fol-
lowing reaction conditions: initial denaturation at 95 °C for 30 s, followed by a two-step
program of 95 °C for 10 s and 60 °C for 30 s for 40 cycles, with a melting curve analysis at
95 °C for 15 s, then from 60 °C to 95 °C at a rate of 0.2 °C/s. Candidate genes related to
phillyrin were identified from F. suspensa transcriptome data, the longest CDS sequence was
selected, and the specific primers for the target genes were designed using Oligo 7.0, and
are listed in Table S1. The UKN1 + SDH + G6PD genes were used as reference gene group
and the relative expression levels were determined according the 2~AACt method [39,40].
The specificity of the primer pair was verified by the presence of a single peak in the melt
curve analysis during the qRT-PCR process (Figure S1). All biological replicates were
performed in triplicate.

2.7. Statistical Analyses

Data were analyzed with one-way ANOVA by using SPSS 17.0, and means were
contrasted with Duncan’s multiple scope test at p < 0.05. All the experiments were carried
out in triplicate.

3. Results
3.1. Effect of MeJA Induction on the Content of Phillyrin

The effect of MeJA treatment on the content of phillyrin in the leaves and fruits of
F. suspensa was shown in Figure 1. After 50 uM MeJA treatment, the phillyrin content in
F. suspensa fruits was slightly increased compared with the control. Meanwhile, the content
of phillyrin was gradually increased and then decreased after 200 uM MeJA treatment,
peaking at 12 h with 1.63-fold compared with control. After 400 pM MeJA treatment,
the content of phillyrin was obviously increased at 7 h and 24 h with 1.60 and 1.51-fold
compared with control, respectively (Figure 1a). After 50 uM MeJA treatment of F. suspensa
leaves, the content of phillyrin decreased compared to the control. After 200 uM MeJA
treatment, the content of phillyrin decreased, then increased, and finally decreased with
time. 400 uM MeJA treatment of F. suspensa leaves showed a decrease in phillyrin content at
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12 h compared with the control (Figure 1b). This indicates that different parts of F. suspensa
responded differently to the induction of different MeJA concentrations. The exogenous
MeJ A treatment of F. suspensa led to the induction of phillyrin in response to MeJA, but the
induction effect varied among time and tissue parts. Due to F. suspensa leaves having been
used to make health-care tea in folk tradition [8], we also treated them with 200 uM MeJA
for 12 h to investigate the different mechanisms of phillyrin synthesis in F. suspensa leaves
and fruits, under the same conditions of treatment.
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Figure 1. Phillyrin content of F. suspensa fruits and leaves treated with different MeJA. (a) Phillyrin
content of F. suspensa fruits treated with different MeJA. (b) Phillyrin content of F. suspensa leaves
treated with different MeJA. M1F: F. suspensa fruit treated with 50 uM MeJA; M2F: F. suspensa fruit
treated with 200 uM MeJA; M3F: F. suspensa fruit treated with 400 uM MeJA. M1L: F. suspensa leaf
treated with 50 uM MeJA; M2L: F. suspensa leaf treated with 200 uM MeJA; M3L: F. suspensa leaf
treated with 400 uM Me]JA. Data were analyzed by SPSS, followed by Duncan’s honestly significant
difference test at p < 0.05. All Statistical analyses of data had three biological repeats. All data are
displayed as means + SD.

3.2. Illumina Sequencing and De Novo Assembly

To further understand the molecular mechanism underlying the response of phillyrin
to MeJA, an RNA-seq analysis was performed. We established 12 cDNA libraries for
transcriptome sequencing. Illumina Hiseq 6000 platform generated 98.21 Gb clean reads
with an average Q30 value of 94.55% and an average GC content of 44%, Q20 > 98%,
and Q30 > 94% (Table 1). The max length, min length, and N50 length, for the assembled
unigenes were 15,856, 201, and 1851 bp, respectively. With regards to the length distribution
of the unigenes, the total number of sequences of all unigene lengths of 200-500 bp in the
transcriptome data of F. suspensa is much higher than the total number of sequences of
other respective lengths (Figure S2).

Table 1. Summary of sequencing and assembly for F. suspensa.

Type Unigene
Total number 87,564
Total base 87,582,604
Largest length (bp) 15,856
Smallest length (bp) 201
Average length (bp) 1000.21
GC percent (%) 44
N50 average length (bp) 1851
Q30 (%) 94.55
Q2 (%) 98

All of the sequencing data were deposited in the National Center for Biotechnology
Information (NCBI). The sequence read archive (SRA) accession number is SRP392325. The
resulting fastq files were deposited on SRR21066404, SRR21066405, SRR21066406, SRR21066407,
SRR21066412, SRR21066413 (leaf) and SRR21066408, SRR21066409, SRR21066410, SRR21066411,
SRR21066414, SRR21066415 (fruit).
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3.3. Functional Annotation of Unigenes

A total of 37,297, 25,361, 15,161, 30,017, 29,688, and 24,539 unigenes had significant hits
(E-value < 107°) in the Nr (non-redundant protein) database, Swissprot, Kyoto Encyclope-
dia of Genes and Genomes (KEGG), the COG database and the Pfam database, respectively
(Figure S3). A total of 60,093 CDS unigenes produced by the Illumina Hiseq 2500 platform,
and most CDSs, were less than 1800 bp (Figure S4).

For GO annotation, 79,094 unigenes were allocated into three categories (“biological
process”, “cellular component”, and “molecular function”). Among the biological processes,
the unigenes were mainly involved in metabolic processes (8180, GO: 0008152), cellular
processes (9058, GO: 0009987), and biological regulation (2432, GO: 0065007). Among the
cellular components category, the unigenes were primarily associated with cellular fraction
(7846, GO: 0044464), membrane fraction (7269, GO: 0044425), and organelles (4424, GO:
0043226). Among the molecular function categories, unigenes with catalytic activity (10,376,
GO: 0003824), binding (12,606, GO: 0005488), and transporter protein activity (1323, GO:
0005215), accounted for a larger proportion (Figure 2a).
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Figure 2. Functional annotation of F. suspensa transcriptome. (a) Gene Ontology (GO) functional
classification of assembled unigenes. (b) Homologous species distribution of F. suspensa annotated in
the NR database. (c) Clusters of Orthologous Groups (COG) functional classifification of assembled
unigenes. (d) Functional classifification and pathway assignment of assembled unigenes by Kyoto
Encyclopedia of Genes and Genomes (KEGG).

Unigene sequences were searched against the NR database for annotation and revealed
23,505 unigenes (62.76%) matched to Olea europaea and 1801 unigenes (4.81%) matched to
Sesamum indicum (Figure 2b).

To further evaluate the completeness of the transcriptome library and the validity of
the annotation, the COG classification of unigenes was performed. Among the 23 COG
categories, “L: Replication, recombination and repair” was the largest group, followed by
“O: Posttranslational modification, protein turnover, chaperones and ion, protein turnover,
chaperones” and “T: Signal transduction mechanisms”. The smallest group was “Y: Nuclear
structure” with only two unigenes annotated to this category (Figure 2c).

The KEGG database was used to identify the biochemical pathways assigned to uni-
gene sequences. In our results, a total of 10,325 unigenes were annotated to six metabolic
pathways: metabolism, genetic information processing, environmental information pro-
cessing, cellular processes, organismal systems, and human diseases. Metabolism had the
largest number of pathways and human diseases had the smallest number of pathways.
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There were 356 unigenes matching to the biosynthesis of other secondary metabolism, and
224 unigenes of phenylpropanoid biosynthesis pathway (Figure 2d).

3.4. Analysis of Differentially Expressed Unigenes (DEGs)

To obtain a comprehensive view of the gene expression profile associated with the
response of phillyrin to MeJA, we used edgeR to identify the DEGs. A total of 4211 (2348 up-
regulated and 1863 down-regulated) DEGs and 8433 (4134 up-regulated and 4299 down-
regulated) DEGs were identified in fruits and leaves of F. suspensa treated 12 h with MeJA,
respectively (Figure 3); this finding indicated that there were more upregulated than
downregulated unigenes in F. suspensa fruits and more downregulated than upregulated
unigenes in F. suspensa leaves under MeJA treatment. Furthermore, we used principal
component analysis (PCA) to display the overall relationships between the transcriptome
from the different samples (Figure S5), indicating the leaves and fruits of F. suspensa before
and after MeJA treatment showed mutual aggregation within the group. Meanwhile, two
different transcriptional variation tendencies were observed before and after the MeJA
treatment of F. suspensa fruits, and F. suspensa leaves also showed the same trend.
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Figure 3. Statistics of DEGs in F. suspensa transcriptomes. (a) DEG numbers in comparisons of the
CKF-vs.-M2F and CKL-vs.-M2L. (b) Venn diagram showing significantly DEGs at different tissue.
CKL: F. suspensa leaf treated with control solution for 0 h; M2L: F. suspensa leaf treated with 200 uM
MeJA; CKEF: F. suspensa fruit treated with control solution for 0 h; M2F: F. suspensa fruit treated with
200 uM MeJA.

Functional enrichment analysis revealed that 3754 and 1822 DEGs were associated
with GO terms in F. suspensa leaves and fruits, respectively (Figure 4). DEGs were mainly
enriched in oxidoreductase activity (GO: 0016682), and phenylpropanoid metabolic process
(GO: 0009698) (Figure 4a,b). The KEGG pathways analysis indicated DEGs were mainly
involved in the metabolism of phenylpropanoid biosynthesis, plant-pathogen interaction,
MAPK signaling pathway-plant, phenylalanine metabolism, and plant hormone signal
transduction (Figure 4c,d).

Previous study showed that phillyrin as a kind of lignan was tightly related to phenyl-
propanoid biosynthesis [41]. In the phillyrin biosynthesis pathway, three FsCCR, four
FsCAD, six FsDIR, five FSOMT, one FsPAL, and thirteen FsUGT genes were significant
different after MeJA treatment in F. suspensa leaves, respectively (Figures 3 and 5). Mean-
while, two Fs4CL, two FsCAD, one FsCCR, four FsDIR, three FSOMT, two FsPAL, and
twelve FsUGT were significant different in F. suspensa fruits. Furthermore, one FsUGT, three
FsOMT, two FsDIR, one FsPAL, and one FsCCR were significant different both in F. sus-
pensa leaves and fruits (Figures 3 and 5). These results suggest that MeJA may induce the
accumulation of phillyrin by regulating the expression of genes associated with phillyrin
biosynthesis in F. suspensa.
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Figure 4. Enrichment analysis of differentially expressed genes in the GO and KEGG pathways.
(a) GO pathway enrichment analysis in CKF-vs.-M2F. (b) GO pathway enrichment analysis in CKL-
vs.-M2L. (c¢) KEGG pathway enrichment analysis in CKF-vs.-M2F. (d) KEGG pathway enrichment
analysis in CKL-vs.-M2L. CKL: F. suspensa leaf treated with control solution for 0 h; M2L: F. suspensa
leaf treated with 200 uM MeJA; CKF: F. suspensa fruit treated with control solution for 0 h; M2F:
F. suspensa fruit treated with 200 uM MeJA.
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Figure 5. Putative pathway for phillyrin synthesis in F. suspensa. PAL, phenylalanine ammonia-
lyase; C3H, Coumarate 3-hydroxylase; 4CL, 4-coumarate CoA ligase; CCoAOMT, caffeoyl-CoA
O-methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; DIR,
dirgent protein; OMT, O-methyltransferase; UGT, UDP-glycosyltransferase. CKL: F. suspensa leaf
treated with control solution for 0 h; M2L: F. suspensa leaf treated with 200 uM MeJA; CKEF: F. suspensa
fruit treated with control solution for 0 h; M2F: F. suspensa fruit treated with 200 uM MeJA.
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3.5. Analysis of DEGs Related to Phillyrin Biosynthetic Pathway

To verify the expression level of genes related to phillyrin biosynthesis exhibited by
the identified DEGs in response to MeJA, the expression levels of nine genes (FsUGT,
Fs4CL, FsSCCoAOMT, FsOMT, FsPAL, FsDIR, FsCAD, FsCCR, and FsC3H) were detected
by qRT-PCR. The expression profiles were generally consistent with the RNA-seq results
(Figure 6a). Correlation analysis based on the qRT-PCR and transcriptome data also showed
a significant correlation with a Spearman correlation coefficient of 0.819, which reflects the
accuracy of transcriptome data (Figure 6b). To analyze the dynamic expression profiles of
genes putatively related to phillyrin synthesis under MeJA treatment, genes expression
level (FsUGT, Fs4CL, FsSCCoAOMT, FsOMT, FsPAL, FsDIR, FsCAD, FsCCR, and FsC3H) in
F. suspensa fruits and leaves after MeJA treatment in different time (0 h, 7 h, 12 h, and 24 h)
were studied. The results revealed that MeJA activated or suppressed the expression of
genes to variant degrees at different time points and in different tissues.
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Figure 6. Expression patterns of genes related to phillyrin biosynthesis. (a). Transcriptional profiles of
DEGs related to phillyrin biosynthetic pathway. (b). Scatter plot and linear regression based on qRT-
PCR and RNA-seq. The correlation coefficient was calculated using the Spearman correlation method.
FsPAL, phenylalanine ammonia-lyase gene; FsC3H, Coumarate 3-hydroxylase gene; Fs4CL, 4-coumarate CoA
ligase gene; FsCCoAOMT, caffeoyl-CoA O-methyltransferase gene; FsSCCR, cinnamoyl-CoA reductase gene;
FsCAD, cinnamyl alcohol dehydrogenase gene; FsDIR, dirgent protein gene; FSOMT, O-methyltransferase
gene; FsUGT, UDP-glycosyltransferase gene. CKL: F. suspensa leaf treated with control solution for 0 h;
M2L: F. suspensa leaf treated with 200 uM MeJA; CKF: F. suspensa fruit treated with control solution
for 0 h; M2F: F. suspensa fruit treated with 200 uM MeJA.

The expression of FsDIR, FsUGT, and FsOMT genes were up-regulated at all time
points in 200 uM MeJA-treated F. suspensa fruit. In the presence of MeJA, the expression
levels of Fs4CL, FsPAL, FsCCR, and FsCAD genes, were inhibited at the earlier time points
and activated at the later time points. The expression level of FsSCCoAOMT gene reached
a maximum at 12 h, and then its expression decreased compared with the 0 h control.
The expression levels of FsC3H gene reached a maximum at 7 h and were repressed
thereafter compared with the 0 h control (Figure 7a). In F. suspensa leaves, Fs4CL, FsPAL,
and FsCCoAOMT genes expression levels were down-regulated at all time points, and
FsOMT and FsUGT genes expression were up-regulated within 24 h of MeJA treatment
compared with the 0 h control. FsCCR, FsC3H, and FsCAD genes expression were repressed
at early time points, afterwards, expression gradually increased (Figure 7b).
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Figure 7. Analysis of the expression profiles of nine genes related to phillyrin synthesis after 200 uM
Me]JA treatment for 0, 7, 12, and 24 h. (a). Relative expression levels of phillyrin biosynthesis genes
in F. suspensa fruits are detected by qRT-PCR (0 h as 1). (b). Relative expression levels of phillyrin
biosynthesis genes in F. suspensa leaves are detected by qRT-PCR (0 h as 1). The UKN1 + SDH +
G6PD genes are used as the reference gene group to standardize the RNA samples for each reaction.
All Statistical analyses of data had three biological repeats. Data are analyzed by SPSS, followed
by Duncan’s honestly significant difference test at p < 0.05. All Statistical analyses of data had
three biological repeats. FsPAL, phenylalanine ammonia-lyase gene; FsSC3H, Coumarate 3-hydroxylase
gene; Fs4CL, 4-coumarate CoA ligase gene; FsSCCoAOMT, caffeoyl-CoA O-methyltransferase gene; FsSCCR,
cinnamoyl-CoA reductase gene; FSCAD, cinnamyl alcohol dehydrogenase gene; FsDIR, dirgent protein gene;
FsOMT, O-methyltransferase gene; FsUGT, UDP-glycosyltransferase gene.

4. Discussion

The content of phillyrin is an important index for evaluating the quality of F. suspensa.
Phillyrin are effective in clearing heat and detoxifying, reducing swelling, and dispersing
nodules [42]. It is important to further understand the phillyrin biosynthesis pathway
and provide robust candidate genes for further functional investigations aimed at the
improvement of phillyrin content and quality.

MeJA is a cyclopentanone derivative-like signaling substance commonly found in
the plant kingdom that regulates plant growth and development, triggers cells to initiate
protective mechanisms, and stimulates the expression of key enzymes of metabolic path-
ways [43]. Plant defense systems are initiated upon injury or by signals from exogenous
plant hormones, such as MeJA. Moreover, lignans, at least in part, are believed to be in-
volved in host defense systems [44—46]. In combination, the hormone is expected to enhance
lignan biosynthesis [45,47]. We also found that MeJA could induce the accumulation of
phillyrin in F. suspensa fruit (Figure 1a), but a certain concentration of MeJA could inhibit
the synthesis of phillyrin in F. suspensa leaves (Figure 1b). The content of phillyrin in leaves
without MeJA treatment was higher than that in fruits without MeJA treatment, which
was consistent with the results of previous studies [48]. The efficacy of F. suspensa leaves
recorded in traditional Chinese medicine classics is very similar to that of F. suspensa fruits,
and the chemical composition is also similar [49]. According to the theory of traditional
Chinese medicine, the effects of different parts of F. suspensa should be completely different,
therefore, we performed RNA-seq detection on F. suspensa fruits and leaves to compare
the molecular mechanism of phillyrin biosynthesis in F. suspensa fruits and leaves, laying a
foundation for the comprehensive development and utilization of F. suspensa resources.

GO and KEGG results showed DEGs were mainly enriched in phenylpropanoid
metabolic process in F. suspensa after MeJA treatment (Figure 4), the phenylpropanoid
pathway, a common pathway of phillyrin biosynthesis pathway, can produce coniferyl
alcohol, which are precursors of phillyrin [50], including Fs4CL, FsCCR, FsCAD, FsC3H,
FsCCoAOMT, and FsPAL genes, which were significantly different in F. suspensa after
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MeJ A treatment compared with control (Figures 3 and 5). Research shows that during
phillyrin biosynthesis, two coniferyl alcohol molecules are coupled to produce compounds
of different configurations, and then converted to (+)-epipinoresinol. Furthermore, the
(+)-epipinoresinol is converted to phillygenin, eventually forming phillyrin [23], including
the FsDIR, FsSOMT, and FsUGT gene, which were noticeably different in F. suspensa after
MeJA treatment compared with control. When F. suspensa fruits were treated with different
concentrations of MeJA, the content of phillyrin in the fruits increased, and most of the
genes in its synthesis pathway showed an increasing trend; the expression of Fs4CL, FsCCR,
FsCAD, FsC3H, FsCCoAOMT, and FsPAL in MeJA-treated F. suspensa leaves was suppressed
for a certain period of time, while the expression of FSOMT and FsUGT increased, and
phillyrin was also decreased (Figures 1 and 7). Different parts of F. suspensa have different
responses to MeJA induction, which has been reported in other plants [51]. This may
indicate that genes, during the synthesis of the lignan precursor substance coniferyl alcohol,
also have an important influence on the synthesis of the end product phillyrin; and that
there are complex regulatory mechanisms involved in the transcription of genes to transla-
tion into proteins, from the processing and modification of proteins into active enzymes to
secondary metabolites and accumulation.

The fruit of F. suspensa is the main part of the medicine; our study showed that MeJA
treatment could effectively increase the content of phillyrin in F. suspensa fruits (Figure 1).
The expression of FSOMT and FsUGT was up-regulated in both the fruits and leaves
of F. suspensa after MeJA treatment. Previous study showed that Lycoris aurea LaOMT1
transcripts were significantly increased after MeJA treatment [52]; Bupleurum chinense DC.
glycosyltransferase genes BclUGT1, BcUGT3, and BcUGT6 could be induced by MeJA with
different degrees of up-regulation of expression [53]. The expression of FsCAD, FsCCR, and
FsC3H did not correspond to the phillyrin content in F. suspensa fruit, and the expression of
FsOMT and FsUGT did not correspond to the phillyrin content in F. suspensa leaves. The
result was not a surprise because the formation of end products is collaborative with all
genes in the synthesis pathway. The present study cannot adequately account for the role
of these individual genes in phillyrin biosynthesis. Therefore, it is crucial to establish a
transgenic system for F. suspensa in order to further confirm the function of genes in the
phillyrin synthesis pathway. Recently, our team has been making a concerted effort to
establish a system for transgenic F. suspensa with an emphasis on hairy roots and callus. In
this transgenic system, a deeper understanding of the molecular mechanisms of phillyrin
will be gained, and the biotechnological improvement of F. suspensa.

5. Conclusions

In this study, using de novo sequencing, a F. suspensa dataset containing 87,564 uni-
genes was constructed to molecular mechanism underlying the response of phillyrin to
MeJA in F. suspensa leaves and fruits. A total of 4211 and 8433 DEGs were identified in the
fruits and leaves of F. suspensa treated with MeJA for 12 h, respectively. GO and KEGG anal-
yses indicated that DEGs were mainly enriched in phenylpropanoid metabolic process in
F. suspensa, which was tightly associated with phillyrin biosynthesis. The qRT-PCR results
showed that FsUGT, Fs4CL, FsSCCoAOMT, FsOMT, FsPAL, and FsDIR were significantly
up-regulated in F. suspensa fruits after MeJA treatment; the corresponding F. suspensa fruit
also increased the content of phillyrin. While FsCAD Fs4CL, FsSCCoAOMT, FsCCR, FsPAL,
FsC3H, and FsDIR were significantly down-regulated in F. suspensa leaves, the content of
phillyrin in F. suspensa leaves with the same treatment was reduced compared with that
of the control. These qRT-PCR data were consistent with RNA-seq data. Taken together,
the analysis of transcriptome results of F. suspensa leaves and fruits lay a foundation for
the comprehensive development and utilization of F. suspensa resources. These results
provide a robust theoretical basis for accelerating the study of the regulatory mechanism of
MeJA-induced phillyrin biosynthesis in F. suspensa.
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Abstract: Flavonoids are bioactive secondary metabolites that play multiple roles in plants. However,
studies on the flavonoid accumulation of the pomelo fruit are rare. In this study, we conducted
a widely targeted metabolome analysis by using ultra-performance liquid chromatography and
tandem mass spectrometry and identified 550 metabolites in the sarcocarp from red (C. maxima Merr.
var. Tubtim Siam) and white pomelos (C. maxima (Burm.) Osbeck). A total of 263 significantly
changed metabolites were detected from the 550 metabolites. Content analysis of the significantly
changed metabolites (SCMs) showed that 138 SCMs were highly accumulated, whereas 125 SCMs
were observed with lower content in red-sarcocarp pomelo. Importantly, 103 of the 263 SCMs were
flavonoids, including 34 flavonoids, 29 flavonols, 18 flavonoid carbonosides, 9 dihydroflavones,
6 isoflavones, 5 anthocyanins, 1 dihydroflavonol, and 1 chalcone. Gene ontology analysis indicated
that upregulated genes in red-sarcocarp pomelo were significantly enriched in GO terms related to
flavonoids including flavonoid biosynthetic processes. Several important differentially expressed
genes were detected in the correlation network, especially Cg2g009540 which is an orthologous gene
of AtCHS, also detected in flavonoid biosynthesis networks, and which could be related to the high
level of total flavonoids in the red-sarcocarp pomelo. Our study demonstrated the fluctuation of
flavonoid biosynthesis in the two pomelo cultivars and laid a theoretical foundation for pomelo
breeding to generate fruits with a high flavonoid content.

Keywords: pomelo; transcriptome; metabolome; flavonoid; biosynthetic difference

1. Introduction

Flavonoids are ubiquitous secondary metabolites with diverse roles in plants.
Flavonoids constitute a class of aromatic bioactive compounds, including sub-classes
of flavones, flavonols, isoflavonoids, and anthocyanins. Studies have found that flavonoids
are involved in the interactions between the plant and the environment including stress
response, color formation of the plant organ, and so on [1-4]. Furthermore, flavonoids have
also been demonstrated to have antioxidant and anti-inflammatory effects in animals [5-7].
Dietary flavonoids are important for reverse cholesterol transport, HDL metabolism, and
function [8]. As a result, flavonoids have become one of the most attractive metabolites
in plants.

With the increase in knowledge in the field of flavonoid metabolism in plants, the
unraveling of complexities in the regulation of flavonoid biosynthetic pathways has opened
a hotspot for plant scientists. Biosynthesis of flavonoids is a significant event in plant
life because it determines the bio-accumulation and structure of bioactive compounds,
which greatly affect the physiological activities in plants, particularly citrus fruits. A
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recent review has summarized the biosynthesis pathways, cell localization, and factors
affecting the biosynthesis of flavonoids [9]. In general, it is speculated that citrus-derived
flavonoid biosynthesis pathways occur through the phenylpropanoid pathway. Initially,
phenylalanine is transformed into p-coumaroyl-CoA with the catalysis of phenylalanine
ammonia-lyase, cinnamate 4-hydroxylase, and 4-coumarate-CoA ligase. Then, chalcone
synthase (CHS) catalyzes malonyl-CoA and p-coumaroyl-CoA to form chalcone, which
transforms into naringenin under the control of chalcone isomerase (CHI). Naringenin is a
key intermediate metabolite in the biosynthetic pathway of flavonoids and further converts
into flavanones, anthocyanins, flavones, and flavanols [10]. Flavanones are transformed
from naringenin. Under the catalysis of flavone synthase (FNS), naringenin is transformed
into flavones. Meanwhile, dihydro-flavonols, which play vital roles in the formation of
other flavonoids (such as flavonols and anthocyanins), are formed by flavanones under
the regulation of flavanone 3-hydroxylase. Several external and internal factors, including
transcription factors (TFs), precursors, intermediate enzymes, UV, and root zone salinity,
affect the regulatory pathway of the flavonoid pathway [11-13].

Citruses are the most widely grown and popular fruits because of their palatable
taste and nutritional benefits for human health. Citrus fruits are highly rich in bioactive
compounds, including ascorbic acid, phenolic compounds, carotenoids, and flavonoids [14].
Pomelo (Citrus grandis (L.) Osbeck) belongs to the genus Citrus of the rutaceae family and
is one of the most widely cultivated fruits in the world [15,16]. In China, the pomelo
(such as C. grandis “Tomentosa’) can be used to produce traditional Chinese medicine to
relieve several symptoms, such as coughs and phlegm [17,18]. Pomelo contains diverse
flavonoids, such as narirutin, naringin, hesperidin, and neo-hesperidin [19,20]. Therefore,
the variation of flavonoid profiles in different pomelo cultivars must be studied. In the
present study, the total metabolites of two cultivars (Citrus maxima (Burm.) Osbeck and
Citrus maxima Merr. var. Tubtim Siam) were studied using ultra-performance liquid
chromatography and tandem mass spectrometry (UPLC-MS/MS) and high-throughput
transcriptomic technologies to analyze the biosynthesis regulation and accumulation of
flavonoids between pomelo cultivars and their influences on the qualities of pomelo.

2. Materials and Methods
2.1. Plant Materials

Two pomelo cultivars, comprising white- (Citrus maxima (Burm.) Osbeck) and red-
sarcocarp pomelos (Citrus maxima Merr. var. Tubtim Siam), were cultivated in orchards in
Xishuangbanna, Yunnan, China. An approval to collect the plant samples was acquired.
Formal identification of the plant material was undertaken by Chunfen Xiao, Hui Teng, and
Li Wang from Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences
(CAS). Voucher specimens of these pomelo cultivars were deposited in the herbarium
of Xishuangbanna Tropical Botanical Garden, CAS (Deposition No. 136042 and 162222).
Healthy ripe fruits of uniform size were collected in August 2019. Sarcocarp samples at the
equatorial plate (0.5 cm thickness) of every five globose fruits were collected, mixed, frozen
in liquid nitrogen, and stored at -80 °C in a refrigerator for subsequent analysis. Three
biological repeats were carried out for the experiments in this study. Experimental research
and studies on the plants complied with relevant institutional, national, and international
guidelines and legislation.

2.2. UPLC and Electrospray Ionization-Triple Quadrupole Linear Ion Trap (ESI-Q TRAP)-MS/MS

The pulp samples were freeze-dried in a lyophilizer (Scientz-100F) and ground to
powder by a grinding machine (MM 400; Retsch, Germany) for 1.5 min at 30 Hz. A
total of 100 mg of the powder was dissolved in 0.6 mL 70% aqueous methanol. The
solution was kept at 4 °C overnight and then centrifuged at 10,000 g for 10 min before
the supernatant was collected. A CNWBOND Carbon-GCB SPE Cartridge (250 mg, 3 mL;
ANPEL, Shanghai, China) and SCAA-104 (0.22 um pore size; ANPEL, Shanghai, China)
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were applied to absorb and filter the extracts for further analysis of total metabolites on
UPLC-MS/MS, respectively [21].

The filtrates were analyzed by a UPLC-ESI-MS/MS system (UPLC, Shim-pack UFLC
SHIMADZU CBM30A system, Kyoto, Japan; MS, Applied Biosystems 4500 Q TRAP,
Waltham, MA, USA). Further, UPLC analysis was performed with a Waters ACQUITY
UPLC HSS T3 C18 chromatographic column (1.8 pm, 2.1 mm x 100 mm). The solvent for
mobile phase A consisted of ultrapure water with 0.04% acetic acid, and that for mobile
phase B was acetonitrile with 0.04% acetic acid. A 0.35 mL/min sample flow rate was used,
and the oven temperature was 40 °C. The elution gradient of A:B was 95% A and 5% B at
0 min. Within the first 10 min, B was linearly increased to 95% and held at 95% for 1 min.
The proportion of B fell to 5% from 11.00 min to 11.10 min and then remained at 5% for
2.90 min. Then, the effluent was alternatively channeled into an ESI-QTRAP-MS [22].

An API 4500 Q TRAP UPLC/MS/MS system equipped with a linear ion trap (LIT),
a triple quadrupole (QQQ), and an ESI turbo IS (ion-spray) interface was operated in
controlled mode with positive and negative ions via Analyst 1.6.3. The temperature of
ESI was maintained at 550 °C, the MS voltage (or IS voltage) was 5500 V, curtain gas was
set at 30 psi, and ion source gases I and II were maintained at 50 and 60 psi, respectively.
The parameters of collision-activated dissociation were high. The mass calibration and
equipment tuning were carried out with different concentrations of polypropylene glycol,
such as 10 umol/L in the QQQ model and 100 umol/L in the LIT model. The scans of the
QQQ were obtained from the multiple reaction monitoring (MRM) model using nitrogen
as the collision gas set at 5 psi. Based on optimized declustering potential and collision
energy, each ion pair was scanned following a method described earlier [23].

2.3. RNA-Seq Analysis

For transcriptomic analysis of pomelo fruits, total RNA was extracted with the
RNAprep pure plant plus kit (Tiangen, Beijing, China) as previously described [24]. The
extracted total RNA was checked on a Nano Photometer® spectrophotometer (IMPLEN,
CA, USA) and an Agilent 2100 bio analyzer (Agilent Technologies, Clara, CA, USA) to
analyze the purity and quality of the RNA, respectively. The degree of stability of the RNA
was measured by running the RNA on 1% agarose gel electrophoresis. The cDNA library
for each sample was constructed using the NEBNext UltraTM RNA Library Prep Kit (New
England Biolabs, NEB, Ipswich, MA, USA), and was sequenced with an Illumina novaseq
6000 platform to generate 150 bp paired-end reads (Illumina, San Diego, CA, USA).

RNA-Seq analysis was performed as previously described [25]. Firstly, clean data for
each sample were obtained from the raw data using Trimmomatic (version 0. 39) with de-
fault parameters. Secondly, the obtained clean data were mapped to the C. maxima genome
(v1.0) using STAR (version 2.7.1a) under the 2-pass mapping mode [26,27]. Thirdly, the read
counts mapped to each gene were calculated using featureCounts (v2.0.1), and the FPKM
values for each gene were obtained using RSEM (v1.3.1). A gene was considered expressed
if its average expression level in FPKM was lower than 1. Finally, the DEseq2 package
was employed to perform DEG analysis between white- and red-sarcocarp pomelo [28].
Genes with |log2FoldChange| > 2 and adjusted p-value < 0.01 were considered to be
significantly differentially expressed.

The GO annotation of pomelo genes was assigned using the Trinotate pipeline with
default parameters, and was used to build the OrgDb database [29]. The functional enrich-
ment analysis of the above identified DEGs was performed using clusterProfiler at adjusted
p-values < 0.05 [30].

2.4. Gene Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
The expression of 3 DEGs which encoded CHS, ENS II (flavone synthase II), and SHT
(shikimate O-hydroxycinnamoy]l transferase) was analyzed by qRT-PCR. The total RNA
was extracted from pomelo fruits by using OminiPlant RNA Kit (Kangwei, Taizhou, China).
c¢DNA was synthesized from the total RNA using a reverse transcription kit (TaKaRa,
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Dalian, China) as previously described [31,32]. 3-actin was used as the internal reference
gene [26]. Online software Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/, accessed on
4 November 2022) was used to design qRT-PCR primers (Table S11), and TB Green™
Premix Ex Tag™ II (TaKaRa, Shiga, Japan) was used to perform qRT-PCR analysis on the
qPCR instrument (Analytik Jena, Jena, Germany) as described in a previous study [33,34].
The experiments were performed with three repetitions, and the expression was calculated
with the 2722Ct method [35].

2.5. Statistical Analysis

Principal component analysis (PCA) and orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) were used to simplify the high-dimensional data obtained from
various experiments. The MRM of the QQQ was used to quantify metabolites. The core pro-
gram in R was used to calculate the Pearson correlation coefficient (PCC) between the DEGs
and significantly changed metabolites (SCMs). The DEGs and SCMs (IPCC| > 0.9) were
selected to draw a correlation network diagram using the software Cytoscape. Significance
analysis was performed by using t-test in the qRT-PCR experiment.

3. Results
3.1. PCA and OPLS-DA Analysis in the Fruit of White and Red Pomelo Cultivars

Two pomelo fruits with white and red sarcocarp were collected to compare their
flavonoid biosynthesis (Figure 1). To gain insights into the significantly changed flavonoids
(SCFs) between the red- and white-sarcocarp pomelos, we performed UPLC-MS/MS assay
on the pulp of the pomelos with red or white sarcocarp and detected about 550 metabolites
in total (Table S1 (Supplementary Materials)). PCA, a tool that analyzes a small number of
principal components to show the structure of multiple variables, was used to analyze the
metabolic profile difference between the two pomelo cultivars. The plots for white and red
sarcocarp were distributed on the left and right sides, respectively (Figure 2A), implying
that significant differences in the metabolic profiles existed between red and white pomelo
sarcocarps at principal component 1 (70.71%).

Red pomelo White pomelo

Figure 1. Phenotype of two pomelo cultivars: white- (Citrus maxima (Burm.) Osbeck) and red-
sarcocarp pomelos (Citrus maxima Merr. var. Tubtim Siam). Bars indicate 3 cm.
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Figure 2. PCA and OPLS-DA on metabolites of pomelo fruit. (A) PCA score plot. (B) OPLS-DA score
plot. (C) OPLS-DA permutation analysis model validation graph.

We used OPLS-DA to exclude the small-correlation variables and to achieve the
maximum significant differences of the SCMs between the two cultivars. The OPLS-DA
score plot results displayed a distinct metabolic difference between the red- and white-
sarcocarp cultivars (Figure 2B). A total of 200 alignment experiments were conducted to
further verify the OPLS-DA model (RZX = 0.807, R%Y = 1, and Q? = 0.99). The blue and
red lines denote the R2Y and Q? of the original model, respectively. The blue and red dots
correspond to the R?Y” and Q? after replacement, respectively. The results indicate that
the OPLS-DA model was reliable, and that the SCMs can be selected based on variable
importance in projection (VIP) (Figure 2C).

3.2. Screening of Significantly Changed Flavonoids

The SCMs in the two cultivars were screened using fold change (FC, >2 or <0.5) and
VIP value (VIP > 1) as the threshold. Among the 550 metabolites, 263 were SCMs between
the white- and red-sarcocarp pomelos. A total of 52.5% SCMs (138 in 263) had a higher
content, and the rest had a lower content in the red-sarcocarp pomelo compared with
those in the white-sarcocarp pomelo (Figure 3A). To further analyze the composition of
the SCMs with the greatest difference in content, the absolute log2FoldChange analysis
displayed the top 20 SCMs. As shown in Figure S1, 12 SCMs were flavonoids, only 3
of which were found to be highly accumulated in the red-sarcocarp pomelo including 1
anthocyanin and 2 flavonoids. The remaining nine SCMs with lower content in the red-
sarcocarp pomelo consisted of three flavonoid carbonosides, two flavonoids, two flavonols,
one dihydroflavonol, and one anthocyanin (Figure S1).

To fully comprehend the type and abundance of metabolites present in the two culti-
vars, we generated a heatmap of 263 SCMs, and the results showed that 103 SCMs were
flavonoids, including 34 flavonoids, 29 flavonols, 18 flavonoid carbonosides, 9 dihydro-
flavones, 6 isoflavones, 5 anthocyanins, 1 dihydroflavonol, and 1 chalcone (Figure 3B; Table
S1). Among these SCFs, 49 exhibited higher levels in the red-sarcocarp pomelo compared
with the white-sarcocarp pomelo. Then, the SCMs were annotated to the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database to analyze their metabolic pathways [36].
Meanwhile, several detected metabolites that were not annotated in KEGG pathways were
added to the corresponding pathways based on their structure. The results of the KEGG
enrichment indicated that the SCMs of the two cultivars were significantly enriched in the
flavonoid, isoflavonoid, flavone and flavonol biosynthesis pathways (Figure 3C).
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Figure 3. Analysis of SCMs in pomelo fruits. (A) Volcano plot of metabolites. (B) Heatmap of SCM
expression. (C) KEGG enrichment analysis of SCMs.

3.3. Analysis of DEGs and Gene Ontology (GO) Enrichment in Red- and White-Sarcocarp Pomelo

RNA libraries were constructed and sequenced by using the Illumina platform to
investigate gene expressions in white- and red-sarcocarp pomelo. After filtering the raw
data, checking the sequencing error rate, and inspecting the GC content distribution,
approximately 44.91 Gb (149.96 million paired-end reads) of clean bases were obtained,
ranging from 6.02 to 9.76 Gb per library (Table S2). The clean data of each library were then
mapped to the C. maxima genome with an average mapping rate of 98.67% [26]. The read
counts and FPKM values for all the annotated genes were calculated. A total of 14,158 genes
were found to be expressed in our transcriptome datasets, accounting for 47.00% of all
genes (14158/30123) in the C. maxima genome [26]. The similarity of the six samples were
further assessed by using the above expressed genes. The results showed that the three
biological replicates for each cultivar were highly correlated (Figure S2).

To obtain the significantly differential expression of genes between the two cultivars,
we analyzed gene expressions by using the DESeq2 package [28]. A Venn diagram showed
that 12,742 genes were expressed both in the white and red pomelo cultivars, whereas 710
and 706 genes were expressed specifically in red- and white-sarcocarp pomelo, respectively
(Figure 4A). In the white- vs. red-sarcocarp pomelo comparison, 1593 differently expressed
genes (DEGs) were detected based on FC (|1log2FoldChange | >2) and adjusted p-value
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(<0.01), in which the expressions of 735 genes were upregulated, and those of 858 genes
were significantly downregulated (Figure 4B; Table S3).
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Figure 4. Gene expression analysis and GO annotation of DEGs in pomelo fruits. (A) Venn diagram
of genes. (B) Volcano plot of genes. (C) GO annotation of DEGs.

To understand the role of TFs involved in the metabolism of pomelo, we annotated
95 DEGs in 31 TF families via iTAK (1.7a) (Table S4). A total of 17 DEGs were detected
in the MYB (11 DEGs) and bHLH (6 DEGs) TF families, which are related to flavonoid
biosynthesis. Among these DEGs, four MYBs and three bHLHs showed higher expression
in the red pomelo than the white pomelo (Table S5).

GO enrichment analysis was performed to categorize the biological functions of the
DEGs. For all the DEGs, a total of 35 GO terms were enriched, including 3 for cellular
component, 24 for molecular function, and 8 for biological process (Figure 4C; Table S6).
For example, GO terms related to “secondary metabolic process” and “phenylpropanoid
biosynthetic process” were enriched. To better understand the biological functions of the
DEGs, enrichment analysis was conducted for the up- and downregulated DEGs, respec-
tively (Figure 4C, Table S6). By comparing with the white-sarcocarp pomelo, upregulated
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DEGs in the red-sarcocarp pomelo were significantly enriched in GO terms related to the
“phenylpropanoid biosynthetic process” and the “flavonoid biosynthetic process”, etc. The
downregulated DEGs were mainly over-represented with GO terms related to “cell wall
biogenesis”. These findings were consistent with the characteristics of the red-sarcocarp
pomelo, which are enriched in flavonoid metabolites.

3.4. Correlation Network Analysis of DEGs and SCMs Related to Flavonoid Biosynthesis

To study the relationship between genes and metabolites in flavonoid biosynthesis,
correlation network analysis was conducted. The 19 DEGs and 17 SCMs related to flavonoid
biosynthesis were selected to calculate the PCC, and based on the PCC (IPCC| > 0.9), a
correlation network including 18 DEGs and 17 SCMs was drawn (Figure 5; Table S7). In
this network, 11 DEGs and 12 SCMs were highly correlated with 5 or more SCMs and
DEGs, respectively (Figure 5; Table S8). In the network, Cg2g009540, an orthologous
gene of AtCHS, was highly related to as many as 12 SCMs. Cg5g035630, highly related to
10 SCMs, could be an orthologous gene of AtbHLH42. Cg5g043310, involved in regulation of
brassinosteroid metabolism, was related to 12 SCMs, while the other plant hormone-related
gene Cg8g004960, involved in ABA transport, was only related to 2 SCMs. Cg4g006870, an
orthologous gene of AtCYP711A1, was only highly related to three SCMs in the network.
The above results indicated the complexity of the flavonoid biosynthetic regulatory network.
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Figure 5. Correlation network of DEGs and SCMs related to flavonoid biosynthesis. Green ellipse,
SCMs; light orange squares, DEGs; solid line, positive correlation; dashed line, negative correlation.
Lmdp003577: Genistein 7-O-Glucoside; mws0048: Vitexin; mws0051: Acacetin; mws(0913: Trifolin;
mws1434: Isovitexin; mws2209: Kaempferol-3-O-glucoside; pmb3074: 3-O-p—-Coumaroyl quinic acid;
pme0001: Neohesperidin; pme0369: Kaempferol-3-O-rutinoside; pme2459: Luteolin-7-O-glucoside;
pme3227: Vitexin 2”-O-B-L-rhamnoside; pme3279: 2’-Hydroxygenistein; mws0064: Eriodictyol;
mws0920: Tricetin; mws1140: Naringenin chalcone; pmb3894: Di-O-methylquercetin; pme0376:
Naringenin. Cg5g043310: CmBEN1; Cg5g035630: CmbHLH42; Cg2g016620: Cm5MAT; Cg2g009120:
CmTT12; Cg4g006870: CmCYP711A1; Cg2g009540: CmCHS; Cg3g019230: CmTT10.

3.5. Analysis of Flavonoid Biosynthesis Network

The flavonoid biosynthesis network was analyzed and graphically illustrated based on
the analysis of KEGG pathway annotation (Figure 6A). A total of 17 SCMs and 11 relevant
genes were detected in the network (Tables S9 and S10). The levels of SCM contents and
gene expressions are shown in Figure 6B,C, respectively. The content of 10 metabolites
in red-sarcocarp pomelo were higher than those in white-sarcocarp pomelo (Figure 6B).
Among 11 genes, only three DEGs were detected: two upregulated genes Cg2g009540 and
Cgbg023630, and one downregulated gene Cg2g025640, which encoded CHS (chalcone
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synthase), FNS II and SHT, respectively (Figure 6C). However, among substrate content,
enzyme gene expression and product content, they were not perfectly matched with each
other in this network. In general, these results suggested the complexity of the regulatory

network in flavonoid biosynthesis.
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Figure 6. Pathway analysis of flavonoid biosynthesis. (A) Flavonoid biosynthesis pathway in
pomelo. Solid arrow: molecular interaction or relation; dashed arrow, no genes were detected;
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O-hydroxycinnamoyl transferase. (B) Heatmap of SCMs in flavonoid biosynthesis. (C) Heatmap of
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3.6. qRT-PCR Analysis

To confirm the gene expression data obtained from RNA-seq, the transcript levels of
the three DEGs in the flavonoid biosynthesis network which encoded CHS (Cg2g009540),
FNS II (Cg5g023630), and SHT (Cg2g025640) were analyzed by qRT-PCR using gene-specific
primers in the pomelo samples. Comparing with white-sarcocarp pomelo, red-sarcocarp
pomelo expressed significantly high levels of CHS and FNS II and a low level of SHT
(Figure S3). The expressions of all the DEGs from the qPCR experiment were consistent
with those from RNA-seq.

4. Discussion

Members of Citrus are globally known for their nutritional and medicinal benefits.
However, the presence of flavonoids in different Citrus cultivars and their roles in flavonoid
biosynthesis are largely unknown. In this study, widely targeted metabolome and transcrip-
tome sequencing were employed to investigate the differences in flavonoid accumulation
between the two pomelo cultivars (Citrus maxima (Burm.) Osbeck and Citrus maxima Merr.
var. Tubtim Siam). The metabolome data suggested that almost half of the metabolites
(263 in 550) detected were differentially accumulated between the white-and red-sarcocarp
pomelos (Table S1). Flavonoids were the top SCMs between the two cultivars, implying that
flavonoids showed the greatest variation and the most important metabolites in pomelo.
The differences in metabolites and transcripts of the flavonoid pathway affect petal color
in Nelumbo nucifera [4]. Recent studies indicated that flavonoids enhance plant tolerance
to abiotic stresses [37,38]. The involvement of flavonoids in symbiotic nitrogen fixation
in Rhizobia [39] has been investigated. Altogether, our results suggested that flavonoids
were one of the most important bioactive components and their abundance might affect
characteristic differences of pomelo fruits.

Transcriptome sequencing was carried out to investigate the DEGs in two pomelo
cultivars with white and red sarcocarp. GO terms related to flavonoid biosynthesis includ-
ing “phenylpropanoid biosynthetic process” and “flavonoid biosynthetic process” were
found in upregulated DEGs. TFs, such as the MYB, bHLH, and WD40 families, played
important roles in flavonoid biosynthetic regulation by forming the MYB-bHLH-WD repeat
complex [40]. Overexpression of the MYB gene was an important approach to obtain the
high content of flavonoids in tobacco [41]. In Arabidopsis seedlings, pigment production
depended on Transparent Testa Glabra 1 (TTG1, a WD40 TF) and bHLH [42]. In this study,
11 DEGs in the MYB and 6 DEGs in the bHLH family were annotated. Among them,
four MYBs and three bHLHs were highly expressed (Table S5). The function of these
transcription factors needs to be demonstrated in further studies.

To understand the mechanism of flavonoid biosynthesis in pomelo, we evaluated
the PCC between DEGs and SCMs. In the correlation network, Cg5g035630 encoding
a TF in the bHLH family was detected, which could participate in the transcriptional
regulation of pomelo flavonoid biosynthesis. Phytohormone and stress can also affect
flavonoid biosynthesis [43-45]. In the network, the detection of plant hormone-related
genes (Cg5g043310 and Cg8g004960) and a defense-associated gene (Cg5g024090) indicated
potential regulation of plant hormone and stress in flavonoid biosynthesis. AtCYP711A1
was related to 11 genes (CHS, CHI, etc.) in flavonoid biosynthesis [46]. We detected that
an orthologous gene of AtCYP711A1 in pomelo (Cg4g006870) was highly related to three
SCMs. CmMAX1 would be an entry point to further investigate flavonoid biosynthetic
regulation in pomelo.

Naringenin was a pivotal intermediate product which could be converted into other
flavonoids [10]. As the results suggested in Figure 6, the higher expression of the CHS gene
(Cg2g009540) could lead to a higher content of naringenin chalcone, and then naringenin
was highly accumulated in red-sarcocarp pomelo due to the increase in substrate content,
which could be a reasonable interpretation of the higher eriodictyol content and even the
high level of total flavonoid in red-sarcocarp pomelo. Naringenin can be converted into
8-C-glucosylnaringenin and then form vitexin, all the steps occurring without regulation
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by enzymes. Interestingly, we found vitexin content was lower in red-sarcocarp pomelo.
In general, the production of apigenin from naringenin was catalyzed by FNS (FNS I and
FNSII) [47]. A study in 2019 also found that overexpression of ZmFNS I and ZmFNS II in
Arabidopsis plants resulted in apigenin formation and remitted damage caused by UV-B [48].
However, only FNS II was detected to be occasionally involved in apigenin formation [49].
In our study, the process of apigenin formation might be catalyzed only by FNS II because
just the FNS II gene (Cg5g023630) was detected in red-sarcocarp pomelo. Given that
only the substrate content had changed significantly, we also speculated that saturation
of enzyme activity restricted the synthesis of caffeoyl quinic acid and dihydrokaempferol.
Additionally, enzyme genes and direct precursors were not detected; further exploration
needs to be conducted on the formation of several flavonoids including 2’-hydroxygenistein,
trifolin, and tricetin.

5. Conclusions

Metabolome analysis based on UPLC-MS/MS and transcriptome was performed in
red- and white-sarcocarp pomelo fruits. DEG analysis revealed that flavonoids were the
SCMs between the two kinds of pomelo fruits. GO enrichment analysis showed that specific
DEGs were involved in flavonoid biosynthesis-related processes, including the phenyl-
propanoid biosynthetic process and the flavonoid biosynthetic process. The increase in
the CHS gene (Cg2g009540) expression could be related to the high level of total flavonoid
in red-sarcocarp pomelo. Conclusively, the combined analysis of SCMs and DEGs pro-
vided molecular evidence for the flavonoid biosynthesis between red- and white-sarcocarp
pomelo and laid a theoretical foundation for the breeding of flavonoid-rich pomelo.
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//www.mdpi.com/article/10.3390/metabo12121161/s1, Figure S1: Foldchange of top 20 SCMs.
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pomelo cultivars, Table S4: Transcription factor annotation, Table S5: Statistics of transcription factor
annotation results, Table S6: GO terms of all the DEGs, Table S7: Pearson correlation coefficient
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Abstract: Ultrahigh-performance liquid chromatography system coupled to a hybrid quadrupole
time-of-flight mass spectrometer (UPLC-QTOF/MS) technology was used to investigate the degrada-
tion and metabolism of chlorpyrifos during wheat growth by spraying plants with different doses
of chlorpyrifos 7 days after the flowering and filling stage. We analyzed and identified chlorpyri-
fos metabolites in different parts of wheat in full-scan MSF mode, and established a chlorpyrifos
metabolite screening library using UNIFI software. The results show that the residues of chlorpyrifos
in wheat ears, leaves, and stems exhibited a decreasing trend with the prolongation of application
time, and the degradation kinetics could be fitted with the first-order kinetic equation C; = Cy e ¥
The initial residues of chlorpyrifos in different parts of the wheat were different, in the order of
leaves > wheat ears > stems. The degradation rate of chlorpyrifos under field conditions is relatively
fast, and the half-life value is 2.33-5.05 days. Chlorpyrifos can undergo a nucleophilic addition
substitution reaction under the action of hydrolase to generate secondary metabolite 3,5,6-trichloro-
2-pyridinol (3,5,6-TCP). The residual amount of 3,5,6-TCP in each part of wheat first showed an
increasing trend and then decreased over time. It reached the maximum on the 3rd, 7th, or 11th
day after application, and then gradually degraded. Considering that 3,5,6-TCP is a biomarker with
potential threats to humans and animals, it is recommended that 3,5,6-TCP be included in the relevant
regulations for dietary exposure risk assessment.

Keywords: wheat; chlorpyrifos; 3,5,6-TCP; dissipation; metabolite; UPLC-QTOF/MS

1. Introduction

Chlorpyrifos is an effective organophosphorus pesticide that is widely used world-
wide [1,2]. Its degradation behavior in the environment and organisms, the types of
metabolites, metabolic pathways, and the fate of metabolites in the environment affect the
ecological environment and the safety of organisms [3,4]. There are many reports on the
residual dynamics of chlorpyrifos in plants. In field trials, the rate of chlorpyrifos degrada-
tion in plants is fast, and the residual amount of chlorpyrifos is closely related to the number
of applications, dosage, and weather conditions after application. The research of Shen Yan
(2007) showed that spraying plants with the recommended doses of chlorpyrifos at different
periods after flowering resulted in a downward trend of chlorpyrifos residues in wheat ears,
decreasing in the order of 35 days after flowering > 14 days after flowering > 21 days after
flowering > 7 days after flowering; the degradation half-life was relatively short, between
1.20 and 3.36 days. During the maturity period, chlorpyrifos residues were detected in
different parts of wheat, mainly distributed in the bran and glumes, but not in flour [5].
Wu et al. (2012) found that the degradation trend of chlorpyrifos in green beans was in
line with a first-order reaction kinetics equation, and the initial residual concentration of
chlorpyrifos in green beans was low, ranging from 0.571 to 1.737 mg/kg. The degradation
half-lives of chlorpyrifos in beans treated one- and twofold the recommended dosage were
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1.6 and 1.5 days, respectively. During the safety interval (14 days), the residual amount
of chlorpyrifos in green beans was lower than the safety limits of the European Union,
South Korea, Japan, and other countries, further indicating that chlorpyrifos is an easily
degradable pesticide [6].

Chlorpyrifos undergoes metabolic transformation in organisms, mainly through oxi-
dation and hydrolysis, to generate corresponding metabolites [7-9]. The oxidative reaction
of chlorpyrifos in the organism is mainly the metabolic reaction that first occurs under
the catalysis of cellular P450s to form the unstable intermediate oxysulfide phosphate [10],
which further undergoes oxidative desulfurization or dearylation to generate correspond-
ing metabolites [11]. The oxidative desulfurization of chlorpyrifos is a toxicity-enhancing
metabolic reaction that is mainly caused by the exchange of phosphorus atoms and oxygen
atoms in the molecular structure to form the metabolite chlorpyrifos-oxon (CPO) [12]. A
study by the United States Geological Survey found that the main oxidative metabolite
of chlorpyrifos in the environment, CPO, is more toxic to animals than the parent pesti-
cide is [13]. Antonious et al. (2017) reported that, under field conditions, after spraying
chlorpyrifos on two kale varieties, the CPO metabolite was found. Although the resid-
ual concentration of CPO was lower than that of the parent pesticide chlorpyrifos, the
degradation half-life (1.15-18.02 days) of CPO was longer than that of the parent pesticide
chlorpyrifos (2.21-5.10 days), and its persistence and biological toxicity in plants were much
higher than those of chlorpyrifos [14]. The dearylation of chlorpyrifos is a detoxification
metabolic reaction through which chlorpyrifos can form metabolites diethylphosphate
(DEP), diethylphosphorothioate (DETP) and 3,5,6-trichloro-2-pyridinol (3,5,6-TCP) [11].
In addition, chlorpyrifos can break the covalent bond between phosphorus atoms and
leave groups under the catalytic action of various hydrolases, resulting in the less-toxic
metabolites DEP, DETP, and 3,5,6-TCP [15-17].

QTOF/MS has the characteristics of high resolution, a wide mass range, high accuracy,
and fast analytical speed, combined with the structural information obtained in MS/MS
mode. It can obtain the accurate mass information of compounds through high sensitivity
in the full-scan acquisition mode. In addition, QTOF/MS can optimize collision energy to
obtain accurate mass precursor ions and fragment ions. Recently, QTOF/MS has been used
as a powerful tool for multiple pesticide analysis and metabolite screening. Saito-Shida
et al. (2016) developed a multiresidue method for the identification and quantification
of 149 pesticides in four vegetables and fruits at a spiking level of 0.01 mg/kg using
LC-QTOF/MS [18]. Similarly, Yang et al. (2018) developed a multiresidue detection
method that used UPLC-QTOF/MS to identify and quantify 50 pesticides in fruits with high
sensitivity and accuracy [19]. In another study, a multicomponent analytical method for the
screening and quantification of pesticide residues in paprika samples via UPLC-QTOF/MS
was developed and validated [20]. These results showed that QTOF/MS has high accuracy,
sensitivity, and selectivity for the qualitative and quantitative aspects of compounds, and
can be widely used in the analysis of pesticide residues, the identification of metabolites,
and metabolomics research. However, there is still a lack of knowledge about the nature of
the metabolite screening of chlorpyrifos during wheat growth.

The maximal residue limits (MRLs) of chlorpyrifos in wheat are 0.5 mg/kg in the Codex
Alimentarius Commission (CAC), United States, Japan, and China [21-24]. Although MRLs
are a feasible method to ensure the safe and effective implementation of pesticides, some
metabolites in pesticides may be more toxic than the parent compound. However, few studies
have focused on determining the MRLs of pesticide metabolites in food. It is, therefore, of
great research significance to study the metabolic mechanism of chlorpyrifos in wheat.

The overall aim of the present study was to analyze and identify chlorpyrifos metabo-
lites in different tissues of wheat through UPLC-QTOF/MS in full-scan MSE mode, and to
establish a chlorpyrifos metabolite screening library using UNIFI software. On the basis
of accurate mass, retention time, and diagnostic ions, we found chlorpyrifos metabolite
3,5,6-TCP in different tissues of wheat in the open field. This research provides information
to develop strategies for the safe use of chlorpyrifos under open-field conditions.
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2. Materials and Methods
2.1. Reagents and Chemicals

A standard solution of chlorpyrifos (1000 mg/L) was purchased from the Agro-
Environment Protection Institute, Ministry of Agriculture and Rural Affairs of China
(Beijing, China). Commercial chlorpyrifos (45% emulsifiable concentrate (EC)) was ob-
tained from Suzhou Jiahui Chemical Co., Ltd. (Suzhou, China). The 3,5,6-TCP standard
(purity 99.6%) was supplied by Sigma-Aldrich (Shanghai) Trading Co., Ltd. (Shanghai,
China). Organic solvents, including HPLC /MS-grade methanol, acetonitrile, formic acid,
ethyl acetate, and ammonium acetate, were purchased from Thermo Fisher Scientific
Corporation (Shanghai, China). Ultrapure water was collected from a Milli-Q system
(Millipore, Billerica, MA, USA).

Standard stock solutions of chlorpyrifos and 3,5,6-TCP (100 mg/L) were prepared
with LC-grade methanol and stored at —20 °C. These working standard solutions
(0.001, 0.02,0.05,0.1, 0.2, 0.5, and 1 mg/L) were prepared by serially diluting the stock
solution. Correspondingly, matrix-matched standard solutions of chlorpyrifos and
3,5,6-TCP (0.001, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 mg/L) were prepared by serially diluting
the working matrix standard solutions. These solutions were stored in the dark at 4 °C.

2.2. Field Experiment Design

Field trials were conducted from May to June in 2017 and 2018 at the Experimental
Base of the Chinese Academy of Agricultural Sciences in Shunyi Farm, Beijing (116°33' E,
40°13’ N). Weather data represent a monsoon climate of medium latitudes and were pro-
vided by the China Meteorological Administration. In 2017, the average daily tempera-
ture was 18.0-30.5 °C, the average daily sunshine hours were 14.38-14.93 h, and the av-
erage daily precipitation was 1.03-2.52 mm. In 2018, the average daily temperature was
18.5-30.5 °C, the average daily sunshine hours were 14.37-14.98 h, and the average daily
precipitation was 1.09-2.65 mm. Chlorpyrifos was sprayed 7 days after the flowering and
filling stage of wheat; plants were sprayed with clean water as a control. Treatment plots
were sprayed with four different concentrations of chlorpyrifos. Plot 1 was used as the
control. Plots 2-5 were sprayed with commercial 45% EC chlorpyrifos at the recommended
dosage (450 mL/hectare), 2-fold the recommended dosage (900 mL/hectare), 5-fold the recom-
mended dosage (2250 mL/hectare), and 10-fold the recommended dosage (4500 mL /hectare),
respectively. Plots were randomly arranged, and each treatment was replicated three times.
Wheat ear, leaf, and stem samples were taken on Days 0, 1, 3,7, 11, 14, 21, 28, and 35 (harvest
period) after application, and 50 plants were randomly sampled in each plot. These samples
were placed in polyethylene bags and stored at —40 °C until analysis.

2.3. Sample Treatment

The homogenized sample (5 g) was placed in a 50 mL polypropylene centrifuge tube
and extracted with 20 mL acetonitrile-water (50:50, v/v) for 30 min using an automatic
shaker. Afterwards, a total of 4 g of MgSOy, 1 g of NaCl, 1 g of sodium citrate dihydrate,
and 0.5 g of sodium hydrogen citrate sesquihydrate were added and shaken vigorously for
2 min, and then all the samples were centrifuged for 5 min at 6000 rpm. Then, 5 mL of the
upper layer (acetonitrile) was transferred to a 15 mL centrifuge tube containing 150 mg of
PSA, 150 mg of Cyg, and 900 mg of MgSOj,. The tube was immediately vortexed for 1 min
and centrifuged for 5 min at 6000 rpm. Then, 2 mL of supernatant-cleaned extract was
evaporated to dryness at 60 °C. The dry extract was dissolved with 1 mL methanol, and the
resulting solution was then filtered through a 0.22 pm nylon syringe filter (Jinteng, Tianjin,
China) and analyzed with UPLC-QTOF/MS.

The extraction and clean-up of 3,5,6-TCP were performed as follows. The homogenized
sample (5 g) was placed in a 50 mL polypropylene centrifuge tube and extracted with
20 mL of a mixture of acetonitrile and ethyl acetate (50:50, v/v), 10 mL of saturated sodium
chloride solution, and 0.5 mL of 12 mol/L hydrochloric acid. The sample was vigorously
shaken for 30 min. Subsequently, a centrifugation step (10,000 rpm, 5 min) was performed.
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Following this, 4 mL of the supernatant-cleaned extract was collected and transferred to an
Oasis Prime HLB cartridge (Waters Corp, Milford, MA, USA) for purification. Then, the
extract was evaporated to dryness at 45 °C and 200 mbar. The dry extract was reconstituted
with 1 mL of methanol and the resulting solution was passed through a 0.22 pm nylon
syringe filter (Jinteng, Tianjin, China) and analyzed using UPLC-QTOF/MS.

2.4. Instrumentation and Conditions

An ultrahigh-performance liquid chromatography system (ACQUITY UPLC I-CLASS,
Waters Corp., Milford, MA, USA) coupled to a hybrid quadrupole time-of-flight mass
spectrometer (VION IMS QTOF, Waters Corp., Milford, MA, USA) was used for this study.
Sample separation was performed using a Waters ACQUITY UPLC HSS T3 analytical
column (particle size 1.8 pm, 2.1 mm (i.d.) x 100 mm (length)). The mobile phase consisted
of methanol (Solvent A) and 10 mmol ammonium acetate in water (Solvent B) applied
at a flow rate of 0.45 mL/min in the following gradient mode: (i) 0 min (A-B, 2:98, v/v),
(i) 0.25 min (A-B, 2:98, v/v), (iii) 12.25 min (A-B, 99:1, v/v), (iv) 13 min (A-B, 99:1, v/v),
(v) 13.01 min (A-B, 2:98, v/v) and (vi) 17 min (A-B, 2:98, v/v). The injection volume was
set at 5 uL, and the column temperature was held at 45 °C.

The mass spectrometer in the positive electrospray ionization (ESI*) mode was used for
the analysis of chlorpyrifos and its metabolites. The MS source conditions were as follows:
capillary voltage, 1.0 kV; sample cone voltage, 40 V; nitrogen gas-flow of the nebulizer, 50 L/h;
desolvation gas-flow, 1000 L/h; desolvation temperature, 550 °C; and source temperature,
120 °C. Spectral data was acquired in a mass range of 1/z 50-1000 using full scan and the mass
spectrometer elevated (MSF) experiment mode with an acquisition speed of 0.2 scan/s. In the
MSEF function, the LE spectrum was recorded at 6.0 eV, and the HE spectrum was recorded
with a collision energy ramped from 10 to 45 eV. Real-time calibration was performed with
200 pg/ uL leucine—enkephalin (11/z 556.2766 in positive mode).

2.5. Method Validation

Recovery experiments were conducted to investigate the accuracy and precision of the
method. Five replicates of spiked untreated wheat samples at five different levels (20, 50,
100, 200, and 500 pg/kg) were prepared with chlorpyrifos and 3,5,6-TCP working solutions
in methanol. Then, the recoveries obtained with the spiked samples were compared with
those of the matrix-matched calibration solutions. The limits of detection (LODs) for
chlorpyrifos and 3,5,6-TCP were considered to be the concentration that produced a signal-
to-noise (S/N) ratio of 3, and the limits of quantitation (LOQs) were assessed at an S/N
ratio of 10. The linearity (R?) was evaluated using a matrix-matched calibration.

2.6. Statistical Analysis

The data were collected and processed using UNIFI™ 1.8.1 software (Waters Corp.,
Milford, MA, USA). Data were processed with a scientific library that was created inhouse
containing a suspected database of chlorpyrifos metabolites (four library entities) with
information about molecular structures, the exact mass analysis of precursor ions, fragment
ions, adducts, and retention time in the database. In addition, in this study, the method
conditions for pesticide screening to establish the scientific compound library were set
according to Waters Corp. (Waters, Milford, MA, USA) [25]. The dissipation studies of
residues of chlorpyrifos and its metabolite were performed using linear regression. Statis-
tical analyses were performed using the PSAW Statistic 19.0 statistical software package
(SPSS, Chicago, IL, USA). All data were statistically evaluated with one-way analysis of
variance (ANOVA) followed by Duncan’s multiple-range test. The data are shown and
were analyzed as micrograms per kilogram of matrix (mg/kg) on a dry-matter basis. All
the values are reported as the means =+ the standard deviation (SD) of five replicates.
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3. Results and Discussion
3.1. Identification and Confirmation of Chlorpyrifos and Its Metabolites with UPLC-QTOF/MS

Table 1 shows the molecular formula, accurate mass, fragment ions, retention time and
adducts of chlorpyrifos and its metabolite 3,5,6-TCP obtained in the full-scan MSE mode of
UPLC-QTOF/MS. The retention time of chlorpyrifos was 11.20 min; the characteristic frag-
ment ions of chlorpyrifos with the same retention time obtained by QTOF/MS analysis were
m/z 311.2577, m/z 197.9273 and m/z 96.9505. The retention time of the metabolite 3,5,6-TCP
was 6.00 min, and the characteristic fragment ions of 3,5,6-TCP with the same retention time
obtained by QTOF/MS analysis were m1/z 184.0724, m/z 116.0693, and m/z 70.0646.

Table 1. Accurate UPLC-QTOF/MS mass measurements of chlorpyrifos and 3,5,6-TCP in wheat samples.

Compound Retention Time (min) Formula Observed(g:;ﬂral Mass Fragments Adducts
311.2577
197.9273
Chlorpyrifos 11.20 CoHy1CI3NO3PS 349.9335 96.9505 +H, +Na
3,5,6-TCP 6.00 CsH, CI3NO 197.9268 184.0724 +H
116.0693
70.0646

For all the possible metabolites of chlorpyrifos reported in Table 2, we established a
metabolite screening library for all suspected metabolites of chlorpyrifos in different plant
species to detect and identify the possible metabolites of chlorpyrifos during wheat growth.
Then, we analyzed and identified chlorpyrifos metabolites in different parts of wheat through
UPLC-QTOE/MS in full-scan MSE mode, and established a pesticide metabolite screening
library using UNIFI software. Table 2 shows the molecular formula and calculated exact mass
of all possible metabolites of chlorpyrifos reported in the references. The identification and
diagnostic proposal of metabolites were performed in accordance with the following criteria:
(i) unique peaks in the processed sample compared with the blank sample; (ii) accurate mass
deviation of precursor ion < 2 ppm mass error; (iii) retention time error of all samples < 0.1 min;
(iv) at least > 1 characteristic fragment ion by UNIFI™ [26,27].

Table 2. List of reported metabolites of chlorpyrifos in references, their formula, and calculated
exact masses.

Compound Formula Exact Mass (Da)
3,5,6-TCP CsH,CI3NO 198.4345
DEP C4Hy104P 154.1015
DETP C4H;105PS 170.1671
CPO CoH11CI3NOyP 332.9491

We analyzed and identified chlorpyrifos metabolite 3,5,6-TCP in different parts of wheat
on the basis of accurate mass, retention time, adducts, diagnostic ions, and other standards.
Since the reference substance of 3,5,6-TCP is commercially available, the further quantita-
tive determination of 3,5,6-TCP in wheat samples was performed with UPLC-QTOF/MS.
Figure 1A summarizes the UPLC-QTOF/MS-extracted ion chromatogram and MSF spectrum
of chlorpyrifos and its metabolite 3,5,6-TCP. Figure 1B shows the total ion chromatogram
(TIC) and the low collision energy channel data for chlorpyrifos and 3,5,6-TCP. Chlorpyrifos
presented an [M + H]* peak as a base peak in the spectrum, and 3,5,6-TCP presented the
sodium adduct [M + H]* and [M + Na]* as a base peak in which the hydrogen adduct might
be the main form of chlorpyrifos and 3,5,6-TCP in mass spectrometry.
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Figure 1. UPLC-QTOF/MS-extracted ion chromatogram and MSF spectra of chlorpyrifos and
3,5,6-TCP: (A1) chlorpyrifos standard at 100 ug/kg in wheat sample; (A2) 3,5,6-TCP standard
at 100 ug/kg in wheat sample; (B1) the low collision energy adducts of H*, Na* chlorpyrifos;
(B2) low-collision-energy adducts of H*, 3,5,6-TCP.

3.2. Method Validation for Chlorpyrifos and 3,5,6-TCP in Different Parts of Wheat

Five levels of chlorpyrifos and 3,5,6-TCP standard solutions were added to the blank
wheat samples to verify the reliability of the method. The results are shown in Table 3.
Within the range of 20-500 ug/kg, the concentrations of chlorpyrifos and 3,5,6-TCP ex-
hibited excellent linearity with the peak area of the quantitative ion and the correlation
coefficients (R?) ranged from 0.9958 to 0.9995. The mean recovery of chlorpyrifos and
3,5,6-TCP in different wheat matrices ranged from 63.38% to 102.13%, and the relative
standard deviation (RSD) ranged from 1.76% to 8.99%. The LOD range of chlorpyrifos was
0.38-0.85 ng/kg, and the LOQ range was 1.30-2.70 ug/kg, which is lower than the MRLs es-
tablished by the United States, the European Union, Australia, Japan, and China. The LOD
range of 3,5,6-TCP was 2.90-4.50 ug/kg and the LOQ range was 11.00-14.00 ug/kg. The
recovery rate and accuracy of this method are suitable for the determination of chlorpyrifos
and 3,5,6-TCP content in different wheat matrices.

Table 3. R2, recoveries, LOD and LOQ of chlorpyrifos and its metabolite 3, 5, 6-TCP in different
matrices (n = 5). Values (mean + SD) in the same row.

Compound

Matrix

R2

Average Recovery and Standard Deviations (%)
Spiking Level (ug/kg)
100

LOD LOQ
(ug/kg) (ng/kg)

20 50 200 500

Chlorpyrifos

3,5, 6-TCP

Wheatear
Leaf
Stem
Wheatear
Leaf
Stem

0.9995
0.9974
0.9983
0.9977
0.9958
0.9983

72.00 £2.18
76.67 £5.77
77.00 £ 3.29
66.33 & 6.24
65.79 £ 5.34 63.38 £ 4.26 69.24 £ 6.38 72.43 £ 8.46 77.84 £+ 6.59 4.50 14.00
67.86 £ 5.76 7147 £7.58 73.15 £5.37 81.38 £ 3.58 87.67 £+ 5.68 4.25 13.50

71.33 £ 6.43
83.33 £ 5.03
78.46 + 5.87
70.01 £7.35

72.67 £7.57
85.00 £ 2.00
79.16 £7.22
72.37 £ 8.35

82.83 £ 1.76
85.50 £ 2.78
85.45 £ 2.77
83.57 £ 7.37

102.13 + 3.35
76.73 + 4.27
89.53 + 4.88
83.36 & 8.99

0.38
0.85
0.70
2.90

1.30
2.70
2.20
11.00

LOD: The limit of detection; LOQ: The limit of quantitation; 3,5,6-TCP: 3,5,6-trichloro-2-pyridinol; SD:
Standard Deviation.

3.3. Dynamic Distribution of Chlorpyrifos in Different Parts of Wheat

The dynamic distribution of different concentrations of chlorpyrifos in different parts
of wheat was fitted with the first-order reaction kinetics equation: C; = Co e X (where
C; is the concentration of the pesticide at time ¢, Cy is the initial concentration of the
pesticide, k is the degradation rate constant (1/d) and t is the number of days after applica-
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tion) [28,29]. t; /» (degradation half-life) refers to the time required for the applied pesticide
to be degraded by 50%. As presented in Table 4, in the field trials of 2017 and 2018, after
spraying plants with different concentrations of chlorpyrifos pesticides, the degradation
trends of chlorpyrifos in wheat ears, leaves, and stems all accorded with the first-order
reaction kinetics equation. Here, the fitting degree was high, and the correlation coefficient
ranged from 0.8646 to 0.9923. The field trial results (Figures 2, 3 and 4A) showed that,
in 2017, the initial residues of chlorpyrifos in plants sprayed with 1-, 2-, 5- and 10-fold
the recommended dosage were 2.649, 6.621, 18.316, and 46.653 mg/kg, respectively, in
wheat ears (Figure 2(A-1)); 9.989, 12.656, 32.600 and 77.520 mg/kg, respectively, in the
leaves (Figure 3(A-1)); and 1.515, 2.160, 7.033 and 19.333 mg/kg, respectively, in the stems
(Figure 4(A-1)). In 2018, the initial residues of chlorpyrifos in plants sprayed with 1-, 2-, 5-
and 10-fold the recommended dosage were 2.569, 5.860, 21.619 and 51.173 mg/kg, respec-
tively, in wheat ears (Figure 2(A-2)); 10.288, 16.181, 34.887 and 81.440 mg/kg, respectively,
in the leaves (Figure 3(A-2)); and 1.579, 2.701, 8.540 and 22.960 mg/kg, respectively, in the
stems (Figure 4(A-2)). Field trial results in two localities for 2 years showed that the initial
residues of chlorpyrifos in different parts of the wheat were different, and the distribution
of initial residues for 2 years was in the order of leaves > wheat ears > stems. In addi-
tion, after application, the residual amount of chlorpyrifos in each part of the wheat plant
showed a gradual degradation trend over time, dropping to a minimum at the maturity
period (35 days after application). Our results are consistent with the report of Shen (2007),
who indicated that, after spraying wheat plants with chlorpyrifos at different periods after
flowering, the residual amount of chlorpyrifos in wheat ears, leaves, and stems showed a
downward trend, with the initial deposition of chlorpyrifos in the different organs of wheat
in the order of leaves > wheat ears > stems. The research results of Yang et al. (2018) showed
that, after spraying rice plants with chlorpyrifos, the residual amount of chlorpyrifos in the
various organs of the plants showed a single-peak curve and gradually degraded over time,
and the initial deposits of chlorpyrifos were in the order of leaves > grains > stems > roots.
Similarly, Zhang et al. (2012) reported that, after spraying rice plants with chlorpyrifos,
the residual amount of chlorpyrifos in rice, husks, and straws dissipated gradually over
time. The initial residues of chlorpyrifos in different tissues of rice were in the order of
straw > husks > rice [30]. These results show that the degradation rule of chlorpyrifos in
different parts of wheat is consistent and unaffected by changes in application dose and
plant species.

Table 4. Degradation kinetics of chlorpyrifos at different applied dosages in different parts of wheat.

Matrix Time Treatment  First-Order Kinetic Equation ~ Cj (mg/kg) R? ( 1I/<d) t&ﬁ
Wheatear 2017 1x Ct =2.4668 e~ 0-2765¢ 2.4668 0.9201 0.2765 251
2% Ct = 4.5245 ¢~ 0-2609% 4.5245 0.9638 0.2609 2.66

5% Ct =12.3650 ¢ 02510 12.3650 0.9653 0.2510 2.76

10x Ct = 24.3582 ¢ 02080t 24.3582 0.9265 0.2080 3.33

2018 1x Ct = 2.4479 ¢~ 01921 2.4479 0.9693 0.1921 3.61

2% Ct =2.9560 e~ 0-1653¢ 2.9560 0.8646 0.1653 4.19

5% Ct =9.3164 e~ 01775t 9.3164 0.8839 0.1775 3.90

10x Ct = 34.7860 e 01562 34.7860 0.9595 0.1562 4.44

Leaf 2017 1x Ct =7.6341 02199 7.6341 0.9771 0.2199 3.15
2% Ct =10.8377 ¢~ 01580 10.8377 0.9726 0.1580 439

5x Ct =32.4195 ¢ 01954 32.4195 0.9381 0.1954 3.55

10x Ct =56.8813 ¢ 01494 56.8813 0.9898 0.1494 4.64

2018 1x Ct = 8.6738 ¢ 02117 8.6738 0.9863 02117 3.27

2x Ct =10.5375 e~ 01516t 10.5375 0.9778 0.1516 457

5x Ct = 25.7491 ¢~ 01512 25.7491 0.9909 0.1512 458

10x Ct = 62.3189 ¢ 01572 62.3189 0.9919 0.1372 5.05
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Table 4. Cont.

Matrix Time Treatment  First-Order Kinetic Equation ~ Cj (mg/kg) R? ( 11/<d) :}ﬁ
Stem 2017 1x Ct =1.0919 ¢ 02687t 1.0919 0.8979 0.2687 2.58
2x Ct =1.8643 ¢~ 0-2954 1.8643 0.9253 0.2954 2.35

5x Ct = 6.8317 03142t 6.8317 0.9685 0.3142 2.21

10x Ct =27.7730 e~ 0-2979t 27.7730 0.9742 0.2979 2.33

2018 1x Ct =1.8867 e~ 0-2950t 1.8867 0.9893 0.2950 2.35

2% Ct =2.3523 ¢~ 0-2311¢ 2.3523 0.9799 0.2311 3.00

5% Ct = 8.0059 e 02213t 8.0059 0.9843 0.2213 3.13

10x Ct = 20.6520 02002t 20.6520 0.9923 0.2002 3.46

1x: recommended dosage. 2x: twofold recommended dosage. 5x: fivefold recommended dosage. 10x: tenfold

recommended dosage.
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Figure 2. Degradation curves of chlorpyrifos and its metabolite 3,5,6-TCP at different applied
dosages in wheat ears. (A-1) Degradation curves of Chlorpyrifos at different applied dosages in
wheat ears in 2017; (A-2) Degradation curves of Chlorpyrifos at different applied dosages in wheat
ears in 2018; (B-1) Degradation curves of 3,5,6-TCP at different applied dosages in wheat ears in
2017; (B-2) Degradation curves of 3,5,6-TCP at different applied dosages in wheat ears in 2018.
1x: recommended dosage. 2x: twofold recommended dosage. 5x: fivefold recommended dosage.

10x: tenfold recommended dosage.
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Figure 3. Degradation curves of chlorpyrifos and its metabolite 3,5,6-TCP at different applied
dosages in leaves. (A-1) Degradation curves of Chlorpyrifos at different applied dosages in
leaves in 2017; (A-2) Degradation curves of Chlorpyrifos at different applied dosages in leaves
in 2018; (B-1) Degradation curves of 3,5,6-TCP at different applied dosages in leaves in 2017;
(B-2) Degradation curves of 3,5,6-TCP at different applied dosages in leaves in 2018. 1x: rec-
ommended dosage. 2x: twofold recommended dosage. 5x: fivefold recommended dosage.

10x: tenfold recommended dosage.

Table 4 shows that the rate of chlorpyrifos degradation in each part of wheat was
relatively fast, and the degradation half-lives of chlorpyrifos in wheat ears, leaves, and
stems were 2.51-4.44, 3.15-5.05, and 2.21-3.46 days, respectively. The rate of chlorpyrifos
degradation was fastest within 2-5 days after application, indicating that chlorpyrifos
is an easily degradable pesticide, which may be related to its chemical properties, the
characteristics of the applied plants, and environmental factors. In addition, in the early
stage of application, the rate of chlorpyrifos degradation in each part of wheat was fast, and
with the passage of time, it tended to be flat. The rule of chlorpyrifos degradation in various
parts of wheat is not only affected by external environmental factors; the growth rate of the
crop itself also greatly affects the persistence of pesticide residues in various parts of wheat.
With the growth of plants, the pesticide is diluted by a larger surface area, and the pesticide
content gradually decreases. However, as the plants grow, the cuticle becomes thicker
in each part of the plant, especially the stems, as they contain more lignin, which means
that pesticides are retained more strongly by mature plants than by young ones, and the
pesticides that penetrate into the wheat tissue are less affected by external environmental
factors; therefore, the degradation rate slows down. During the wheat harvest period
(35 days after application), the residual amount of chlorpyrifos in wheat ears was below
the national safety limit. Among treatments, in the group where chlorpyrifos was applied
at the recommended dose, it was completely degraded, indicating that chlorpyrifos is an
easily degradable and low-residue insecticide. This shows that spraying different doses of
chlorpyrifos during the flowering and filling period of wheat is safe for wheat.
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Figure 4. Degradation curves of chlorpyrifos and its metabolite 3,5,6-TCP at different applied
dosages in stems. (A-1) Degradation curves of Chlorpyrifos at different applied dosages in
stems in 2017; (A-2) Degradation curves of Chlorpyrifos at different applied dosages in stems
in 2018; (B-1) Degradation curves of 3,5,6-TCP at different applied dosages in stems in 2017;
(B-2) Degradation curves of 3,5,6-TCP at different applied dosages in stems in 2018. 1x: rec-
ommended dosage. 2x: twofold recommended dosage. 5x: fivefold recommended dosage.

10x: tenfold recommended dosage.

3.4. Metabolic Kinetics of 3,5,6-TCP in Different Parts of Wheat

In this study, UPLC-QTOF/MS and pesticide metabolite screening library analysis
showed that, after chlorpyrifos was applied in the field, the 3,5,6-TCP metabolite could be
detected in all parts of wheat. The dynamic relationship between 3,5,6-TCP residue and
application time is shown in Figures 2, 3 and 4B. In 2017, the initial residues of 3,5,6-TCP in
plants sprayed with 1-, 2-, 5-, and 10-fold the recommended dosage of chlorpyrifos were
0.057, 0.116, 0.657, and 1.604 mg/kg, respectively, in wheat ears (Figure 2(B-1)); 0.385, 0.889,
1.418 and 2.246 mg/kg, respectively, in the leaves (Figure 3(B-1)); and 0.000, 0.034, 0.193
and 0.604 mg/kg, respectively, in the stems (Figure 4(B-1)). In 2018, the initial residues of
3,5,6-TCP in plants sprayed with 1-, 2-, 5- and 10-fold the recommended dosage of chlor-
pyrifos were 0.048, 0.134, 0.807 and 1.909 mg/kg, respectively, in wheat ears (Figure 2(B-2));
0.357,1.336, 1.889 and 3.112 mg/kg, respectively, in the leaves (Figure 3(B-2)); and 0.000,
0.018, 0.262 and 0.740 mg/kg, respectively, in the stems (Figure 4(B-2)). The 2-year field data
show that the initial residual concentrations of the 3,5,6-TCP metabolite in various parts of
wheat were much lower than those of the parent pesticide chlorpyrifos, and the distribution
of 3,5,6-TCP content in different parts of wheat in different dose groups was basically the
same as that of the parent pesticide chlorpyrifos, i.e., in the order of leaves > wheat ears >
stems. This may be because, under the same application conditions, the different structures
of plant organs lead to differences in pesticide residues of plants. The critical surface
tension, stratum corneum structure, and thickness of different plant organs are different
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and affect the adhesion and diffusion of pesticides on the plant surface [31,32]. As the main
plant target organ for biotransformation and metabolism, leaves have a large surface area
and a thin natural stratum corneum, which facilitate absorbing pesticides. Therefore, the
initial residues of 3,5,6-TCP in leaves (0.357-3.112 mg/kg) and the persistence of pesticides
in leaves were relatively high. During the wheat harvest period (35 days after application),
the residues of 3,5,6-TCP in the leaves of plants sprayed with the recommended dosage
were degraded, while the residues in the leaves of plants treated with 2-10-fold the rec-
ommended dosage were 0.038-0.588 mg/kg (Figure 3B). Compared with the leaves, stems
have many similarities in the absorption of pesticides. However, the stem has a small
surface area and thick cuticle, so its ability to absorb pesticides is relatively weak. The
initial residual amount of 3,5,6-TCP in the stems was low (0.000-1.604 mg/kg), and the
degradation rate was fast: 21 days after application, it was completely degraded in groups
treated with 1- and 2-fold the recommended dose. During the harvest period, only a small
amount of 3,5,6-TCP residues (0.012-0.033 mg/kg) could be detected in the groups treated
with 5- and 10-fold the recommended dose (Figure 4B). As the edible part of wheat, wheat
ears have a large surface area, but due to the enveloping glumes, the stratum corneum is
thick, and the absorption capacity of both the parent pesticide and metabolites is relatively
weak compared with that of the leaves. During the wheat harvest period, 3,5,6-TCP in
wheat ears was completely degraded in the group sprayed with the recommended dose,
and a small amount of 3,5,6-TCP was detected in the groups treated with 2-10-fold the
recommended dose (0.031-0.093 mg/kg). The variation pattern of 3,5,6-TCP in each part
of wheat was that it increased first and then decreased with degradation of the parent
pesticide chlorpyrifos, with a slight fluctuation in the middle; it reached the maximal value
on the 7th or 11th day after application, and then gradually degraded with the extension of
time (Figure 2B).

Pesticides applied in the field can undergo metabolic transformation through oxida-
tion, reduction, hydrolysis, photolysis, biodegradation, and other forms in plants through
the action of enzymes or the influence of external environmental factors (temperature,
precipitation, humidity, etc.), to produce specific metabolites [1,14,15,28,33]. In plant, soil,
water and biological reaction systems, especially during photolysis, hydrolysis, and micro-
bial metabolism, chlorpyrifos can be converted into more than 20 metabolites with a slow
kinetic process and a half-life ranging from weeks to months [34]. Zhang et al. (2015) re-
ported that, after spraying rice plants with chlorpyrifos, its 3,5,6-TCP metabolite was found
in rice and rice stalks at a significantly lower concentration than that of the parent pesticide
chlorpyrifos [35]. Antonious et al. (2017) reported that, after applying chlorpyrifos under
field conditions, metabolites CPO and 3,5,6-TCP were found in two different kale varieties.
Although the concentrations of the two metabolites were much lower than those of the
parent pesticide chlorpyrifos, the degradation half-life of CPO (1.15-18.02 days) was much
longer than that of chlorpyrifos (2.21-5.10 days), and that of 3,5,6-TCP (3.33-3.34 days)
was similar to that of chlorpyrifos. The content of 3,5,6-TCP in kale also increased first
and then decreased with the degradation of chlorpyrifos [14]. However, the results of
Chai et al. (2009) showed that, after applying chlorpyrifos to green mustard and soil,
no metabolites were found in green mustard, while 3,5,6-TCP was detected in soil. The
degradation half-life of 3,5,6-TCP in soil was 3.6-9.4 days. The degradation rate was fast
in the early stage and gradually slowed down after 21 days until the 77th day, at which
point the 3,5,6-TCP in soil was basically degraded [36]. Similarly, in this study, we found
that, after applying chlorpyrifos to wheat, chlorpyrifos would degrade under the action of
natural conditions such as temperature, light, microorganisms, and rainwater, and produce
the 3,5,6-TCP metabolite, which is highly toxic to the environment, water quality, animals,
and the human body. Although the residual concentration of 3,5,6-TCP was lower than that
of the parent pesticide chlorpyrifos, 3,5,6-TCP is a water-soluble compound with stronger
polarity, greater toxicity, and greater mobility and durability [9,37,38]. Therefore, in order
to reduce the risk of exposing chlorpyrifos metabolites to the ecological environment, and

86



Metabolites 2022, 12,1162

=

ensure the quality and safety of agricultural products, it is necessary to further clarify the
metabolic pathways of chlorpyrifos in animals and plants.

Some studies have reported the metabolic pathway of chlorpyrifos in organisms.
Racke (1993) found that chlorpyrifos was mainly metabolized into 3,5,6-TCP in the soil
using isotope-labeled 36Cl—chlorpyrifos, and further verified that 3,5,6-TCP was mineralized
and forms carbon oxides as secondary metabolites using “C markers [34]. Lu et al. (2013)
found that chlorpyrifos underwent hydrolysis under the action of strain DT-1 to produce
3,5,6-TCP and speculated that 3,5,6-TCP would then undergo three steps of dehydrogena-
tion and produce secondary metabolites 2-hydroxypyridine, 5,6-dichloro-2-pyridinol and
6-chloro-2-pyridinol; lastly, the pyridine ring may be broken and degraded into small
molecular compounds [39]. These research results are consistent with our predictions.
After spraying wheat with chlorpyrifos, chlorpyrifos undergoes a nucleophilic addition
substitution reaction under the action of organophosphorus hydrolase to generate the
metabolite 3,5,6-TCP (Figure 5) [14,35]. With a continuous increase in OH concentration in
the medium, the rate of hydrolysis accelerates, and the concentration of 3,5,6-TCP contin-
ues to increase. As time goes on, 3,5,6-TCP is affected by multiple factors such as its own
properties, natural conditions, and crop characteristics, and may be further mineralized to
produce small molecular compounds such as water, CO,, and ammonium ions [40].

Hydrolysis
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Figure 5. Hydrolyzed metabolic pathway of chlorpyrifos in wheat samples.

4. Conclusions

In conclusion, our study is the first to reveal the metabolic mechanism of chlorpyrifos
during wheat growth in addition to the dissipation kinetics in wheat of the parent chlor-
pyrifos and its metabolite 3,5,6-TCP. The degradation dynamics of chlorpyrifos could be
fitted by the first-order kinetic equation C; = Cy e **. The initial residues of chlorpyrifos
in different organs of wheat were different at the early stage of application, which was in
the order of leaves > wheat ears > stems. Chlorpyrifos was hydrolyzed to 3,5,6-TCP which
was further dissipated. 3,5,6-TCP first showed an increasing trend and then a decreasing
trend over time. In addition, it reached the maximum on the 3rd, 7th, or 11th day after
application, and then gradually dissipated.

The primary metabolic pathway of chlorpyrifos was initially verified, but studies on
the secondary product’s metabolic pathway have not been further verified. Further research
is still needed to reveal the metabolic pathway of chlorpyrifos in plants. Considering that
3,5,6-TCP is a biomarker with potential threats to humans and animals, the establishment
of MRLs for 3,5,6-TCP should be considered during dietary exposure risk assessment.
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Abstract: Anthocyanins are water-soluble pigments that can impart various colors to plants. Pur-
ple shamrock (Oxalis triangularis) possesses unique ornamental value due to its purple leaves.
In this study, three anthocyanins, including malvidin 3-O-(4-O-(6-O-malonyl-glucopyranoside)-
rhamnopyranosyl)-5-O-(6-O-malonyl-glucopyranoside), delphinidin-3-O-rutinoside and malvidin-
3,5-di-O-glucoside, were characterized with ultra-performance liquid chromatography-electrospray
ionization tandem mass spectrometry (UPLC-ESI-MS/MS) in purple shamrock. To investigate the
molecular mechanism of anthocyanin biosynthesis in green shamrock (Oxalis corymbosa) and pur-
ple shamrock, RNA-seq and qRT-PCR were performed, and the results showed that most of the
anthocyanin biosynthetic and regulatory genes were up-regulated in purple shamrock. Then, dark
treatment and low temperature treatment experiments in purple shamrock showed that both light
and low temperature can induce the biosynthesis of anthocyanins.

Keywords: anthocyanin biosynthesis; Oxalis triangularis; UPLC-ESI-MS/MS; RNA-seq; stress resistance

1. Introduction

Anthocyanins, a group of water-soluble pigments, are widely spread in higher plants.
They are flavonoid compounds derived from the phenylpropanoid biosynthesis pathway [1,2].
While flavonoids, as the most important secondary metabolites in plants, can produce
the colors of purple, blue and red in flowers, leaves and fruits [3]. Anthocyanins confer
a variety of colors to plants, which contributes to the completion of pollination and seed
dispersal via attracting insects or animals [4]. In addition, they also play important roles
in resisting biotic and abiotic stress [4], such as cold, drought, salt and UV irradiation.
Furthermore, more and more evidence show that intaking foods rich in anthocyanins can
effectively reduce the risk of suffering from obesity [4], cancers [5,6], and cardiovascular
disease [7,8]. For ornamental plants, cultivars that contain an amount of anthocyanins are
more eye-catching than others.

So far, the anthocyanin biosynthetic pathway has been studied extensively in higher
plants, including tree peony (Paconia suffruticosa Andrews) [9], tomato (Solanum lycoper-
sicum L.) [10], rugosa rose (Rosa rugosa Thunb.) [11], and others. Anthocyanin biosynthesis
is classified as a branch of the phenylpropanoid pathway, which requires the participa-
tion of multiple enzymes. The genes encoding these enzymes can be divided into three
categories, namely beginning, early, and late biosynthetic genes [12,13]. The beginning
biosynthetic genes consist of PAL, C4H, and 4CL, which are in the phenylpropanoid path-
way. The early biosynthetic genes (EBGs), CHS, CHI and F3H, are involved in a common
flavonoid pathway. While the late biosynthetic genes (LBGs), including F3'H, F3'5'H, DFR,
ANS and UFGT, lead to the production of the different flavonoid pigments in many plants.
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Over the past years, many transcription factors (TFs), including MYBs, bHLHs and
WDRs, were identified in many plant species [14-16]. R2R3-MYBs have been shown to
be involved in the anthocyanin biosynthetic pathway via activating the enzyme genes in
many plants. Previous studies showed that these TFs can form MYB-bHLH-WD40 (MBW)
complex binding to the promoter of enzyme genes and promoting the transcription of
these genes [1,17,18]. Recent reports indicated that WRKY TFs are also involved in the
regulation of anthocyanin biosynthesis [1,12,19]. In this study, genes coding for six TFs,
including MYB113, TT8, TTG1, TTG2, GL3 and CPC, were characterized. Among these
genes, CPC, a MYB TF, is a negative regulator of anthocyanin biosynthesis in Arabidopsis
thaliana L. [20,21].

Environmental conditions, such as light and temperature, also affect anthocyanin
biosynthesis in many plants. Light could induce the expression of light-responsive genes,
such as HY5 and COP1, which regulate the expression of MYB TF genes that are related to
anthocyanin biosynthesis [22,23]. Similarly, low temperature can also induce the expression
of low temperature response factor genes to affect the anthocyanin levels in plants. For
example, CBFs can interact with MYB113 to regulate anthocyanin biosynthesis in egg-
plant (Solanum melongena L.) [24]. In kiwifruit (Actinidia chinensis Planch.), light and low
temperature both can induce the expression of AcMYB10, which leads to the increase of
anthocyanin content [15]. In contrast, anthocyanin accumulation in kiwifruit decreased
under high temperature conditions [25]. An exposure to light induced PpbHLH64 expres-
sion and anthocyanin accumulation in pear fruit (Pyrus pyrifolia Nakai) [26]. In purple head
Chinese cabbage (Brassica rapa L.), BrMYB2, and BrTT8 were highly up-regulated after low
temperature treatment, which promotes the biosynthesis of anthocyanins [27].

Oxalis corymbosa DC., the green shamrock, belongs to the family Oxalidaceae and is
widely distributed all over the world. Groom et al. [28] demonstrated that Oxalis corniculata
probably comes from southeastern Asia. In addition, Oxalis corniculata is regarded as an
herb with antibacterial, antifungal and anticancer potentials [29-31] and has the third
largest distribution in vascular plants [32]. Oxalis triangularis A. St.-Hil., also called purple
shamrock or false shamrock [33], is an important traditional ornamental and medicinal
plant. As an ornamental plant, the purple leaves of this plant are the most outstanding
feature. The trifoliate leaves are subdivided into three obtriangular to obovate-triangular
leaflets and resemble a clover in shape. The leaves of purple shamrock move in response
to light levels, opening in high ambient light (in the day) and closing at low light levels
(at night).

So far, the molecular mechanisms underlying the different leaf colors between purple
and green shamrocks are still unclear. In this study, the anthocyanins in purple shamrock
were characterized with ultra-performance liquid chromatography-electrospray ionization
tandem mass spectrometry (UPLC-ESI-MS/MS). The anthocyanin biosynthetic and regula-
tory genes were analyzed by real-time quantitative reverse transcription PCR (qQRT-PCR) in
the two species of shamrocks. Meanwhile, the expression levels of anthocyanin biosynthetic
and regulatory genes were further determined in both species under dark/light conditions.
RNA-seq was also used to analyze the differentially expressed genes (DEGs) in the leaves of
green and purple shamrocks. Based on the above, the biosynthetic pathway of anthocyanins
in purple shamrock was summarized (Figure 1). These results further our understanding
about the molecular mechanisms of anthocyanin biosynthesis in purple shamrock.
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Figure 1. Anthocyanin biosynthetic pathway in purple shamrock. Abbreviations: PAL, phenylalanine
ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarateCoA ligase; CHS, chalcone synthase;
CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H,
flavonoid 3'5'-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT,
flavonoid 3-O-glucosyltransferase; RT, rhamnosyltransferase; MT, methyltransferase.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The bulbs of green shamrock (Oxalis corymbosa DC.) and purple shamrock (Oxalis
triangularis A.St.-Hil.) were used as the original experimental materials. The two plants
reached maturity (Figure 2A) after 30 days of culture under the following conditions:
28 °C/light for 16 h (intensity of 250 pmol m-2 s-1), 18 °C/dark for 8 h, 80% relative
humidity (RH). The mature leaves (Figure 2B) of green and purple shamrock were used for
UPLC-ESI-MS/MS analysis. The samples used for qRT-PCR analysis were collected from
mature leaves and flowers of green and purple shamrocks. For dark treatment, the purple
shamrocks plants were grown in the dark (28 °C/dark for 16 h, 18 °C/dark for 8 h, 80%
RH.)/light (28 °C/light for 16 h, 18 °C/dark for 8 h, 80% RH.) conditions, respectively, for
30 days. For low temperature treatment, the purple shamrocks were cultivated in normal
(28 °C/light for 16 h, 18 °C/dark for 8 h, 80% RH.)/low (4 °C/light for 16 h, 4 °C/dark
for 8 h, 80% RH.) temperature conditions for 0, 3, 6, and 12 days, respectively. All samples
were frozen in liquid nitrogen and stored at —80 °C until further analysis.
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Figure 2. (A) Phenotypes of green and purple shamrocks. (B) The leaf of green and purple shamrocks.
Bar =1 cm. (C) Total contents of anthocyanins in leaves of green and purple shamrocks. Abbreviations:
GL, leaves of green shamrock; PL, leaves of purple shamrock. ** indicates a significant difference
(p <0.01).

2.2. Extraction and Total Concentration of Anthocyanins

The method of Rapisarda et al. [34] was used to determine the total anthocyanin
content in plant tissues. Frozen samples (100 mg) were ground into powder in liquid
nitrogen and extracted separately with 1 mL of pH 1.0 buffer (50 mM KClI and 150 mM
HCI) and 1 mL of pH 4.5 buffer (400 mM CH3COONa and 240 mM HCI). Then, the
mixtures were centrifuged at 14,000 g for 5 min at 4 °C. The supernatants were gathered
for measurement of absorbance at 510 nm. Concentration of anthocyanins was calculated
using the following equation:

concentration (ug g*1 FW) = (A1 — A2) x 484.8 x 1000/24,825 x dilution factor

A1 represents the absorbance of supernatants gathered from pH 1.0 buffer solution at
510 nm, while A2 represents the absorbance of supernatants gathered from pH 4.5 buffer
solution at 510 nm. The value 484.8 represents the molecular mass of cyanidin-3-glucoside
chloride, while 24,825 (L g ! cm™!) reflects its molar absorption coefficient at 510 nm in the
pH 1.0 solution. Three biological replicates were used for total anthocyanin extraction, and
each sample was from a different plant.

2.3. UPLC and ESI-MS/MS Analysis of Anthocyanins

The sample extracts were analyzed using an UPLC-ESI-MS/MS system (UPLC, Shim-
pack UFLC SHIMADZU CBM30A system; MS, Applied Biosystems 4500 Q TRAP). The analyt-
ical conditions were as follows, UPLC: column, Agilent SB-C18 (1.8 um, 2.1 mm x 100 mm);
The mobile phase consisted of solvent A, pure water with 0.1% formic acid, and solvent
B, acetonitrile. Sample measurements were performed with a gradient program that em-
ployed the starting conditions of 95% A, 5% B. Within 9 min, a linear gradient to 5% A, 95%
B was programmed, and a composition of 5% A, 95% B was kept for 1 min. Subsequently,
a composition of 95% A, 5.0% B was adjusted within 1.1 min and kept for 2.9 min. The
column oven was set to 40 °C; the injection volume was 4 uL. The effluent was alternatively
connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-M.

The ESI source operation parameters were as follows: ion source, turbo spray; source
temperature 550 °C; ion spray voltage (IS) 5500 V (positive ion mode)/—4500 V (negative
ion mode); ion source gas I (GSI), gas II (GSII), curtain gas (CUR) was set at 50, 60, and
30.0 psi, respectively; the collision gas (CAD) was high. Instrument tuning and mass
calibration were performed with 10 and 100 umol/L polypropylene glycol solutions in
QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with
collision gas (nitrogen) set to 5 psi. DP and CE for individual MRM transitions was
performed with further DP and CE optimization. A specific set of MRM transitions were
monitored for each period according to the metabolites eluted within this period. Three
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biological replicates were used for UPLC and ESI-MS/MS analysis, and each sample was
from a different plant.

2.4. RNA Extraction and qRT-PCR Analysis

The frozen samples were crushed into powder in liquid nitrogen. Total RNA was
isolated from the samples with RNAiso (Takara, Otsu, Japan), and 1-2 uL of total RNA was
used to synthesize the complementary DNA (cDNA) with reverse transcriptase (Promega,
Beijing, China) and an oligo (dT)20 primer. The qRT-PCR was carried out using the CFX96
real-time system (Bio-Rad, Hercules, CA, USA). Three biological replicates were used for
qRT-PCR analysis, and each sample was from a different plant. The primers used for
qRT-PCR analysis were designed by Primer Premier 5 (Table S1).

2.5. Library Preparation and Transcriptome Sequencing

Total RNA was used as input material for the RNA sample preparations. Sequencing
libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for lllumina®
(NEB, Waltham, MA, USA) following the manufacturer’s recommendations. Briefly, mRNA
was purified from total RNA using oligo (dT)-attached magnetic beads. The first strand
cDNA was synthesized using random hexamer primer and M-MLV Reverse Transcriptase.
Second strand cDNA synthesis was subsequently performed using DNA Polymerase I. The
cDNA fragments were end-repaired and ligated to NEBNext adaptor. Then, the library
fragments were purified with AMPure XP system to select cDNA fragments of preferentially
250-300 bp in length, and PCR was performed to enrich the cDNA fragments. Finally, the
library preparations were sequenced on an Illumina Hiseq platform and paired-end reads
were generated. Three biological replicates were used for RNA-seq analysis, and each
sample was from a different plant.

2.6. Establishment of Local mRNA and Protein Database

Since there is no genome information of Oxalis triangularis online, the result of RNA-
seq analysis was used to establish the local mMRNA and protein database for further research.
BioEdit, a sequence analysis software, was used to build the database by importing mRNA
and protein sequence information. Based on a BLASTP search using the amino acid
sequences of anthocyanin biosynthetic genes in Arabidopsis as queries, single orthologs
for PAL, CHS, CHI, F3H, F3'5'H, ANS, and UFGT were obtained from purple shamrock
contigs. In addition, the regulatory genes, including MYB113, TT8, TTG1, TTG2, GL3 and
CPC, were also identified.

2.7. Differential Expression Analysis

Differential expression analysis of the two groups was performed using the DESeq R
package (1.10.1). DESeq provides statistical routines for determining differential expression
in digital gene expression data using a model based on the negative binomial distribution.
The resulting P values were adjusted using the Benjamini and Hochberg’s approach for
controlling the false discovery rate [35]. Genes with an adjusted p-value < 0.05 found by
DESeq were assigned as differentially expressed.

2.8. Gene Functional Annotation and Enrichment Analysis

To acquire comprehensive gene function information, seven databases, including Nr
(NCBI non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences),
Pfam (Protein family), KOG/COG (Clusters of Orthologous Groups of proteins), Swiss-Prot
(A manually annotated and reviewed protein sequence database), KO (KEGG Ortholog
database) and GO (Gene Ontology), were used to annotate the assembled unigenes. Expres-
sion level of each transcript was estimated by FPKM (fragments per kilobase of transcript
per million fragments mapped) method [36].
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3. Results
3.1. Identification of Anthocyanins in Green and Purple shamrocks

By analyzing the extracts from leaves of green and purple shamrocks with the method
of UPLC-ESI-MS/MS, three anthocyanins were separated and identified (Figure 3). As
shown in Table 1, three anthocyanins, including malvidin 3-O-(4-O-(6-O-malonyl-
glucopyranoside)-rhamnopyranosyl)-5-O-(6-O-malonyl-glucopyranoside), delphinidin-
3-O-rutinoside and malvidin-3,5-di-O-glucoside, were characterized. Through KEGG
enrichment analysis, these three anthocyanins are derivatives of delphinidin-3-O-glucoside
that is the main anthocyanin for purple plants (Figure S1). To further verify the effect of an-
thocyanins on purple shamrock’s phenotype, total content of anthocyanins was determined.
As expected, the total content of anthocyanins in purple shamrock was about 15 times that
of green shamrock (Figure 2C).

Compound 1 Compound 2 Compound 3
410 RT=2.98 2%10°] RT=2.55 1106 RT=2.37
w
o
o
=
B 2X10% 1x10° 5x10°
2
=
0 ! v T 0 T T T 0 ' T r
26 28 3.0 22 24 286 20 22 24
Time, min Time, min Time, min
Erecumore/320a/CER0Y Precursor: 855.2 Da, CE: 30.0 Precursor: 611.2 Da, CE: 30.0
19X 973.25 20000 33108 30000 0306
‘é’_ 8x10° 16000 24000
5 6X10° 12000 18000
‘@ 493.14
5 4%10¢ 8000 655.19 1200 611.16
= a0 579.14 4000 6000
331.08 725.19
04 L Ll , o4 0+ - . : !
400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

Mass/Charge, Da Mass/Charge, Da Mass/Charge, Da

Chemical Formula: C, H,,0,.*
Exact Mass: 973.2456

Chemical Formula: C,H,.O,.*
Exact Mass: 655.1869

Chemical Formula: CH, O *

27" 3118

Exact Mass: 611.5285

Figure 3. UPLC and ESI-MS/MS Analysis of Anthocyanins. (A) Chromatograms of three antho-
cyanins detected in green and purple shamrocks. (B) Mass spectrogram of three anthocyanins.
(C) Structural formulas and chemical formulas of three anthocyanins.
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Table 1. Anthocyanin Contents in Leaves of Green and Purple Shamrock.

Sample
NO. Compound
Green Purple
1 Malvidin 3-O-(4-O-(6-O-malonyl-glucopyranoside)- 9 4290000
rhamnopyranosyl)-5-O-(6-O-malonyl-glucopyranoside) e
2 malvidin-3,5-di-O-glucoside (Malvin) 856,000 22,200,000
3 delphinidin-3-O-rutinoside 416,000 15,000,000

Note: the values in the table represent the area of the chromatographic peak (cps min).

3.2. Transcriptome Analysis of Green and Purple Shamrocks by RNA-seq

The mature leaf samples of green and purple shamrocks were collected for RNA-
seq analysis to investigate the molecular mechanisms of anthocyanin accumulation in
purple leaves. To identify the differentially expressed genes (DEGs) involved in purple
leaf coloration, the fragment per kilobase of exon per million fragments mapped (FPKM)
values were analyzed for each gene in leaves of green and purple shamrocks.

As shown in the volcanic plot map, a total of 39,356 DEGs were upregulated and
19,638 DEGs were downregulated (Figure 4A). To classify the genes involved in the an-
thocyanin biosynthetic pathway, all DEGs were subjected to KEGG database. According
to the different functions, the DEGs were divided into five categories and thirty-four sub-
categories. The five categories including cellular processes, environmental information
processing, genetic information processing, and metabolism and organismal systems, and
the DEGs mainly belong to metabolism. (Figure 4B). For further research, GO enrichment
was performed. All of the DEGs based on their functions were divided into three main
categories, including four biological processes (BP) terms; 10 cellular components (CC)
terms and 15 molecular function (MF) terms. For CC, the majority of DEGs were associated
with nuclear and membrane-bound organelle functions. For MF, most of DEGs were related
to binding and catalytic activity (Figure 4C). Above all, although there are many DEGs be-
tween green and purple shamrocks, only a small part of them are involved in anthocyanin
biosynthesis (Supporting Information 1, Supporting Information 2 and Figure S5).

3.3. Expression of Anthocyanin Biosynthetic and Regulatory Genes in Green and Purple Shamrocks

Through qRT-PCR technology, the expression levels of anthocyanin biosynthetic genes
PAL, CHS, CHI, F3H, F3'5'H, ANS and UFGT were analyzed. Compared with the green
shamrock, all the anthocyanin pathway genes were significantly upregulated in purple
shamrock, which is consistent with the results of RNA-seq (Figure S2). Moreover, the
expression levels of CHS and CHI were especially increased at least 700-fold in the purple
as compared with the green shamrock (Figure 5A). Meanwhile, the transcripts of some
anthocyanin biosynthesis regulatory orthologous genes of Arabidopsis, MYB113, TTS,
TTG1, TTG2, GL3 and CPC, were detected in shamrocks. As shown in Figure 5B, all the
regulatory genes were upregulated in purple shamrock, especially MYB113 and TT8. These
results indicated that the expression of anthocyanin pathway genes in purple shamrock
is activated.

3.4. Effects of Dark Treatment on Anthocyanin Accumulation in Leaves of Purple Shamrock

According to previous reports [22,23], light could induce anthocyanin accumulation
in plants. In this study, purple shamrocks were cultured for 30 days under light and dark
conditions. After 30 days of dark treatment, the leaf area of purple shamrocks was much
smaller than that grown under normal light, and the color changed to pale pink (Figure S4).
In addition, the stem became slender and easy to lodge. The anthocyanin content of purple
shamrock leaves grown under dark condition was significantly less than that under light
condition (Figure 6A). Further, the expression of anthocyanin biosynthetic and regulatory
genes was analyzed by qRT-PCR. As shown in Figure 6B, most of the anthocyanin biosyn-
thetic genes in purple shamrock under dark condition were downregulated compared to
that under light condition except PAL and CHI. Moreover, the expression level of CHI was
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significantly up-regulated after dark treatment, indicating that expression of OtCHI may
not be induced by light. Meanwhile, MYB113 and TT8, the key regulators of anthocyanin
biosynthesis, were downregulated under dark condition (Figure 6C), although there are
no obvious changes in other regulatory genes. These results showed that dark treatment
inhibits the expression of some anthocyanin biosynthetic and regulatory genes, thereby
reducing the accumulation of anthocyanins in purple shamrock.
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Figure 4. DEGs, KEGG classification and GO Enrichment analysis. (A) Volcano plot of differentially
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3.5. Effect of Low Temperature Treatment on Anthocyanin Accumulation in Leaves of Purple
Shamrock

Previous studies showed that temperature can affect the biosynthesis of antho-
cyanins [27,37]. In this study, purple shamrocks were cultured at 4 °C and normal tempera-
ture for 0, 3, 6, and 12 days. After 12 days of low temperature treatment, the color of the
purple shamrock leaves is a little darker than that growth under normal temperature, and
the anthocyanin content of leaves after low temperature treatment is higher (Figure S3). To
further reveal the molecular mechanism of the effect of low temperature on anthocyanin
biosynthesis, the expression levels of anthocyanin biosynthetic and regulatory genes were
analyzed by qRT-PCR. The results showed that the transcription level of CHS in low tem-
peratures was significantly higher than that in normal temperatures, but there were no
significant differences in other anthocyanin biosynthetic genes (Figure 7).
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Moreover, most of the regulatory genes were upregulated in purple shamrock leaves
exposure to low temperature, except MYB113 (Figure 8). These results indicated that low
temperature treatment increases the accumulation of anthocyanins in purple shamrock
leaves by promoting the expression of some anthocyanin biosynthetic and regulatory genes.
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Figure 8. Relative expression level analysis of regulatory genes in purple shamrocks under nor-
mal/low temperature conditions. Error bars represent the standard error of the mean (1 = 3).

3.6. Expression Levels of Anthocyanin Biosynthetic and Regulatory Genes in Flowers of Green and
Purple Shamrocks

Interestingly, the flowers of green shamrock are darker in appearance than those of
purple shamrock (Figure 9A). As shown in Figure 9B, the anthocyanin content in flowers
of purple shamrock was markedly lower than that of green shamrock. To investigate the
molecular mechanism of anthocyanin accumulation in flowers, qRT-PCR was performed.
In flowers of green shamrock, just one regulatory gene, TTG2, has a higher expression level
than in purple shamrock (Figure 9D). Besides, among the anthocyanin biosynthetic genes,
only F3H and F3'5'H were upregulated in green shamrock (Figure 9C). According to the
results mentioned above, in the flowers and leaves of shamrocks, anthocyanin biosynthesis
may have different regulatory mechanisms.
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Figure 9. Relative expression level analysis of anthocyanin biosynthetic and regulatory genes in
flowers of green and purple shamrocks. (A) The flower of green (left) and purple (right) cultivars.
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level of anthocyanin biosynthetic genes in flowers of green and purple shamrocks. (D) Relative
expression level of regulatory genes in flowers of green and purple shamrocks. Abbreviations: GF,

flowers of green shamrock; PF, flowers of purple shamrock. Error bars represent the standard error of
the mean (1 = 3). Significant differences (** p < 0.01).

Anthocyanins are flavonoid compounds found in many plants, which is the main
reason why so many plants have various colors, ranging from red to blue [38]. The biosyn-
thesis of anthocyanins is affected by many factors; therefore, its regulation is quite complex.
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The color of purple shamrock leaves is the most charming feature. However, as an orna-
mental plant, this species has not been investigated at the molecular level. To investigate
the molecular mechanisms of anthocyanin biosynthesis, UPLC-ESI-MS/MS was performed
first to analyze the types of anthocyanins in purple shamrock, and three anthocyanins
were identified. According to KEGG pathway, interestingly, all these three anthocyanins
are derivatives of delphinidin-3-O-glucoside that makes plants appear purple [39]. Con-
sistently, F3’5'H is highly expressed in purple shamrock, which commits the pathway to
delphinidin biosynthesis. As reported by Fossen et al. [40], seven identified anthocyanins
also belonged to delphinidin-type anthocyanins, consistent with our results. Anthocyanin
biosynthesis is an enzyme cascade reaction process. In this pathway, all anthocyanin
biosynthesis genes in purple shamrock that were identified are significantly up-regulated in
comparison with green shamrock. This result may be caused by inhibition of the upstream
genes of anthocyanin biosynthesis in green shamrock.

In plants, anthocyanins are compartmented in specific locations. For example, stable
anthocyanins formed by different modifications, such as glycosylation, methylation and
acylation, are transported to the vacuole where they accumulate [41]. Anthocyanins
function in plants as protection against environmental stresses, including light, cold, salt
and drought stresses [42]. Light is a key environmental factor that can affect anthocyanin
biosynthesis in many plants. In litchi (Litchi chinensis Sonn.), anthocyanins accumulated
rapidly in the pericarp under light condition [43]. The same phenomenon also occurs in
teinturier grape (Vitis vinifera L.) [44], apple (Malus domestica Borkh.) [45], and pear [46]. In
this report, the anthocyanin content in the leaves of purple shamrock significantly decreased
after dark treatment. Under dark conditions, although the anthocyanin biosynthesis was
inhibited, there was still a small amount of anthocyanin accumulation, which indicated
that anthocyanin biosynthesis in purple shamrock has two ways: light-dependent and
light-independent. However, the molecular mechanism of light-independent anthocyanin
biosynthesis remains unclear. Temperature also affects the biosynthesis of anthocyanins.
High temperature inhibits anthocyanin biosynthesis, e.g., in Cymbidium hybrids [47], while
low temperature induces anthocyanin biosynthesis, as in blood oranges (Citrus sinensis L.
Osbeck) [37], and Arabidopsis [48]. According to the QRT-PCR results, the expression of
CHS was upregulated after low temperature treatment, which is consistent with Naing’s
report [49]. Meanwhile, most of the regulatory genes were significantly upregulated in low
temperature, except for MYB113, suggesting that MYB113 in purple shamrock may not be
affected by low temperature.

Interestingly, during the research, we found that flowers of green shamrock contain
more anthocyanins than flowers of purple shamrock. In flowers of green shamrock, the
expression of F3H, F3'5'H, was higher than that of flowers of purple shamrock, while
the expression of PAL, CHS, CHI, was evidently lower. It is worth noting that TT8 is
almost not expressed, while TTG2 is highly expressed in flowers of green shamrock. This
result indicated that the biosynthesis of anthocyanins in flowers may be regulated by
another mechanism. For example, TTG2 and ARFS8 control flower coloration by regulating
anthocyanin biosynthesis in tobacco (Nicotiana tabacum L.) [50]. According to previous
studies, DFR can catalyze the conversion of dihydroquercetin to leucoanthocyanidins.
However, FLS catalyzes dihydroflavonols to flavonols, which competes with DFR in the
anthocyanin pathway at a key branch point [51]. In tea (Camellia sinensis L.), three DFR
gene variants were upregulated in pink flowers relative to white flowers. On the contrary,
FLS has a higher level of expression in white flowers [52]. Above all, although the key
genes for anthocyanin biosynthesis have been identified, there are still many potential
genes involved in anthocyanin biosynthesis.

In summary, this research clarified the molecular mechanism of anthocyanin biosyn-
thesis in purple shamrock and explored the response of anthocyanin biosynthesis under
different external environmental conditions, such as light and low temperature. Mean-
while, the anthocyanin biosynthesis mechanism of the flowers of the two species was
studied, which is in contrast with the anthocyanin biosynthesis in leaves. These results
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expand our understanding about the molecular mechanism of anthocyanin biosynthesis in
purple shamrock.
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Abstract: Yams are economic and medicinal crops with a long growth cycle, spanning between
9-11 months due to their prolonged tuber dormancy. Tuber dormancy has constituted a ma-
jor constraint in yam production and genetic improvement. In this study, we performed non-
targeted comparative metabolomic profiling of tubers of two white yam genotypes, (Obiaoturugo and
TDr1100873), to identify metabolites and associated pathways that regulate yam tuber dormancy
using gas chromatography-mass spectrometry (GC-MS). Yam tubers were sampled between 42 days
after physiological maturity (DAPM) till tuber sprouting. The sampling points include 42-DAPM,
56-DAPM, 87DAPM, 101-DAPM, 115-DAPM, and 143-DAPM. A total of 949 metabolites were anno-
tated, 559 in TDr1100873 and 390 in Obiaoturugo. A total of 39 differentially accumulated metabolites
(DAMs) were identified across the studied tuber dormancy stages in the two genotypes. A total of
27 DAMs were conserved between the two genotypes, whereas 5 DAMs were unique in the tubers of
TDr1100873 and 7 DAMs were in the tubers of Obiaoturugo. The differentially accumulated metabo-
lites (DAMs) spread across 14 major functional chemical groups. Amines and biogenic polyamines,
amino acids and derivatives, alcohols, flavonoids, alkaloids, phenols, esters, coumarins, and phyto-
hormone positively regulated yam tuber dormancy induction and maintenance, whereas fatty acids,
lipids, nucleotides, carboxylic acids, sugars, terpenoids, benzoquinones, and benzene derivatives
positively regulated dormancy breaking and sprouting in tubers of both yam genotypes. Metabolite
set enrichment analysis (MSEA) revealed that 12 metabolisms were significantly enriched during
yam tuber dormancy stages. Metabolic pathway topology analysis further revealed that six metabolic
pathways (linoleic acid metabolic pathway, phenylalanine metabolic pathway, galactose metabolic
pathway, starch and sucrose metabolic pathway, alanine-aspartate-glutamine metabolic pathways,
and purine metabolic pathway) exerted significant impact on yam tuber dormancy regulation. This
result provides vital insights into molecular mechanisms regulating yam tuber dormancy.

Keywords: metabolites; differential-accumulation; energy; antioxidant; metabolism; molecular—

mechanism; dormancy; regulation
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1. Introduction

Yam is a multi-species crop that has about 613 known species that produce tubers,
bulbils, or rhizomes [1]. Of these, about 10 are cultivated over a larger area and serve as a
staple food crop, and about 50 other species are also eaten as wild-harvested staple famine
food; thus, this genus occupies a prominent position in global food insecurity combat [2,3].
Yam is placed fourth position among the utilized root and tuber crops globally, after
potatoes (Solanum spp.), cassava (Manihot esculenta), and sweet potatoes (Ipomoea spp.), and
second in West Africa after cassava [4,5]. However, the sensorial preference for yam coupled
with its better organoleptic properties and storability compared to cassava, potatoes, sweet
potatoes, and plantain has led to its high demand as a major cash crop in Sub-Sahara
Africa [1]. Its potential as a source of food is attributed to its high levels of carbohydrates
including fiber, starch, and sugar, contributing about 200 dietary calories per person per
day to more than 300 million people in the tropics [6], in addition to other nutritional
benefits such as proteins, lipids, vitamins, and minerals [2]. Yam tuber also contains an
abundance of steroidal Cpy saponins, and diosgenin. the aglycone portion of the abundant
saponin dioscin has been industrially exploited as the starting material for the synthesis of
pregnenolone-derived steroids, thus making yam an industrial crop [7].

Yam tuber dormancy is the temporary growth arrest of the continuous underlying
meristematic cells beneath the dead brown skin of the tuber [8]. It is an inherent mech-
anism that regulates tuber sprouting. The dormancy phase has been divided into three
categories according to Lang, et al. [8], including: endodormancy (deep dormancy during
which growth arrest is influenced by internal physiological and genetic factors within the
meristem), para-dormancy (this occurs when growth is arrested by physiological factors
external to the meristem), and eco-dormancy (growth is stopped by unfavorable external
or environmental factors).

Prolonged tuber dormancy after physiological maturity has constituted a great con-
straint in yam crop production and genetic improvement [9]. Tuber dormancy is the major
cause of ware and seed tubers’ inability to sprout for a prolonged period, during which
tubers remain dormant; incapable of developing internal or external shoot buds/sprouts
for about 150 to 210 days depending on: species, genotype, and growing and storage envi-
ronmental conditions [10-12]. Thus, this makes it impossible to have more than one crop
cycle per year, thereby limiting yam crop productivity, tuber availability for industrial use,
and slowing down the rate of genetic improvement [13]. Dormancy induction and release
is associated with numerous physiological and biochemical processes that are regulated
by gene expression, protein synthesis, hormonal signaling, and energy metabolism [14].
In these processes, both the decomposition and synthesis of metabolites, conversion, and
consumption of energy occur, thus generating a genotype and dormancy stage-specific
metabolites [15,16]. Some of these metabolites have been found to regulate dormancy in
seeds of various plant species. The typical example is phytohormones, whose involvement
in seed dormancy regulation has always been a popular topic in seed physiology and bio-
chemistry research [17]. The most reported phytohormone influencing dormancy induction
in crops is abscisic acid (ABA), which inhibits the process of seed germination, though
complex interactions exist between ABA and other phytohormones [18]. Gibberellic acid
(GA) is another important phytohormone known to be involved in dormancy regulation. It
acts antagonistically with ABA to promote seed germination (dormancy breaking), while
jasmonic acid (JA) shows a synergetic effect with ABA in regulating dormancy induction
and maintenance in plants [7]. Exogenous treatment with auxin in soybean was found
to induce dormancy by decreasing the GA/ABA ratio [19]. Therefore, the roles of these
phytohormones in dormancy regulation are complex and subtle.

Polyamine has also been reported to play a key role as a modulator of plant growth
and development, and its involvement in seed dormancy regulation has attracted research
attention recently. Dormancy-breaking led to the accumulation of the total polyamine
content in the seeds [20]. Polyamine was found to be distributed compartmentally in
dormancy-breaking seeds, which may suggest its involvement in the process [21]; presoak-
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ing with polyamine improved seed germinability [22]. This effect has been suspected to
involve starch metabolism, phytohormones interactions, and antioxidant defenses [23,24].
In addition, the involvement of amino acids in dormancy regulation has also attracted
research attention. For instance, it has been reported that essential amino acids such
as lysin, methionine, leucine, isoleucine, threonine, phenylalanine, and valine increased
significantly during the dormancy breaking process in wheat, brown rice, triticale, and
Arabidopsis [25,26]. Asparagine, arginine, and y-aminobutyric (GABA) are the three most
common amino compounds in the mobilization of nitrogen reserves in dormancy breaking
chestnut seeds [27]. Therefore, as the major transporter of all forms of nitrogen and the
key factor of carbon/nitrogen balance in the plants, the role of amino acids in dormancy
regulation should not be ignored [18].

Carbohydrates play multiple roles in plant growth and development, besides acting
as the primary source of carbon and energy; hence, energy metabolism has also been impli-
cated in dormancy regulation. It has been reported that Embden Meyerhof Parnas (EMP)
pathway, tricarboxylic acid (TCA) pathway, and pentose phosphate pathway (PPP) strictly
regulated dormancy in different plants [28]. For instance, the TCA cycle was enhanced
while the PPP pathway was slowly decreased during apple bud dormancy breaking [29].
In grape, dormancy breaking was induced by chemicals and low temperature was regu-
lated by PPP, EMP, and TCA cycles [30,31]. Also, other carbohydrates generating energy
pathways has been reported to be involved in dormancy regulation in herbaceous plants;
for example, sucrose metabolism, lipid metabolism, and amino acid metabolism were all
downregulated in imbibed dormant seeds of herbaceous plants [32], thus demonstrating
that the ability of imbibed seeds to synthesize protein and generate adenosine triphosphate
(ATP) decreases during the dormancy period [33,34]. Also, two studies have reported
that the imbibed dormant seeds of Picea glauca and Julans regia exhibited an inactivation
of sucrose and amino acids due to wet cold induced dormancy [32]. Furthermore, an
accumulation the galactinol and raffinose family of oligosaccharides (RFOs) during seed
maturation stages in some legumes has indicated their roles in desiccation tolerance and
longevity [35]. Galactinol content in dry seeds has also been used as a biomarker for seed
longevity in Brassiceae and tomato [36]. The sucrose-non-fermenting 1-related kinasel
(SnRK1) transcription family has been reported to play the role of energy metabolism
sensors in plant systems; they detect when energy is below optimum in the plant system
and inhibit plant growth and developmental processes that are energy-consuming, such
as dormancy-breaking (sprouting), in order to maintain energy homeostasis during a low-
energy economy, which characterizes the dormant state [37,38]. There are also reports that
trehalose-6-phospate (T6P) initiates the process of growth in any plant part undergoing
growth arrest (dormancy) by inhibiting the action of (SnRK1) [39,40].

The effective reduction of yam tuber dormancy duration through genetic manipulation
is considered a reliable solution to the challenge of prolonged tuber dormancy and ensures
more than one yam crop cycle per annual. It is important to note that the paucity of genetic
resource information on factors controlling the dormancy trait has limited efforts towards
overcoming the barriers mentioned above. Our study presents an alternative route in
understanding implicated metabolites and their associated pathways at the biochemical
and genetic level which could be utilized in genetic manipulation yam tuber dormancy.

The development of metabolomics technologies has improved our understanding of
the complex molecular interaction of biological systems. Due to its high throughput and
efficiency, metabolomics has been applied to research on the mechanism of dormancy in
several plant species [18]. However, in yam crop only few metabolomics studies exist, and
to the best of our knowledge this is the first time in which the metabolomics approach is
being applied to study yam tuber dormancy. In this study, an untargeted GC-MS approach
was used to profile tubers of two white yam genotypes (Obiaoturugo and TDr1100873) for
differentially accumulated metabolites from dormancy induction to dormancy breaking
in order to determine the metabolites and their associated pathways that regulate yam
tuber dormancy.
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2. Experimental Design
2.1. Genetic Material

Two yam genotypes (Obiaoturugo and TDr1100873) of white yam specie (D. rotundata,)
were used for the study. Obiaoturugo is a popular landrace while TDr1100873 is an advanced
breeding clone. Both individuals were sourced from the Yam breeding program of the
National Root Crops Research Institute (NRCRI), Umudike, Nigeria.

2.2. Field Study Area

The field was established at an Eastern research farm of the National Root Crops
Research Institute (NRCRI) in Umudike, Nigeria. Umudike is a rainforest agroecology
located at; 5.4729° N, 7.5480° E, 152 m ASL with a mean annual rainfall of 2093 mm, mean
annual temperature of 27.3 °C, mean annual relative humidity of 82%, and sandy loam soil
with a pH range of 4.3 to 5.27.

2.3. Planting and Agronomic Management

A uniform set size (200 g) of only proximal and distal regions of the tubers was planted
in order to maintain relatively uniform germination time. A total of 30 plant stands of each
genotype were planted in randomized complete block design, replicated three times, with
10 plant stands of each genotype per replicate. The field was adequately maintained under
a rainfed condition, and all cultural practices including application of NPK fertilizer at the
recommended dose of 80:60:100 kg/ha [41] were carried out. Tubers were harvested at 50%
senescence, which is the tuber physiological maturity stage. The Figure 1 below shows the
vegetative growth and tuber storage stages.

Figure 1. Howing (a); established field of the two yam genotypes, (b) tubers of Obiaoturugo in
post-harvest study facility, and (c) tubers of TDr1100873 in post-harvest study facility.

2.4. Postharvest Study and Sampling

After harvesting, tubers were freighted to the Centre of Plant Molecular Biology and
Bioinformatics, Department of Plant Biotechnology Tamil Nadu Agricultural University,
Coimbatore, India, where the tubers were stored in a greenhouse facility with natural light
conditions and sunshine hours per day between 10 to 12 h, a relative humidity range of
38% to 78%, and a maximum and minimum temperature range from 26 to 36.5 °C and 17.5
to 26.5 °C, respectively, during the study. Triplicate samples of tubers were collected at
the following days after physiological maturity (DAPM): 42-DAPM, 56-DAPM, 87-DAPM,
101-DAPM, 115-DAPM and sprouted tuber (143-DAPM). The two genotypes (Obiaoturugo
and TDr1100873) exhibited different dormant phenotypes. Obiaoturugo exhibited a shorter
dormant phenotype and sprouted at 101 days after tuber physiological maturity, and was
sampled only four times within this period at 42, 56, 87, and 101 days. On the other
hand, TDr1100873 exhibited longer dormant phenotype and sprouted at 143 days after
tuber physiological maturity, and was sampled six times within the period at 42, 56, 87,
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101, 115, and 143 days after tuber physiological maturity. The samples were frozen in
liquid nitrogen immediately after collection, and stored at —80 °C until the sampling was
completed. At the completion of sampling, freeze-dried samples were microwaved for
5 min and then oven-dried in an oven at 72 °C for 48 h, and grinded into powder using a
commercial grinder.

2.5. Metabolites Extraction

A total of 10 g of powdered samples were wrapped in filter papers, and dropped in
the cylindrical tubes of Soxhlet apparatus and filled with 400 mL of 100% methanol solvent
produced by Sigma—Aldrich. The temperature of the Soxhlet apparatus was set to 70 °C.
Each sample was subjected to nine extraction cycles, and 50 mL of the extract were collected
in 50 mL centrifuging tubes at the end of the nine extraction cycles, then air-dried to 7.5 mL
before further processing.

Sample Processing

A total of 500 uL of the extracts was pipetted into 2.0 Eppendoff tubes and incu-
bated in a water bath for 15 min at 37 °C, before centrifuging at 10,000 rpm and 4 °C
for 10 min. Samples were filtered using 0.2 mm filter paper and syringe. After filtering,
samples were diluted with methanol at a ratio of 1:9. A total of 500 mL of the diluted
samples were concentrated at 20,000 rpm for 2 h. The concentrated solid extracts were
derivatized according to [1] with slight modifications by dissolving it in 50 mL solution
of (20 mg methoxylamine hydrochloride + 1 mL of pyrimidine), and incubated for 1.5 h
at 37 °C. Afterward, 80 pL of N-Methyl-N-(trimethylsily)trifluoroacetamide was also
added and incubated for 30 min at 37 °C. The derivatization chemicals were sourced from
Sigma-Aldrich (Bengaluru, Karnataka 560099, India).

2.6. GC-MS Analysis

Untargeted metabolomics data were acquired using two auto-injecting GC-MS ma-
chines (Turbomass and 8040NX) by injecting 1ml of each sample. The GC oven was held
for 2 min at 705 °C, ramp for 10 °C/min to 150 °C, then held for 2 min, ramp at 5 °C/min
to 220 °C, held for 1 min, ramp 10 °C/min to 250 °C, held for 1 min. Auto-injection
was conducted at 220 °C. Helium was the carrier gas at a flow rate of 1.3 mL/min. The
interface with the MS was set at 290 °C and MS performed in full scan mode using 70 eV
EI + and scanned from 50 to 500 Da. Retention time locking to ribitol was used according
to Enfissi, et al. [42]. A mixture of n-alkanes, ranging from 8 to 32 carbons, was used for
retention index external calibration. One milliliter of the extraction solvent (methanol) was
used as the internal standard. Sample sets were run in batches of three replicates, Solvent
Delay = 3.00 min, Transfer Temp = 250 °C, Source Temp = 220 °C, Scan mass range: 50 to
500 Da. Column was set at 30.0 m x 250 um.

Data Processing

To identify chromatogram components found in white yam tuber profiles, a mass
spectral library was constructed from machine in-built libraries: NIST “20M&R MS lib,
Main lib, rep lib, OA_TMS_DB5_67min_V3 lib and FA_ME_SP2560_V3 lib. Component
peak identification and spectral deconvolution was performed using the Automated Mass
Spectral Deconvolution and Identification System (AMDIS v2.71, NIST) using Kovat’s
retention indices (RI) and MS for identification according to the metabolomics reporting
guidelines [1]. Each compound was assigned a representative ion and response areas were
integrated and expressed relative to internal standard. Linearity was assessed following
the standard extraction procedure on amounts of material (10 mg) and the range further
enhanced by taking the quantity of aliquot used (400 uL). Recovery was assessed by
expressing measurements from each extract of sample (10 mg) as a percentage of the total
following three sequential extractions. All measurements for the developmental stages
were conducted in triplicate and relative to internal standard.
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TDr1100873

2.7. Data Statistical Analysis and Visualization

Data were further processed in metaboAnalyst 5.0 platform. Row-wise normalization
by the sum, logarithmic transformation and scaling by mean centering were performed to
normalize the data (Figure Sla,b). All statistical analyses were perform using metaboana-
lyst software. Venn tool (Version 2.1) [43] was used to determine the relationship between
differential accumulated metabolites (DAMs) in the tubers of the two genotypes. One-way
univariate ANOVA analyses were performed to determine the significant differentially
accumulated metabolites across different data points at a p-value threshold of p < 0.05, and
Turkey’s HSD was used to compare the means. Principal component analysis (PCA) was
performed to determine the overall pattern of metabolites distribution in the two genotypes
along the data points. In order to filter out the variables in the metabolites that were not
related to categorical variables and to obtain more reliable metabolite information on the
structure of different data points, partial least squares—discriminant analysis (PLS-DA) was
performed using variable importance in projection (VIP) at a threshold of VIP < 1. Agglom-
erative hierarchical cluster analysis was performed to classify the differentially accumulated
metabolites (DAMs) across the data point using euclidean and ward.D distance algorithms
and visualized it in a clustering heatmap. The DAMs were mapped into PubChem, Kyoto
encyclopedia genes and genomes (KEGG) and human metabolome data base (HMDB) to
identify their functional groups. Metabolites set enrichment analysis (MSEA) and pathway
annotation were performed to determine the significantly induced metabolisms that DAMs
are involved in, during the studied yam dormancy stages. Pathway topology analysis was
performed to visualize the significantly induced metabolic pathways.

3. Results
3.1. Metabolic Profiling of White Yam Tuber during Dormancy

A total of 949 metabolites were annotated in tubers of the two genotypes during the
study period; 390 metabolites were annotated in the tubers of Obiaoturugo and 559 metabo-
lites annotated in the tubers of TDr1100873. Using Venn interactive tool (accessed on 1
November 2022) [43], we compared the tuber metabolomes of the two genotypes and it
showed that 158 metabolites were common between the genotypes (Figure 2a). Differen-
tially accumulated metabolites (DAMs) in tubers of the two genotypes were also compared,
and Figure 2b showed that 27 DAMs were conserved in the tubers of both genotypes,
while 7 unique DAMs were observed Obiaoturugo and 5 unique DAMs were observed
TDr1100873. It is believed that the phenotypic variation between the two yam genotypes
with respect to dormancy duration was driven by these unique DAMs.

a b
Obiaoturugo TDr1100873  Obiaoturugo

Figure 2. (a) Comparison of total annotated metabolites in the tubers of the two yam genotypes.
(b) Comparison of significantly differentially accumulated metabolites during dormancy in the tubers
of the two genotypes.
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Analysis of variance (ANOVA) with Bonferroni correction identified 28 and 30 signifi-
cantly differentially accumulated metabolites at (p < 0.05 and FDR < 0.05) across the data
points in the tubers of Obiaoturugo and TDr1100873 respectively (Figure 3a,b).
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Figure 3. Differential accumulated metabolites identified by ANOVA plot with p-value threshold
0.05, FDR < 0.05 and logFC 1.5. Means were compared using Turkey’s Post-hoc test. (a) shows
DAMs in the tubers of TDr1100873 across the studied tuber dormancy stages. (b) Shows DAMs
in the tubers of Obiaoturugo across the studied tuber dormancy stages. Red dots are significant
differential accumulated metabolites, while the green dots are the metabolites that were differentially
accumulated but are not significant. The vertical axis indicates the metabolites log-fold-change, while
the horizontal axis shows the mass peak of the metabolites.

3.2. Principal Component Analysis (PCA) and Partial Least Square-Discriminant Analysis
(PLS-DA) of Metabolites

Principal component analysis (PCA) was performed to determine the overview of
yam tuber metabolome at the six data points of TDr1100873 and four data points of
Obiaoturugo. Figure 4a shows the discriminating pattern of TDr1100873 tuber metabolome
across the studied dormancy stages. The first principal component (PCI) clearly separated
TDr1100873 tuber metabolome at 42-DAPM, 115-DAPM and 143-DAPM separated from
the rest of the data points and it accounts for 28.4% of total variation, while PC2 accounts
for 21.4% of the total variation and it drives the clustering together of the tuber metabolome
at 56-DAPM, 87-DAPM, and 101-DAPM. This indicates that the later three dormancy
stages shared similar metabolome, while the former three dormancy stages were distinct.
Although 115-DAPM and 143-DAPM together constitute the dormancy-breaking stage
and were expected to share similarities in their metabolomes, PCA did not detect any
similarity between them. The tuber metabolome at 115-DAPM, which marks the appearance
shoot buds (the first physical sign that tuber is getting ready for sprouting), differed
substantially from the metabolome at 143-DAPM (sprouted tuber). We used PCA loading
to identify the major metabolites contributing to the tuber metabolome variations at these
dormancy stages (Table S1). The metabolites playing key roles in tuber metabolome
discrimination at different dormancy stages include: four esters, four amines, two alcohols,
an alkaloid, fatty acid, lipid, coumarin, terpenoid, and one flavonoid. Similarly, Figure 4b
shows an Obiaoturugo tuber metabolome discriminating pattern across its four studied
dormancy stages. The tuber metabolomes at 87-DAPM and 101-DAPM were clearly
separated from that at 42-DAPM and 56-DAPM, respectively, by PC1, and it accounted for
50.5% total variations. PC2 accounts for 32.4% of total variations and drives the clustering
together of 42-DAPM and 56-DAPM together. This is an indication that Obiaoturugo
tuber metabolome at these dormancy stages are similar, implying that during the 14 days
between the two sampling points no substantive metabolic change occurred. However, the
distance between the tuber metabolome at 87-DAPM and 101-DAPM indicates that tuber
metabolomes at these two stages are clearly different from each other. 87-DAPM marked
the appearance of shoot buds in the tubers of Obiaoturugo, while 101-DAPM is its sprouted
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tuber metabolome. PCA loading revealed that the metabolites driving the discrimination of
Obiaoturugo tuber metabolome at 87-DAPM and 101-DAPM were: five esters, three amines,
three alcohols, lipid, fatty acid, coumarin, flavonoid, and a carbohydrate (Table S2).
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Figure 4. Score plots between the selected Principal components of PCA and components of PLS-DA
showing the discrimination of tuber metabolomes of the two genotypes across the dormancy stages
studied, and the explained variances are shown in brackets; (a) shows the PCA of TDr1100873,
(b) shows the PCA of Obiaoturugo, (c) shows the PLS-DA of TDr110873, while (d) shows the PLS-DA

of Obiaoturugo.

We performed partial least squares—discriminant analysis (PLS-DA) to further access
the performance of the discrimination of the tuber metabolome under a supervised tech-
nique across the studied stages, using the very importance in projection (VIP) scores to
evaluate the pattern of differential accumulation of important metabolites identified by
PLS-DA across the dormancy stages (Figures S2 and S3). Figure 4c shows the discriminat-
ing of TDr110873 tuber metabolome under supervised classification technique across the
investigated dormancy stages. Component 2 separated tuber metabolome at 115-DAPM
and 143-DAPM from the metabolome in the rest of the dormancy stages, and it accounts
for 16.8% of the total variations, while component 1, which accounts for 15.4% variation,
separated the tuber metabolome at 101-DAPM from 42-DAPM, 56-DAPM, and 87-DAPM.
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Figure 4d shows the discriminating pattern of Obiaoturugo tuber metabolome across the
studied dormancy stages under supervised classification. It indicates that the Obiaotu-
rugo metabolome at each stage represents a distinct dormancy progression stage unlike
what was observed with PCA. The separations were driven by components 1 and 2 of the
PLS-DA scores plot which accounts for 32.6% and 36.9% of the total variations, respectively.
The studied dormancy stages exhibited a consistent pattern in their separation into groups
of clusters. The separation into distinct metabolome group or clustering into groups of
similar metabolomes was determined mainly by the time duration between dormancy
stages and dormancy phenotype, which necessitate change in metabolome composition.

3.3. Identification of Differentially Accumulated Metabolites across the Studied Tuber
Dormancy Stages

To identify the differential accumulated metabolites (DAMs) across tuber dormancy
stages studied, we performed agglomerative hierarchical clustering (AHC) analysis which
partitioned DAMs earlier identified by ANOVA and PLS-DA VIP scores into the pattern
of the exact change in their concentrations across the different dormancy stages using
Euclidean distance measure and ward. D clustering algorithm. If a metabolite plays a
role in the biological process, its concentration normally fluctuates during the process
to adapt to the physiological changes in the process. First, AHC grouped the studied
dormancy stages of TDr1100873 tuber into two main clusters; cluster 1 comprises of
143-DAPM, 115DAPM, and 42-DAPM, cluster 2 comprises of 101-DAPM, 87-DAPM, and
56-DAPM (Figure 5a). In Obiaoturugo, the only distinct cluster comprises of 56-DAPM
and 87-DAPM, while 42-DAPM and 101-DAPM were separately linked to it (Figure 5b).
This was a deviation from the normal three curve stages in the germination process of
botanic seed. However, this was expected because the physical characteristics of dormant
botanic seeds that influence its growth curve exist in yam tuber. While botanical seeds are
in the desiccation state at maturity, necessitating their requirement of imbibition during the
germination process, yam tubers at maturity are in the hydrated state, and do not require
imbibition during germination. Instead, as we reported earlier [44], it requires moisture
loss to a 40% threshold before the dormancy-breaking process can commence. This might
be linked to this sharp deviation of yam tuber germination stages from well-established
three curve stages of the germination process in botanical seeds.

Agglomerative hierarchical clustering of the DAMs revealed the dynamic changes
in the tuber metabolomes of the two genotypes (TDr1100873 and Obiaoturugo) across the
studied dormancy stages. It identified 32 DAMs in tubers of TDr1100873, and 34 DAMs
in tubers of Obiaoturugo (Figure 5a,b). Figure 5a shows that in TDr1100873, eight DAMs
which comprised of aromatic amine, (two) alcohols and polyols, organosiloxane, amino
acid and derivatives, alkaloid, biogenic polyamine, coumarin were upregulated, and
15 DAMs that comprised of nucleotide (adenine), (two) alkaloids, amino acid and deriva-
tive, galactonolactone (sugar acid), flavonoids, fatty acid, (three) carboxylic acids, coumarin,
(two) alcohols and polyols, ester, benzene derivatives and phytohormone, were down-
regulated at 42-DAPM. At 56-DAPM, nine DAMs which comprised of aromatic amine,
(two) amino acids and derivatives, (two) alcohols, flavonoid, organosiloxane, biogenic
polyamines and ester were up-regulated, and seven DAMs that comprised of benzene
derivatives, phenol, sugar (sucrose), benzoquinone, alcohol and polyol, ester, and car-
boxylic acid were down-regulated. At 87-DAPM, 10 DAMs which comprised of fatty
ester, biogenic polyamine, flavonoid, amines, alcohol, phenol, lipid, coumarin, fatty acid,
benzene derivatives were up-regulated, and seven DAMs that comprised of, alkaloids,
(two) nucleotides (adenine and nucleic acid), aromatic amine, alcohol and polyol, amino
acid and derivatives, organosiloxane were down-regulated. At 101-DAPM, six DAMs
which comprised of fatty ester, terpene, alcohol, (two) nucleotides (adenine and nucleotide
sugar acid) and alkaloid, were up-regulated, alkaloids, and seven DAMs that comprised of
alcohol, flavonoid, amine, biogenic polyamine, alkaloid, phenol, phytohormone (salicyluric
acid) down-regulated. At 115-DAPM, seven DAMs which comprised of sugar (sucrose),
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benzoquinone, (two) carboxylic acids, fatty acid, lipid, phytohormone (salicyluric acid)
were up-regulated, and 12 DAMs that comprised of fatty ester, biogenic polyamine, ter-
pene, (two) amino acid and derivatives, (three) alcohols and polyols, (two) flavonoids, fatty
acid, organosiloxane were down-regulated. At 143-DAPM, 12DAMSs which comprised of
(two) flavonoids, sugar (sucrose), (two) alkaloids, carboxylic acid, phytohormone (sali-
cyluric acid), biogenic Polyamines, benzene derivatives, amino acid, benzoquinone were
up-regulated, whereas seven DAMs that comprised of aromatic amine, alcohol, amino
acids and derivatives, sugar acid, flavonoid, fatty acid, lipid were down-regulated.
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Figure 5. Agglomerative Hierarchical Cluster heatmap of DAMs across the studied dormancy stages
in each of the genotypes. Metabolites and dormancy stages were separated into clusters using
distance measure Euclidean distance measure, and clustering algorithms ward. linkage. The relative
concentration of each metabolite at different studied dormancy stages was standardized, ranked using
Spearman’s rank correlation, and shown in the box according to the color criterion indicating their
log fold change in concentration at each dormancy stage. The log fold change values according to the
color criterion and dormancy stages are shown on the legends at the right of the figures. (a) shows
the hierarchical cluster heatmap of DAMs in the tubers of TDr1100873 across the studied dormancy
stages, while (b) shows the hierarchical cluster heatmap of DAMs in the tubers of Obiaoturugo across
the studied dormancy stages.

Figure 5b shows that in Obiaoturugo, 15 DAMs which comprised of (three) amino
acids and derivatives, (three) alcohols and polyols, (two) alkaloids, (two) carboxylic acids,
(two) phytohormones (salicyluric and 3-methylsalicylic acids), sugar acid, amino alcohol,
biogenic polyamine were up-regulated, and 14 DAMs that comprised of (two) carboxylic
acids, (two) esters, (two) flavonoids, phenol, fatty acid, aromatic amine, organosiloxane,
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benzoquinone, down-regulated at 42-DAPM. At 56-DAPM, seven DAMs which comprised
of amine, (two) flavonoids, benzene derivatives, (two) nucleotides (adenine and nucleic
acid), sugar (sucrose) were up-regulated, and five DAMs that comprised of ester, nucleotide
(nucleotide sugar), alcohol, biogenic polyamine, and alkaloid were down-regulated. At
87-DAPM, 11 DAMs which comprised of (two) nucleotides (nucleic acid and nucleotide
sugar), benzoquinone, (two) esters, aromatic amine, fatty acid, carboxylic acid, flavonoid,
alcohol, organosiloxane were up-regulated, and four DAMs that comprised of flavonoids,
phytohormone (methylsalicylic acid), alkaloids, amino alcohol were down-regulated. At
101-DAPM, eight DAMs which comprised of (two) flavonoids, benzoquinone, ester, car-
boxylic acid, alcohol organosiloxane and biogenic polyamines were up-regulated, and nine
DAMs that comprised of phytohormone (methysalicylic acid), amino acid and derivatives,
alcohols and polyols, sugar acid, inorganic oxide, (two) carboxylic acids were down-
regulated. This result demonstrates that amines, biogenic polyamines, amino acids and
derivatives, alcohols, flavonoids, alkaloids, organosiloxane, phenols, esters, coumarins and
phytohormone dominated the metabolic activities during the dormancy period, whereas,
fatty acids, lipids, nucleotides, carboxylic acids, sugars, amino acid (glutamine), terpenoids,
benzoquinones, and benzene derivatives dominated the metabolic activities during tuber
dormancy breaking and sprouted tubers of both yam genotypes. However, polyamine ac-
cumulated in the tubers of both genotypes during the deep dormant stages and in sprouted
tubers, indicating that it might be playing a role in both dormancy induction and yam
vine development.

3.4. Metabolites Mapping and Chemical Functional Groups Identification

To perform further analysis with the identified DAMs the compound labels, or identity
need to be standardized. The raw metabolites labels were used as queries in mapping
DAMs into HMDB, PubChem, and KEGG databases to identify their standardized com-
pound names, chemical IDs, and functional groups. It was observed that the DAMs were
distributed across sixteen (13) major chemical functional groups, comprising primary and
secondary metabolisms. Alcohols and polyols were the most abundant DAMs, and it
constitutes 12.82% proportion of the total DAMs, followed by fatty acids and esters, and
amines and polyamines as each of them constitute 10.26% (Figure 6). Table 1 shows the
conversion of the raw DAMs labels to standard compound names, their chemical functional
groups, and IDs in HMDB, PubChem, and KEGG.

Table 1. Result of mapping of DAMs in HMDB, PubChem, and KEGG for standard name, chemical
functional group and IDs determination.

Query Match Chem-Fun Group HMDB Pub Chem KEGG
9,12,15-Octadecatrienoic acid, (Z,Z,Z)- Alpha-Linolenic acid Fatty acids HMDB0001388 5280934 C06427
Ethylenediamine-N,N’-dipropionic acid Edetic Acid Flavonoids HMDB0015109 6049 C00284
1-Butanol, 2-methyl-, acetate Methyl methacrylate Esters HMDB0032385 6658 C19504
Tetraacetyl-d-xylonic nitrile Sarcosine g;‘r‘:{,‘;’tgce‘sds and HMDB0000271 1088 C00213
(+)-N-Acetylmuramic acid UDP-N-acetylmuraminate nucleotide-sugar HMDB0011720 24755495 C01050
1-Butanol, 3-methyl-, formate 3-Methylbutyl formate Fatty esters HMDB0034163 8052 C12293
1,3-Propanediol, . .

2ethyl-2-(hydroxymethyl)- 1,3-Butanediol Alcohols and Polyols HMDB0031320 7896 C20335
18-Di(4-nitrophenylmethyl)-3,6- Tyramine Amino Acids and HMDB0000306 5610 C00483
diazahomoadamantan-9-one Derivatives

Benzeneethanamine, . . .

2-fluoro-4,3,4-trihydroxy-N-isopropyl- Phenylethylamine Amines, Aromatic HMDB0012275 1001 C05332
Desulphosinigrin Delphinidin 3-O-sophoroside Flavonoids 47205615 C16307
Glycerin Glycerol Alcohols and Polyols HMDB0000131 753 C00116
9,12-Octadecadienoic acid (Z,Z)- Linoleic acid Lipids HMDB0000673 5280450 C01595
Dasycarpidan-1-methanol, acetate (ester) Acetaminophen Flavonoids HMDB0001859 1983 C06804
2,_2_,4-Tr1methy1-1,S-pentanedlol 3-Phenylpropyl Alcohols HMDB0034472 7662 02008
diisobutyrate 2-methylpropanoate

Sucrose Sucrose Disaccharides HMDB0000258 5988 C00089
5-O-Methyl-d-gluconic acid 3-Cresotinic acid Phytohormone HMDB0002390 6738 C14088
dimethylamide
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Table 1. Cont.

Query Match Chem-Fun Group HMDB Pub Chem KEGG
2,6-Dioxa-tricyclo [3.3.2.0(3,7)] decan-9-one  Ibuprofen Amines HMDB0001925 3672 C01588
1,3-Cyclohexanedione, 2,5,5-trimethyl- 1,4-Cyclohexanedione Alcohols 10263 C08063
5-Methoxypyrrolidin-2-one Galactosylglycerol Alkaloids HMDB0006790 656504 C05401
2(3H)-Furanone, 5-heptyldihydro Galactonolactone Sugar Acids HMDB0002541 5640 C03383
2-Propanol, 1,1’-oxybis- Propranolol Amino Alcohols HMDB0001849 4946 C07407
10-Hydroxydecanoic acid 12-Hydroxydodecanoic acid Fatty Acids HMDB0002059 79034 C08317
Succinamide Putrescine Biogenic Polyamines HMDB0001414 1045 C00134
2-Octenoic acid, 4,5,7-trhydroxy Methyl acrylate Carboxylic Acids HMDB0033977 7294 C19443
2-Hydroxy-3-methoxy-succinic acid, L-Malic acid carboxylic acid HMDB0000156 222656 C00149
dimethyl ester
Octanoic acid, 2-phenylethyl ester Styrene Benzene Derivatives HMDB0034240 7501 C19506
2-Cyclohexen-1-one, s .
4-(3hydroxy-1-butenyl)-3,5,5-trimethyl- Amoxycillin Terpenoids HMDB0030500 2171 C06827
8-Hydroxy-7-methoxycoumarin Oxybenzone Coumarins HMDB0015497 4632 C14285
Pyrimidine-4,6-diol, 5-methyl- Uracil Nudeie Acids and HMDB0000300 1174 C00106
erivatives
. 34-
Oxime-, methoxy-phenyl-_ Dihydroxyphenylacetaldehyde phenols HMDB0003791 119219 C04043
Adenine Adenine Nucleotides HMDB0000034 190 C00147
2,5-Cyclohexadiene-1,4-dione, dioxime Quinone Benzoquinones HMDB0003364 4650 C00472
2,5-Pyrrolidinedione, . .
3(1-aminoethylidene)-4-methyl- Isopyridoxal Alkaloids HMDB0004290 440899 C06051
Phthalic acid, hept-4-yl isobutyl ester Thalidomide Carboxylic Acids HMDB0015175 92142 C07910
L-Glutamine L-Glutamine Amino Acids and HMDB0000641 5961 C00064
erivatives
Methyl cis-13,16-Docosadienate Methylitaconate carboxylic acid METPA0268 C02295
2-Hydroxyhippuric acid-3TMS Salicyluric acid Phytohormone HMDB0000840 10253 C07588
2,4-Di-tert-butylphenoxytrimethylsilane Butenafine Amines HMDB0015223 2484 C08067
Pentasiloxane, dodecamethyl- Dodecamethylpentasiloxane organosiloxane HMDB0062731 8853
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Figure 6. Proportional composition of chemical functional groups of the DAMs. The color and
area of each component of the pie chart show the percentage composition of a particular chemical
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3.5. Metabolites Sets Enrichment Analysis and Pathways Annotation

We performed metabolite set enrichment analysis using a hypergeometric test to de-
termine whether the metabolism of any set of DAMs is represented more than expected by
chance during the studied yam tuber dormancy stages. It was found that 12 metabolisms

118



Metabolites 2023, 13, 610

were significantly enriched at (p < 0.05) during the studied yam tuber dormancy stages
(Figure 7). The enrichment ratio of each of the induced metabolism denoted by the length
of its bar length indicates the fold change in a particular metabolism from normal, while the
p-value indicates determines whether a particular metabolism has a significant impact on
the biological process under consideration. Linoleic acid metabolism recorded the highest
enrichment ratio of over 20 at p = 0.02, an indication that linoleic acid metabolism plays
the most important role in yam tuber dormancy regulation. On the other hand, other
metabolisms, such as galactose metabolism, biosynthesis of unsaturated fatty acids, pyrimi-
dine metabolism, nitrogen metabolism, purine metabolism, D-glutamine and D-glutamate
metabolism, phenylalanine metabolism, alpha-linoleic acid metabolism, Arginine biosyn-
thesis, Glycerolipid metabolism, and starch and sucrose metabolism play some roles in
yam tuber dormancy regulation.
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Figure 7. Bar plots for metabolites set enrichment analysis showing the top 23 metabolisms of
enriched metabolites. The enrichment ratio values are the ratio between the fold change in the
metabolisms across the studied dormancy stages and their expected values under normal conditions.
The color criterion indicates the p-value at which each metabolism was induced to its enrichment
ratio, and it determines whether enrichment is significant or not.

3.6. Pathway Topology Analysis

Since the metabolic network is directed, we used the relative betweenness centrality of
the metabolites in a node to determine the impact of the pathway on yam tuber dormancy
regulation. The result indicates that seven metabolic pathways (linoleic acid metabolic path-
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way, phenylalanine metabolic pathway, galactose metabolic pathway, starch and sucrose
metabolic, alanine, aspartate, and glutamate metabolic pathway, purine metabolic pathway,
and lysine biosynthesis) had a significant impact on yam tuber dormancy regulation, with
linoleic acid metabolic pathway exacting maximum impact of 1 (Figure 8). Two pathways
(Aminoacy-tRNA biosynthesis, and porphyrin and chlorophyll metabolism) were also
observed to be suppressed during tuber endodormancy dormancy stages. Generally, the
seven significantly induced pathways can be grouped into three major functional categories,
which include: lipids metabolism, energy and nucleotides metabolism, and amino acids
metabolism. Lipids and energy nucleotide metabolisms were majorly involved in yam
tuber dormancy-breaking activities and their metabolites were preponderance during tuber
dormancy-breaking stages. While amino acids metabolisms dominated the activities during
yam tuber endodormancy dormancy stages. Table 2 presents the summary of all induced
pathways, their log-fold change and impacts on yam tuber dormancy regulation.
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Figure 8. Metabolome view of pathway topology showing the pathways that significantly impacted
yam tuber dormancy regulation. The dots denote metabolic pathways, size of the dots indicates the
value of the impact of the pathway on yam tuber dormancy regulation on a scale of 0 to 1, whereas,
the color intensity of the dots indicates the fold change of the pathway.
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Table 2. Result of pathway topology analysis, showing the significantly induced pathways and their
impact on yam tuber dormancy regulation.

Total Expected Hits Raw p —log10 (p) Holm Adjust FDR Impact

Isoquinoline alkaloid biosynthesis 6 0.08 2 226 x 1073 2.65 x 10 215 x 107! 2.03 x 107! 0.00
Galactose metabolism 27 0.35 3 428 x 1073 2.37 x 10 4.02 x 107! 2.03 x 107! 0.76
Tyrosine metabolism 18 0.23 2 211 x 1072 1.68 x 10 1.00 x 10 6.67 x 1071 0.04
Biosynthesis of unsaturated fatty acids 22 0.28 2 3.09 x 1072 151 x 10 1.00 x 10 7.33 x 107! 0.00
Linoleic acid metabolism 4 0.05 1 5.04 x 1072 1.30 x 10 1.00 x 10 8.15 x 107! 1.00
Glyoxylate and dicarboxylate 29 0.37 2 5.14 x 1072 1.29 x 10 1.00 x 10 8.15 x 107! 0.06
metabolism

Pyrimidine metabolism 38 0.49 2 8.32 x 102 1.08 x 10 1.00 x 10 1.00 x 10 0.06
Lysine biosynthesis 9 0.12 1 1.10 x 107! 9.59 x 107! 1.00 x 10 1.00 x 10 0.47
Nitrogen metabolism 12 0.15 1 144 x 107! 8.41 x 107! 1.00 x 10 1.00 x 10 0.54
Phenylalanine metabolism 12 0.15 1 144 x 107! 841 x 107! 1.00 x 10 1.00 x 10 0.79
Purine metabolism 63 0.81 2 1.92 x 107! 717 x 107! 1.00 x 10 1.00 x 10 0.26
Arginine biosynthesis 18 0.23 1 2.09 x 10! 6.81 x 10°! 1.00 x 10 1.00 x 10 0.00
beta-Alanine metabolism 18 0.23 1 2.09 x 107! 6.81 x 107! 1.00 x 10 1.00 x 10 0.00
Citrate cycle (TCA cycle) 20 0.26 1 2.29 x 107! 6.40 x 107! 1.00 x 10 1.00 x 10 0.33
Zeatin biosynthesis 21 0.27 1 2.39 x 107! 6.22 x 107! 1.00 x 10 1.00 x 10 0.00
Carbon fixation in photosynthetic organ- 21 0.27 1 239 x 1071 6.22 x 107! 1.00 x 10 1.00 x 10 0.06
isms

Glycerolipid metabolism 21 0.27 1 2.39 x 107! 6.22 x 107! 1.00 x 10 1.00 x 10 0.26
Phenylalanine, tyrosine, and tryptophan 22 0.28 1 249 x 107! 6.04 x 10! 1.00 x 10 1.00 x 10 0.08
biosynthesis

Starch and sucrose metabolism 22 0.28 1 249 x 107! 6.04 x 107! 1.00 x 10 1.00 x 10 0.59
Pyruvate metabolism 22 0.28 1 249 x 10! 6.04 x 107! 1.00 x 10 1.00 x 10 0.24
Alanine, aspartate and glutamate 22 0.28 1 249 x 107! 6.04 x 107! 1.00 x 10 1.00 x 10 0.57
metabolism

Pantothenate and CoA biosynthesis 23 0.30 1 2.59 x 107! 5.87 x 107! 1.00 x 10 1.00 x 10 0.00
Cyanoamino acid metabolism 26 0.33 1 2.87 x 107! 542 x 107! 1.00 x 10 1.00 x 10 0.00
Glutathione metabolism 27 0.35 1 297 x 107! 528 x 107! 1.00 x 10 1.00 x 10 0.01
alpha-Linolenic acid metabolism 27 0.35 1 297 x 107! 528 x 107! 1.00 x 10 1.00 x 10 0.11
Arginine and proline metabolism 28 0.36 1 3.06 x 107? 514 x 107! 1.00 x 10 1.00 x 10 0.16
Glycine, serine, and threonine metabolism 33 0.42 1 3.50 x 10~! 4.56 x 1071 1.00 x 10 1.00 x 10 0.00
Aminoacyl-tRNA biosynthesis 46 0.59 1 453 x 107! 344 x 107! 1.00 x 10 1.00 x 10 0.00
Porphyrin and chlorophyll metabolism 47 0.60 1 461 x 107! 3.37 x 107! 1.00 x 10 1.00 x 10 0.01

Total is the number of compounds in the pathway, expected is the normal ratio value, hits are the matched
number from the uploaded data, Raw p is the p-value before adjustment, Holm p is the p-value adjusted using
the Holm—Bonferroni method. FDR is the p value adjusted using a false discovering rate. Impact is the effect of
the pathway on a biological process (yam tuber dormancy regulation).

4. Discussions

Dormancy in yam tuber is a complex process that is synergistically modulated by
molecular processes and environmental signals. Physiologically, during the period of dor-
mancy to sprouting, yam tuber transit into three modes of nutrition; from heterotrophic to
autotrophic and back to heterotrophic. Metabolites undoubtedly play essential roles during
these processes, since they contribute the raw materials for cellular structure composition,
energy supply, biochemical reactions, and signaling which are required for the completion
of the physiological process of dormancy induction and breaking [18,28]. Usually, upon
dormancy induction some specific metabolites are accumulated and some signals activated
to maintain low energy conditions in yam tuber that characterize the dormancy period,
whereas during dormancy breaking, varieties of metabolites and metabolisms are activated
to provide nutrients and energy required for tuber dormancy breaking [7,45]. However,
elucidating the key metabolites and metabolic pathways that regulate yam tuber dormancy,
to the best of our knowledge has not been done previously, although the functions of some
metabolites in botanical seeds have been established [32,46-48]. Our study used untargeted
metabolomics profiling to determine some key metabolites and their associated metabolic
pathways that regulate yam tuber dormancy.

4.1. Efficiency of Metabolomics in Deciphering Molecular Mechanisms in a Biological System

In recent years, metabolomics has been frequently used in the study of seed dor-
mancy [28,46,49]. In Davidia involucrate: a dove tree that is common in China, which has
very recalcitrant seeds that stay in a dormant state for about four years, metabolome profil-
ing identified 48 differentially accumulated metabolites (DAMs) which were enriched in
purine metabolism, pyrimidine metabolism, arginine, and proline metabolism, flavone and
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flavonol biosynthesis, phenylpropanoid biosynthesis, arginine biosynthesis pathways, as
well as key phytohormones, abscisic acid, indole-3 acetic acid and sinapic acid that were
implicated in the seed dormancy regulation [32]. In rice, comparative metabolic profiling
identified 74 candidate metabolites, among which 29 belong to the ornithine-asparagine-
polyamine module and the shikimic acid-tyrosine-tryptamine-phenylalamine-flavonoid
module. The result revealed that shikimic acid promoted seed dormancy breaking [18]. In
Arabidopsis, metabolomic and transcriptomic profiling identified two distinctive profiles
involved in the metabolic regulation of seed dormancy breaking and seedling establish-
ment [35]. The distribution of metabolites in two inbred lines (B73 and Mo17) of maize
seeds revealed that the two inbred lines were highly differentiated in their metabolite
profiles during dormancy breaking, with regard to amino acids, sugar alcohols, and organic
acids accumulation, which determined their dormancy phenotype [50]. In the present study,
we performed a comparative metabolomics profiling of tubers of two white yam genotypes
at different time points during dormancy to dormancy breaking. We observed that a total
of 39 metabolites were differentially accumulated in tubers of the two yam genotypes
during the study period. The 39 DAMs were dominated by amino acids and derivatives,
alkaloids and alcohols, sugars, nucleotides, amines and polyamines, fatty acids and esters,
phenols and benzene derivatives, and organic acids. Therefore, this study demonstrated the
efficiency of our metabolomic profiling approach in identifying differentially accumulated
metabolites, which revealed the dynamic physiological processes in white yam tubers from
dormancy to sprouting.

4.2. Differentially Accumulated Metabolites Determined the Phenotypic Variation in Dormancy
Duration of the Two White Yam Genotypes

Our data showed genotype-specific variation in differentially accumulated metabolites
during tuber dormancy and dormancy break of the two white yam genotypes (TDr1100873
and Obiaoturugo). The tubers of TDr1100873 had 5 unique DAMs that spread between
dormancy and dormancy break periods, and exhibited long dormancy phenotype. The
5 unique DAMs observed in the tubers of TDr1100873 comprised of terpenoids, amines,
phenol, and 2 fatty acids. Among the 5 unique DAMSs observed in tubers of TDr110873,
terpenoid was accumulated at 101-DAPM, amine accumulated at 56-DAPM, while phe-
nol and one of the fatty acids accumulated at 87-DAPM, all these time points, except
101-DAPM constitute the dormant period in TDr1100873. Obiaoturugo had 7 unique DAMs
(nucleotide sugar, L-malic acid, amino alcohol, amine, phytohormone, carboxylic acid,
and amino acid and derivatives) that also spread between dormancy and dormancy break
periods and exhibited short dormant phenotype. Among the 7 unique DAMs observed
in the tubers of Obiaoturugo, nucleotide sugar, amino acid, and carboxylic acid were all
upregulated at 87-DAPM which is the dormancy breaking point in Obiaoturugo. The role of
amines in dormancy regulation has been shown to be species-specific. In some plants, they
promote dormancy breaking (germination), and in others, they induce dormancy, [46,51,52].
Its accumulation in the tuber of long-dormant phenotype is indicative that it induced or at
least functioned to prolong yam tuber dormancy. The study has shown phenol as an antiox-
idant that participates in the scavenging of reactive oxygen species (ROS) thus catalyzing
oxygenation reactions through the formation of metallic complexes, and inhibiting the
activities of oxidizing enzymes [53]. Its accumulation at the point when the tubers of short
dormant genotype-initiated dormancy breaking this suggests it plays a vital role in the
process. Conversely, the presence of unique nucleotide sugar and amino acid (glutamine)
that accumulated at 87-DAPM which marked the endodormancy breaking point suggests
that these metabolites play some roles in determining early dormancy breaking. It has
been demonstrated that nucleotide sugar plays a regulatory role in cell division. A strong
correlation was observed between the supply of Glc and the expression of cyclins (cycD2;1,
D3;2, A3;2, and B1,2) [54,55], that the accumulation of nucleotide sugar in the tubers of
short dormant phenotype might have triggered the early reactivation of cell division and
consequently dormancy break. Similarly, it has been reported that L-Glutamine is a di-
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rect precursor of Glutamate, and Glutamate occupies a central position in amino acid
metabolism in plants and as well plays key role initiation of dormancy breaking process in
seeds [56]. We infer that 2 metabolites (amine and phenol) out of the 5 unique DAMs in
TDr1100873 tubers might be playing some role in maintaining prolonged dormancy dura-
tion, whereas, 2 metabolites (nucleotide sugar and amino acid) out of the 7 unique DAMs
in Obiaoturugo tubers might be playing some roles in early dormancy break. The amine and
phenol might have induced and maintained dormancy through their antioxidative ability.
Since dormancy breaking process generally generates ROS, and ROS has been reported to
promote dormancy breaking by oxidation of NADP and release of energy (ATP) required
for dormancy breaking process [57] It can be hypothesized that any process that suppresses
any process that generates energy in the tuber during dormancy will enhance dormancy
maintenance. Conversely, nucleotide sugar and amino acid might promote dormancy break
by enhancing energy availability and increasing the nitrogen/carbon ratio which are the
primary requirement for dormancy break. Our results agreed with the finding of [58] who
reported that composition and changes in concentration of metabolites in the seeds of two
wild barley. Our study buttresses the fact that variation in the duration of tuber dormancy
could be driven by the absence of nucleotide sugar and nucleic amino acid (L-Glutamine)
in the tubers of long dormancy duration genotype (TDr1100873).

4.3. Metabolic Regulation of Yam Tuber Dormancy

Using three typical methods; ANOVA, PLS-DA, and AHC, for comparative metabolome
analysis at different time points during tuber dormancy of the two white yam genotypes, we
identified 39 candidates metabolites associated with tuber dormancy regulation, distributed
across 14 well-known dormancy regulating chemical functional groups such as: amines
and biogenic polyamines, amino acids and derivatives, carboxylic acids, sugars, Alkaloids,
alcohols and polyols, flavonoids, phenols, and benzene derivatives, nucleotides, fatty acids
and esters, lipids, coumarins and terpenoids, and phytohormones [7,26,59,60]. We did
not identify any of the two established dormancy-regulating phytohormones; Abscisic
acid (ABA) and Gibberellic acids (GA) directly, although, their precursors were observed
in some of the metabolic pathways enriched. Our data showed the dynamic changes
in the concentrations of the identified DAMs across the studied dormancy stages of the
tubers of the two white yam genotypes in response to different physiological processes that
characterized each of the studied dormancy progression stages. Metabolites set enrichment
analysis revealed that these DAMs were involved in 12 significantly induced metabolisms
during the white yam tuber dormancy-to-dormancy break period. These observations
can be further grouped into amines and amino acids metabolisms, secondary metabolites
metabolisms, energy metabolisms, and nucleotides metabolisms.

4.4. Amines and Amino Acids Metabolisms

Generally, most the amines and amino acids accumulated in the tubers of both yam
genotypes during dormant stages, except for L-Glutamine that accumulated during the
dormancy breaking stage in the tubers of the short dormant genotype. The preponderance
of amines and amino acids during the yam tuber dormancy stage is an indication that
the cells of yam tubers during dormancy were in the post-replication phase, implying
that replication which is the hallmark of the cell cycle and consequently growth process
was halted during this period. It has been reported that active dormancy induction is
characterized by the arrest of the cell cycle process at the G1 phase [54]. Studies have
also revealed that amino acids have prominent functions in plant growth and develop-
ment, besides their role as a protein building block, they as well play pivotal roles in
the biosynthesis of secondary metabolites, and during signaling processes in plant stress
response [61,62]. These functions of amino acids, amines, and polyamines have been shown
to be specie-specific, in some plant they promote dormancy breaking (germination), and
in others, they induce dormancy [52,63]. The molecular mechanism of exerting any of
the dormancy regulatory action (either induction or inhibition) differs too. In dormancy
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induction, it seems that amino acids and amines utilize the same molecular module that
they use when they act as osmo-protectant during plant abiotic and biotic stress response
and biosynthesis of secondary metabolites. It has been demonstrated that amino acids have
antioxidant properties and act as reactive oxygen species (ROS) scavenger during plant
response to stressful conditions [64]. ROS also serve as signaling molecules during plant
growth and in the development and responses to biotic and abiotic stresses [65]. ROS had
been shown to directly act on plant cell-wall polysaccharides by breaking their glycosidic
bonds, which cause the cell wall to relax, thereby promoting cell division and elongation,
which marks the breaking of endodormancy, [66]. During seed germination of dicotyle-
donous plants, such as cress and lettuce, ROS accumulation in their micropylar endosperm
and radicle, led to endosperm weakening and radicle elongation, thereby promoting seed
germination [67]. Certain cell-wall hydrolases and non-enzymatic substances, such as
ROS and expansion, are needed for these processes [68]. Li et al. [57] have shown that
ROS accumulated in the radicle and coleorhiza of rice seeds during germination and that
ROS production and the number of germinated seeds decreased in the presence of ROS in-
hibitors, i.e., diphenyleneiodonium chloride and guazatine. We therefore infer that the ROS
inhibition action of amino acids in yam tuber led to dormancy induction and maintenance,
and hence they accumulated during tuber dormancy in the two-genotype studied. Previous
studies have also made similar observations, in soybean (Glaycin max), high seed-specific
expression of feedback-insensitive genes encoding dihydrodipicolinate synthase (DHPS)
and aspartate kinase (AK) resulted in wrinkled seeds and low germination rates [69], while
grain yield reduction was observed in high lysine crops [70]. Studies suggest that lysine
also affect starch synthesis and endosperm development in maize (Zea mays Linn) and
rice (Orayze sative) [70,71]. It mobilizes sucrose and other energy sources in a cell thereby
leading to a state of low-energy condition that characterizes dormancy period. Also, seed
mobilization of minor proteins such as seed maturation and dormancy-associated proteins
that are degraded during imbibition to provide primary amino acids during germination
have been reported [72,73]. In red rice, pyruvate in arginine-proline metabolism was in-
duced in dormant seeds, and implicated in seed dormancy induction and maintenance [74].
In the Dove tree (D. involucrata Baill), the seeds that do not germinate after stratification
treatment had the strongest pyruvate— arginine— proline metabolism induction, suggesting
that this metabolic pathway might be a key contributor to dormancy induction [32]. In
strawberries, polyamine in ABA-dominated, IAA, and ethylene-participating crosstalk
inhibited seed ripening and germination [75]. In the present study, our pathway topology
analysis also revealed that arginine-proline was significantly induced during yam tuber dor-
mancy (Table 2). Our pathway topology analysis also revealed that lysine metabolism leads
to the biosynthesis of secondary metabolites such as; tropane, piperidine, and pyridine
alkaloids, which are known for dormancy induction and maintenance in the seed.
Polyamine (putrescine) has also been implicated in other plant physiological processes
such as senescence induction, and stress tolerance [76,77]. It has been reported that senes-
cence induction in yam crops is the physiological marker of dormancy onset [7], hence,
it is reasonable to hypothesize that putrescine can induce tuber dormancy through the
same molecular module that it uses to induce senescence. In the current study, putrescine
accumulated in the tubers of both yam genotypes during the dormancy stage, and was sup-
pressed as dormancy progresses towards breaking (germination). Phenylalanine is another
important amine that accumulated during dormancy in the present study. Although, the
aromatic amine acts as a nitrogen source participates in the activation of cellular processes
that induce germination, but its metabolic pathway is also a hub for the biosynthesis of di-
verse secondary metabolites, most of which counter its own growth-inducing action [78,79].
The study has also demonstrated that upregulation of alanine aminotransferase (AlaAT)
isoenzymes encoded by long and short dormancy alleles differ in barley seed embryos
led to the exhibition of different dormant phenotypes [80] The reduced dormancy allele
Qsd1 mutant enhanced early and uniform germination, whereas long dormancy allele gsd1
mutant exhibited prolonged dormancy. In the current study, pathway topology analysis
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revealed that phenylalanine accumulated during tuber dormancy stages, suggesting that
the metabolite plays role in tuber dormancy induction. Our pathway topology analysis
also revealed that phenylalanine was significantly induced during yam tuber dormancy,
and it exerted a significant impact on yam tuber dormancy regulation.

Our result contrasted several studies that have demonstrated that the majority of
amino acids and amines promote dormancy break (germination), and inhibit dormancy
induction and maintenance in botanical seeds [52,81,82]. Ornithine and arginine are both
nitrogenous amino acids that can form polyamines through decarboxylation [18]. In canola
(Brassica napus), it was demonstrated that tyramine differentially accumulated in osmo-
primed seeds under saline stress, and led to early seed germination [83]. Llebres, et al. [84]
identified the genes involved in arginine metabolism in Pinus pinaster Ait and found that
arginine plays important role in seed germination in Pinus pinaster. In cotton, nitrogen
flow occurs in the seed during seed formation and germination through asparagine —>
arginine —> storage protein —> arginine —> asparagine sequence [85]. The shikimic
acid-tyrosine—tryptamine—phenylalanine-flavonoid module is closely related to the path-
way of phenylalanine, tyrosine, and tryptophan biosynthesis along with biosynthesis of
phenylpropanoids. This module is also well known for its involvement in plant defense
systems, especially shikimic acid (shikimate). Some of the members of this pathway have
been reported to be involved in seed germination. In legume seeds, tryptamine was found
to be the main biogenic amine detected, and its concentration considerably increased dur-
ing the germination process [86], suggesting that it might be playing role in dormancy
breaking. These aforementioned findings contradict the present result, because tyramine
accumulated during the yam tuber deep dormancy stage in both genotypes, suggesting that
it might be playing role in yam tuber dormancy induction. We also identified one amino
acid (sarcosine) that accumulated during yam tuber dormancy, but has not been reported
to have any role in plant growth regulation.

Our result demonstrated that amines and amino acids’ role in dormancy induction
and maintenance in yam tuber is due to their antioxidant property, and the action of
secondary metabolites synthesized in their biosynthetic pathways (Figure 5). The contrast
between our result and some of the previous reports of amines and amino acids actions in
botanical seeds dormancy regulation could possibly be explained by two reasons namely;
(1) The presence of seed coat and requirement of imbibition for dormancy break in botanical
seeds, and non-requirement of imbibition for yam tuber dormancy break. In addition to
developmental pathways in zygotic tissues, the seed coat plays a critical role in the control
of dormancy in botanical seeds of many species. In some seeds, dormancy is known as
coat imposed, and dormancy can be removed or reduced by simple removal of or damage
to the seed coat. In various species the seed coat has been shown to restrict germination
by regulating permeability to either water [87,88], oxygen [89], or germination inhibitors
that leach from the seed coat into the embryo [90]. It has been reported that aromatic
amines, and amino acids reduced the thickness and increased seed tegument porosity
which helped in water imbibition and boost seed germination rate [91]. whereas in the
yam tuber, the reverse is the case, as we earlier reported that yam tuber required moisture
reduction to a critical threshold of 40% before the dormancy-breaking process could be
initiated [44]. The study has also demonstrated that phenolics, aromatic amines, and amino
acids in exerting their antioxidant property inhibit enzymes that generate ROS in a cell
system [57], in doing this, they might also inhibit enzymes that catalyze the removal of cell
cycle arrest at G1 phase, thereby preventing the resumption of mitotic cell division which
mark endodormancy break. (2) The botanical seed has a well-organized embryonic system
in which dormancy regulation is processed, whereas, yam tuber has a continuous layer
of meristematic cells beneath the dried tuber skin in which tuber dormancy regulation is
processed, and the basis of yam tuber dormancy on this structure has been explained by
Nwogha, et al. [7]. These postulations however need to be further validated through more
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4.5. Energy Metabolism

It is believed that yam tuber dormancy induction is an adaptive response to low
energy conditions due to the stoppage of the supply of sugar from photosynthesis as a
result of vine senescence at tuber physiological maturity [44]. Since photosynthetic sugar
supply and mineral uptake systems are not active during yam tuber dormancy, the energy
needs for low and high physiological activities during tuber dormancy are supplied from
reserved energy-source metabolites in the tuber [45]. In the present study, several energy
source metabolites such as; (sucrose, galactose, carboxylic acids, malic acid, fatty acids,
esters, and lipids) accumulated at different stages of tuber dormancy. The role of sugar
signaling in dormancy regulation has been reported [92]. Based on changes in carbohydrate
metabolism, it was suggested that sugar signaling is involved in regulating bud dormancy
in non-woody perennial specie of leafy spurge [93]. In woody perennials, bud dormancy
is associated with gene expression patterns in the typical manner of carbon starvation,
while bud burst in spring depends on sucrose availability, and carbohydrate import from
a distant wood parenchyma [94,95]. Expression of an Arabidopsis sucrose-phosphate
synthase gene resulted in earlier bud dormancy break in spring transgenic and hybrid
poplar (Populus alba X Populus grandidentata) [96]. Wengler [92], reported that carbohydrate
mobilization for bud dormancy break may depend on interactions between the clock and
sugar signaling. While in rice seeds, the study demonstrated that the amount of total
storable sugar does not affect the seed dormancy duration, but a mixture of sucrose and
raffinose, and thus hypothesized that the ratio of oligosaccharides to sucrose may be the
determinant of seed dormancy duration [49,97]. In our study, sucrose accumulated in the
tubers of the short dormant genotype (Obiaoturugo) at 56-DAPM, whereas, it accumulated
in the tubers of the long dormancy duration genotype (T'Dr1100873) at 115-DAP. The
56-DAPM represents 28 days before the appearance of the shoot bud in the short dormant
genotype (Obiaoturugo), whereas, 115-DAPM was the point of appearance of the shoot bud
in the long-dormant genotype (TDr1100873). This is an indication that the stored starch
might have been mobilized into sucrose at the onset of the dormancy breaking process
to provide the required energy to reactivate cellular activities towards tuber dormancy
break. our result is in agreement with the findings of [94,95] and the report of Wengler; [93].
Also, we earlier reported that biochemical profiling of non-structural sugar from yam
tuber dormancy to dormancy break revealed that the quantity of nonreducing sugar which
includes sucrose increased up to 9 and 10 folds in the tubers of TDr110073 and Obiaoturugo
respectively and that this increase started from 56-DAPM in tubers of Obiaoturugo and
101-DAPM in tubers of TDr1100873 [44]. This indicates that sucrose plays a role in the early
cellular activities culminating in dormancy break in the tubers of both genotypes.

The tricarboxylic acid (TCA) cycle intermediates, L-malic acid was observed in the
tubers of Obiaoturugo (the short dormancy duration genotype), but not in the tubers of
TDr110873, and surprisingly, it accumulated at 42-DAPM only. As dormancy progressed
towards breaking L-malic acid was downregulated to an almost non-existence level. How-
ever, TCA cycles precursors and intermediates such as, carboxylic acids, esters, lipids and
fatty acids accumulated from 28 days before the appearance of shoot bud to dormancy
break stage in the tubers of both genotypes. This indicates that the TCA cycle plays an
essential role in energy metabolism during yam tuber dormancy breaking. Our pathway
topology analysis also revealed that the TCA cycle pathway was induced during the yam
tuber dormancy progression stage (Table 2). The TCA cycle is one of the central energy
metabolic pathways in a biological system, as well as being the biosynthetic pathway of
many metabolites [98]. The plant TCA cycle has a set of eight enzymes primarily linking to
the oxidation of pyruvate and malate (generated in the cytosol) to CO, with the generation
of nicotinamide adenine dinucleotide reduced form (NADH) for oxidation by mitochon-
drial respiratory chain [99], and subsequently releases the energy required to reactivate
cell cycle, which had been arrested at G1 phase during dormancy induction. It has been
demonstrated that the accumulation of organic acids, particularly TCA cycle intermediates
in plants supports many cellular processes, which are species, tissue, and developmental
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stage specific [100]. In plants, lipids are the major component of cell membranes, and are
used as a compact energy source for seed germination [101]. This was further supported
by our enrichment and pathway topology analyses, which revealed that linoleic acid (lipid)
metabolism was significantly induced with a fold change ratio above 20 (Figure 7), and
its pathway exerted a maximum impact of 1 on yam tuber dormancy regulation (Table 2).
We therefore, infer that lipids, carboxylic acids, fatty acids, and esters were metabolized
through Embden—-Meyerhof-Parnas (EMP), glycolysis, pyruvate, and TCA cycle pathways
to generate the required energy pool for yam tuber dormancy break. It is noteworthy
to mention that linoleic acid metabolism is very essential for white yam tuber dormancy
break, and therefore can be a target metabolite in the genetic manipulation of white yam
tuber dormancy duration. Previous studies have also demonstrated that pathways in car-
bohydrate metabolism and ATP production such as; glycolysis, TCA cycle, EMP pathway,
and oxidative phosphorylation were accumulated at the end of endodormancy to produce
energy for bud sprouting and as well as precursors for amino acids biosynthesis [46,53].
Put together our results demonstrated that sucrose, carboxylic acids, esters, lipids fatty
acids with exception of (octadecadienoic acid) provided the energy required for yam tu-
ber dormancy breaking, with lipid metabolism and its pathway exerting the strongest
regulatory impact on the yam dormancy.

4.6. Nucleotides Metabolism and Cellular Processes

Four nucleotides comprised of L-Glutamine (nucleic amino acid), Adenine, nucleotide-
sugar, and sugar acid were identified as part of DAMs in our study. Two of these nu-
cleotides (L-Glutamine and nucleotide sugar) were found only in the short dormancy
duration genotype (Obiaoturugo), whereas, Adenine and sugar acid were found in both
genotypes. Adenine accumulated in the tubers of Obiaoturugo at 56-DAPM and in the
tubers of TDr1100873 at 101-DAPM. Note; that due to the short dormancy duration of the
tubers of Obiaoturugo, 56-DAPM in the tubers of Obiaoturugo is physiologically equivalent
to 101-DAPM in the tubers of TDr1100873. Hence, in physiological timing of Adenine
accumulation in the tubers of both genotypes is actually the same time, and it marked the
point of commencement of molecular activities towards tuber dormancy break in tubers
of both genotypes. Hence, the accumulation of adenine in the tubers of both genotypes at
their respective stages suggests that adenine plays a key role in the reactivation of cellu-
lar processes that led to dormancy break irrespective of genotypic variation. Nucleotide
sugar and nucleic amino acid (L-Glutamine) all accumulated at 87-DAPM which marked
the appearance of shoot bud in the short dormancy duration genotype, suggesting that
these two metabolites play a key role in a later cellular processes that hastened dormancy
breaking process in the tubers of Obiaoturugo. A previous study has demonstrated that
L-Glutamine is direct precursor of Glutamate, and Glutamate occupies a central position in
amino acid metabolism in plants and as well plays key role initiation of dormancy breaking
process in seeds [56]. Glutamate, glutamine, aspartate, and asparagine are the central regu-
lators of carbon/nitrogen metabolism and they interact with multiple metabolic networks
to reactivate the cell cycle process [102,103]. Glutamine and glutamate are precursors of
nitrogenous compounds in plants, and the production of glutamate from glutamine is a
key point in the synthesis of a variety of organic molecules, such as nucleic acids, amino
acids, and secondary metabolites [102]. We infer that L-glutamine could be a biomarker for
early yam tuber dormancy breaking, and can be a target metabolic candidate in the genetic
manipulation of yam tuber for short dormancy duration.

Two nucleotide sugars (nucleotide sugar and sugar acid) were identified in this study
and both of them accumulated at the onset of dormancy breaking stage. Studies have
demonstrated the regulatory role of sugar in cell division. A close correlation was ob-
served between the supply of Glc and the expression of cyclins (cycD2;1, D3;2, A3;2, and
B1,2) [54,56]. The D-type cyclins have been reported to act as a sensor of external conditions
within the cellular environment, and are associated with cyclin-dependent kinase (CDKA)
to regulate cell cycles [104]. It has also been reported that the regulatory effect of Glc on
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the rate of cell division is primarily due to signaling rather than nutrient availability and
energy status, as cell proliferating activity positively correlated with endogenous hexose
levels, but not their uptake rate [54,55]. Implying that nucleotide sugar is not functioning
as an energy source, but rather as signaling to reactivate and mobilize other molecular
machinery towards the dormancy-breaking process. These reports are in agreement with
our data which shows that nucleotide sugar accumulated in the tubers of the short dor-
mancy duration genotype (Obiaoturugo) at the onset of dormancy-breaking activities. Sugar
acid (galactonolactone) is a precursor of a nucleotide amino acid (ascorbate). The plant has
evolved an efficient multi-component antioxidant defense system to protect vital molecules
from the damage of mitochondrial generated ROS, as a consequence of the activity of
respiratory chains [105]. This antioxidant defense system includes both enzymatic and
non-enzymatic elements [106]. One of the most important non-enzymatic members of
this system is the water-soluble antioxidant, ascorbate [105]. Paradiso, et al. [107] demon-
strated that Ascorbate biosynthesis improved wheat seed kernel development and delayed
programmed cell death (PCD), thereby delaying senescing by feeding the plant with its
immediate precursor L-galactone-y-lactone (GL). We infer that galactose accumulation at
an early stage of cellular activities towards dormancy break in the current study suggests
that it plays double roles during the yam tuber dormancy breaking process. (1) it acted
as a precursor in the biosynthesis of ascorbate that scavenged ROS generated during the
reactivation of the cell cycle. (2) Galactonolactone also promoted growth and protected
the immature cells generated during cell division from being oxidized by ROS, which
culminated in a dormancy break. Our result showed that adenine accumulated in the
tubers of both genotypes at the onset of dormancy break, 42 days, and 45 days before phys-
ical germination of tubers of TD1100873 and Obiaoturugo respectively (Figure 5a,b). This
indicates that non de novo synthesis of purine from adenine might have taken place, and
synthesis of purine positively regulated the release of the G1 phase of the cell cycle that was
arrested during yam tuber dormancy. The release of the arrested G1 phase of the cell cycle
marks the release of yam tuber endodormancy, and this also coincides with the 40 days
plus that has been reported to be the duration between yam tuber endodormancy release
and eco-dormancy release [7]. We postulate that adenine is the metabolic marker for yam
tuber endo-dormancy break, whereas, L-glutamine and nucleotide sugar are the potential
candidates” metabolites for early tuber dormancy breaking. In yam, these three candidate
metabolites hold the promise of metabolic manipulation of yam crops for a desirable tuber
dormancy duration. Therefore, we hypothesize that nucleotide sugar (glucose) might
have acted as a signal that triggered the accumulation of L-glutamine, which functions
together with the accumulated adenine to increase the nitrogen/carbon ratio (a critical
factor in energy metabolism and DNA synthesis) in short dormancy duration genotype
(Obiaoturugo), thereby leading to its tuber earlier dormancy break.

4.7. Secondary Metabolites and Phytohormones Metabolism

Secondary metabolites play key roles in plant growth and developmental processes
such as; cell division, hormonal regulation, photosynthetic activity, radicals’ homeosta-
sis, modulation of seeds transition to quiescent state at maturity, environmental signals
transduction, nutrient mobilization and mineralization, stress tolerance, plant-soil, and
environmental interactions [108-110]. In the current study, diverse secondary metabolites
that accumulated at different yam tuber dormancy progression stages include; flavonoids,
coumarins, terpenoids, alkaloids and alcohols, benzoquinone and benzoic derivatives, phe-
nols, and salicylic acid (hormone). In the tubers of long-dormant genotype (I'Dr1100873)
the 3 flavonoids that were detected accumulated during tuber dormancy at (42-DAPM,
56-DAPM) and on sprouted tuber (143-DAPM), whereas, in the tubers of short dormant
genotype (Obiaoturugo), they accumulated from the onset of dormancy break (56-DAPM,
87-DAPM), and on sprouted tuber (101-DAPM). This suggests that in the tubers of the long
dormant genotype flavonoids play role in dormancy induction and maintenance, whereas,
in the short dormant genotype, they promote dormancy break (germination). This also ex-
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plained the variation between the two genotypes with respect to tuber dormancy duration.
The flavonoids accumulation in the sprouted tubers indicates that, it might be playing a role
also in vine elongation. It has been reported that flavonoids play different roles in different
plant species, at different plant growth stages, organs, and tissues with regard to growth
regulation [111]. Studies have demonstrated that in botanical seeds, flavonoids induce
and prolong seed dormancy [28,59,109,112]. It has been shown that flavonoids induce
dormancy by inhibiting reactive oxygen species (ROS), through; suppression of singlet
oxygen, inhibition of enzymes that generate ROS, such as (cyclooxygenase, lipoxygenase,
monooxygenase, and xanthine oxidase), chelation of ions transition which catalyzes ROS
production, suppressing the cascade of free-radicals in lipid peroxidation and recycling of
other antioxidants such as amino acids and polyamines [113-115]. This agreed with our
data on the tubers of the long dormant genotype, but varies with data on the tubers of
the short dormant genotype. The opposing role of flavonoids in the tubers of the short
dormant genotype compared to the long dormant genotype and botanical seeds presents a
frontier for exploration of the new role of flavonoids in dormancy regulation.

Similarly, coumarins also accumulated in the tubers of the long dormant genotype
during the dormant stage (87-DAPM), and in the tubers of short dormant during the onset
of dormancy breaking stages (56-DAPM and 87-DAPM). This also indicates that coumarins
prolonged dormancy in the tubers of the long dormant genotype, but induced dormancy
breaking process in the tubers of the short dormant genotype. Studies have demonstrated
that coumarins induced both primary and secondary seed dormancy [116-118]. It has been
reported that coumarins induce dormancy due to their ability to antagonize gibberellins and
auxin’s function, while synergizing with abscisic acid (ABA) [117,119,120]. Our result on the
tubers of long dormant phenotype with regard to coumarins metabolism is supported by
this model. Conversely, it has been reported that plants show different response depending
on the species, size, growth stage, and process of cellular respiration and associated-
enormous changes in the mitochondria [121]. This may explain the dormancy-breaking
effect of coumarin observed on the tubers of the short dormant genotype in the current
study. It has been shown that secondary metabolite can also serve as energy source for
cellular processes, when degraded [112]. In light of this, we hypothesize that there could be
a mechanism in the tubers of the short dormant genotype that inhibits dormancy induction
action of secondary metabolites, and subsequently degrade them at the onset of dormancy
breaking to provide additional energy source required to fuel the cell cycle reactivation
process, thus leading to their accumulation during this period. It also could be a result
of differential accumulation quantity, because it has been reported that extremely high
quantities of phenolic compounds including coumarins such as; free (1042%), bound (120%),
and total phenolic acid content of (741%) in canary grass seed promoted germination [122].

Terpenoid was detected only in the tubers of long dormant phenotype, and it accu-
mulated at the onset of dormancy-breaking activities (101-DAPM). The accumulation of
terpenes at 101-DAPM is indicative that it might be playing some role in cellular primary
metabolism that is involved in cell cycle reactivation. Although, the direct involvement
of terpene in dormancy or plant growth regulation is sparsely reported in the literature.
However, terpenes play vital roles in many other plants physiological processes, especially
in protection against external invaders, and response to environmental signals [110]. In the
recent, it has been reported that terpenes also participate in plant primary metabolism [123].
There is also a report that most dormancy-regulating phytohormones belong to one ter-
penoid group or the other, for instance, gibberellins belong to diterpenoids, brassino-
lide belongs to triterpenoids, abscisic acid, and strigolactones belong to tetraterpenoids
(carotenoids), cytokinin belongs to isoprene and is also known as primary metabolism
terpene [110]. In light of this, it is reasonable to postulate that the terpene that accumulated
in the tuber of long dormant genotype at the onset of the dormancy break stage in this study
might be a precursor of one of these hormones especially the gibberellins and cytokinin
which are known for their role in dormancy breaking and promotion of activities towards
germination. Benzoquinone and benzene derivatives also accumulated from the onset
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dormancy-breaking activities to sprouted tubers in both genotypes, an indication that these
metabolites are implicated in the yam tuber dormancy-breaking process. Phenol accumu-
lation was recorded only in the tubers of long dormant genotype, at its mid-dormancy
stage (87-DAPM). Study has shown that phenol as an antioxidant, also participate in the
scavenging of reactive oxygen species (ROS), catalyzing oxygenation reactions through the
formation of metallic complexes, and inhibiting the activities of oxidizing enzymes [53],
thereby inducing prolonged dormancy. The absence of phenol in the tubers of the short
dormant genotype, and its cumulation in the tubers of the long dormant genotype at
87-DAPM, when endodormancy was broken in the short dormant genotype is indicative of
the phenol role in yam tuber dormancy elongation.

In the tubers of the short dormant genotype, the two alkaloids detected in this study
accumulated during the dormancy stage at (42-DAPM), whereas, in the tubers of long
dormant genotype one (galactosylglycerol) accumulated at the dormant stage (42-DAPM)
and in the sprouted tuber. Isopyridoxal accumulated at the dormancy break stage and in the
sprouted tuber. This result demonstrates alkaloids play diverse roles in plant growth and
developmental process that depend on the species, plant variety, and growth stage. Hence,
in the tubers of the short dormant genotype it induced dormancy, and did not play any
role in vine development. In the tubers long dormant genotype, galactosylglycerol played
role in dormancy induction, and also show to be playing some role in vine development.
Five alcohols detected in this study all accumulated during the early dormancy stage
in the tubers of both genotypes, although, two of the alcohols accumulated in dormant
and sprouted tubers of both genotypes. Our result shows that alcohols, similar to other
osmo-protectants, are also involved in yam tuber dormancy induction, whereas the two
that accumulated in sprouted yam tubers might have been mobilized to serve as an energy
additional source during the early stage of vine elongation. Studies have demonstrated that
alcohols improved crops’ tolerance against abiotic stresses, possess antioxidant properties,
and promote germination and seedling development of botanical seeds [124-126]. The
two hormones (salicylic acid and 3-Cresotinic acid) that were identified as DAMs in this
study, all accumulated in the tubers of the short dormant genotype during the dormant
stage at (42-DAPM), whereas, 3-Cresotinic acid was not found in the tubers of long dormant
genotype. Salicylic acid accumulated in its tubers at the dormancy break stage and in the
sprouted tuber. Salicylic acid has been classified as one of the phenolics compounds among
the secondary metabolites, and has been reported to act in synergy with ABA to induce
dormancy, while it functions alone to promote dormancy break [7,122].

4.8. Pathways Elucidations

Our pathway topology analysis revealed that linoleic acid has the strongest influence
on the yam tuber dormancy regulation process (Table 2). The pathway view shows that it
is a linoleic acid biosynthetic process regulated by Cytochrome P450 (CYP) genes family.
CYPs have been implicated in Gibberellic acids (GAs) biosynthesis and response to an
environmental signal (light and photoperiod) during dormancy breaking in many botanical
seeds [7], and GAs is one of the major plant growth regulatory hormones that promote
seed dormancy break, by inhibiting the action abscisic acid (ABA). ABA and GAs are the
two major phytohormones that act in an antagonistic manner to each other to induce and
break dormancy respectively, in all crops. The ratio of ABA quantity to GAs quantity
in seeds or any other plant tissue that has the capability of being dormant has been
reported to be the determinant factor of the seed or tissue dormant status [7], and the effect
of this factor (ABA/GAs ratio) surpasses the effect of any other factors and molecular
processes that regulate dormancy in plant system. In maize, CYP0O1A26 was reported
to exhibit ent-kaurene oxidase activity which led to increased accumulation of bioactive
GAs and consequently result in early seed dormancy break [127,128] Similarly, in rice,
13-hydroxylation pathway that involves the activity of 13-hydroxlases which were coded
by CYP714b1 and CYP714B2 genes led to early seed germination [129]. We therefore infer
that the activities of CYP1A2, CYP2C, CYP2], CYP2EI, and CYP3A4, found in linoleic acid
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metabolic pathway might have led to increasing the biosynthesis of GAs and activities
of GAs in the tubers, led to dormancy break. Although, we did not detect GAs in our
study, probably because of the difference between metabolomic profiling and hormonal
profiling protocols, however, some of its intermediates were detected which indicates its
presence. The Cytochrome P450 (CYP) genes upregulation of linoleic acid biosynthesis
can lead to inhibition of abscisic acids (ABA) dormancy inducing action, and increased the
accumulation of gibberellic acids (GAs) which consequently led to yam tuber dormancy
break. Hence, we further infer that the linoleic acid pathway is a putative metabolic
pathway that can be exploited for genetic manipulation of yam tuber dormancy. Our
pathway topology analysis also revealed that the phenylalanine metabolic pathway has
a significant impact on the yam tuber dormancy regulation process. The phenylalanine
pathway is a phenylalanine, tyrosine, and tryptophan biosynthetic pathway, and was
shown to be significantly induced during yam tuber dormancy (Table 2).

The pathway view shows that it is a hub for the biosynthesis of secondary metabolite,
amino acid derivatives, and degradation of one ester that accumulated during the yam
tuber dormancy breaking stage (Figure 9). The secondary metabolites synthesized in
this pathway accumulated during the tuber dormancy stage, thus establishing a crosstalk
link between secondary metabolites and amino acids and how their synergetic action
leads to induction and prolonging of dormancy in yam tuber. The ester (octanoic acid,
2-phenylethyl ester) that was degraded in this pathway eventually accumulated during
the tuber dormancy breaking, implying that in addition to antioxidant property effects of
secondary metabolites and amino acids, they might be antagonizing some tuber dormancy
break promoting metabolites such as Octanoic acid, 2-phenylethyl ester, whose action
promotes dormancy break. This further supports our earlier postulation that dormancy
inducing effect of most of the amino acids in yam tuber was partly as a result of secondary
metabolites synthesis along their biosynthetic pathways. In plants, 3-alanine is important
for the synthesis of pantothenate and subsequently coenzyme A, which is an essential
coenzyme in lipid and carbohydrate metabolism [130]. Also, glycolysis and TCA cycle
have been reported to be linked to alanine aminotransferase during hypoxia induced
waterlogging [131], confirming the role alanine metabolic pathway in stress tolerance, which
is been linked to dormancy inducing-action. Moreover, in rice, alanine aminotransferase
1 encoded by the flo12 gene was found to simultaneously regulate carbon and nitrogen
metabolism, while the flo12 mutant exhibited a floury white-core endosperm [132]. A
previous study has demonstrated that phenylalanine, tyrosine and tryptophan are not
only essential components of protein synthesis, but are also located upstream of a number
of growth hormones and secondary metabolites with multiple biological functions and
health-promoting properties, such as protection against abiotic and biotic stress [133]. It
has been further shown that phenylalanine is required for protein biosynthesis and cell
survival during desiccation in botanical seed, and acts as a precursor of a large number of
multi-functional secondary metabolites, among which is a principal structural component
in the supporting tissues of vascular plants and some algae [134]. Tyrosine has been
reported to be the central hub to various specialized metabolic pathways, including vitamin
E and plastoquinone which are essential metabolites of plant nutrition and antioxidant
synthesis, as well as a precursor of specialized metabolites with diverse physiological
functions such as protein, amino acids, attractants, and defense compounds [135]. It has
been demonstrated that tryptophan is an essential amino acid in the synthesis of a large
number of bioactive molecules, such as auxin, tryptamine derivatives, phytoalexins, indole
glucosinolates, and terpenoid indole alkaloids, as well as playing a pivotal role in the
regulation of plant growth and development [62,63].

Two energy metabolic pathways (starch and sucrose metabolism and galactose metabolism)
were significantly induced during this study (Figure 9b,c). These pathways are biosynthetic
pathways of three important metabolites (sucrose, sugar acid, and nucleotide sugar) that
were identified as DAMs in this study. Interestingly, these sugars all accumulated at the
onset of dormancy breaking stage in the tubers of both genotypes, except for nucleotide

131



Metabolites 2023, 13, 610

sugar which was detected only in the tubers of the short dormant genotype, and has
been earlier highlighted as the possible putative candidate metabolite driving the early
dormancy break in that genotype. The significant induction and high impact of these
pathways on the yam tuber dormancy regulation process support our earlier postulation
that accumulation of these sugars at the onset of tuber dormancy breaking is an indication
that they serve as an energy source for the reactivation of the cell cycle which marks the
breaking of endodormancy in yam tuber. In addition to the biosynthesis of these sugars,
these pathways are also involved in the pentose and glucuronate interconversions through
UDP-glucose, pentose phosphate pathway, starch mobilization to amylose, galactosamine,
D-glucose-6p, treholse-6p, all of which have been reported to play a pivotal role in cell
cycle reactivation, including working in synergy with auxin during the dormancy-breaking
process, and, as well, serve as signaling molecules [37,107,136]. Alanine, aspartate, and
glutamate metabolism and purine metabolism are other two pathways that were induced
during our study period in yam tubers. They are mainly involved in the biosynthesis of
nucleotides such as adenine, L-glutamine, DNA precursor, DNA, RNA, histidine proteins
and pentose phosphate. Adenine and L-glutamine are the two major metabolites in these
pathways that were identified as DAMs in our study, and both accumulated at the onset of
the dormancy break stage in both genotypes, which indicates that they play a pivotal role
in the array of early cellular events towards dormancy break such as; histidine unpacking,
DNA synthesis and replication, synthesis of replicated cells components, including house-
keeping RNA during cell division, these required central carbon and nitrogen metabolism.
L-glutamine was detected only in the tubers of the short dormant genotype, therefore, the
induction and impact of its biosynthesis as revealed by pathway topology analysis support
our earlier inference that L-glutamine could be a putative metabolic marker determining
the early yam tuber dormancy break phenotype. Put together, our results demonstrate that
adenine and galactose (sugar acid) might be conserved putative metabolic for yam tuber
dormancy break irrespective of dormancy duration phenotype. Meanwhile, L-glutamine
and nucleotide sugar are the two putative metabolic markers for yam tuber short dormant
phenotype. Hence, alanine-aspartate-glutamine and purine metabolic pathways are some of
the pathways that hold promise around the metabolic manipulation of yam tuber dormancy.
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Figure 9. Six candidate pathways identified by pathway topology analysis that have a significant
impact on yam tuber dormancy regulation. (a) is linoleic acid metabolic pathway, it exerted a
maximum impact of 1, on a scale of 0 to 1. (b) is phenylalanine metabolic pathway, it exerted
an impact of 0.79. (c) is galactose metabolic pathway with an impact value of 0.76. (d) is starch
and sucrose metabolic pathway with an impact value of 0.59. (e) is Alanine-aspartate-glutamine
metabolic pathway with an impact value of 0.57. (f) is the purine metabolic pathway with an impact
value of 0.54.

5. Conclusions

This result demonstrates that yam tuber dormancy is a variable trait, and the two geno-
types used in this study varied in the duration of their tuber dormancy. This variation was
driven by the differential accumulation of terpenoid, phenol, amine, and one fatty acid
in the tubers of TDr110873, and the differential accumulation of nucleotide sugar, amino
acid (L-glutamine), and one carboxylic acid in the tubers of Obiaoturugo. The metabolomics
changes from dormancy to sprouting in the tubers of both genotypes were systemati-
cally revealed, and a total of 39 differentially accumulated metabolites were identified
across the investigated yam tuber dormancy stages of both yam genotypes. Amines and
biogenic polyamines, amino acids and derivatives, Alcohols, flavonoids, alkaloids, phe-
nols, esters, coumarins, and phytohormone regulated yam tuber dormancy induction and
maintenance, whereas, fatty acids, lipids, nucleotides, carboxylic acids, sugars, terpenoids,
benzoquinones, and benzene derivatives regulated dormancy breaking and sprouting
process in tubers of both yam genotypes. Twelve metabolisms were significantly enriched
during yam tuber dormancy and dormancy break process, and these were involved ma-
jorly in six metabolic (linoleic acid, phenylalanine, galactose, starch, and sucrose, purine,
and alanine-aspartate-glutamate) pathways that exerted significant impacts on yam tuber
dormancy regulation. Among these metabolic pathways, only phenylalanine metabolic reg-
ulated tuber dormancy induction, whereas, the rest five (linoleic acid, galactose, starch and
sucrose, purine and alanine-aspartate-glutamate) pathways regulated dormancy break pro-
cess, with linoleic acid metabolic pathway exerting strongest regulatory control. Therefore,
the linoleic acid pathway holds a promise and the potential of being a putative metabolic
pathway to be targeted in the genetic manipulation of yam tuber dormancy. In addition,
metabolites such as; adenine, sucrose, and galactose (sugar acid) exhibited the potential of
being conserved putative metabolic markers for yam tuber dormancy break irrespective of
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genotypic variation with respect to dormancy duration. Our results also demonstrated that
nucleotide sugar and glutamine are the two potential metabolic markers for early tuber
dormancy break, and therefore determined the dormancy duration phenotypic variation be-
tween the tubers of two yam genotypes studied. Comparative to the literature information
on botanical seeds” dormancy metabolic regulation mechanisms, our result demonstrated
that yam tubers exhibit deviation, especially with regards to the roles of amino acids, amine
and polyamines, and some secondary metabolites in dormancy regulations. Our result
provides insight into molecular mechanisms regulating yam tuber dormancy, the basis for
further metabolomics investigation of yam tuber dormancy regulation mechanisms and
future genetic manipulation of yam tuber dormancy.

Supplementary Materials: The following supporting information have also been submitted and can
be downloaded at: https://www.mdpi.com/article/10.3390/metabo13050610/s1, Figure Sla. Peak
intensity normalization of TDr1100873 data Figure S1b. Peak intensity normalization of Obiaoturugo
data, Figure S2. PLS-DA very important in project scores for TDr1100873, Figure S3. PLS-DA
very important in project scores for Obiaoturugo; Table S1. PCA loadings of TDr1100873's data,
Table S2. PCA loadings of Obiaoturugo’s data.
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Abstract: Hypertrophy development induced by the overexpression of SIbHLH2?2 (also called SILPA-
like) was susceptible to Xanthomonas in tomatoes. Transcriptome and metabolome analyses were
performed on the hypertrophy leaves of a SIbHLH22-overexpressed line (OE) and wild type (WT)
to investigate the molecular mechanism. Metabolome analysis revealed that six key metabolites
were over-accumulated in the OE, including Acetylserine/O-Acetyl-L-serine, Glucono-1,5-lactone,
Gluconate, 2-Oxoglutarate, and Loganate, implying that the OE plants increased salt or oxidant
resistance under normal growth conditions. The RNA-seq analysis showed the changed expressions
of downstream genes involved in high-energy consumption, photosynthesis, and transcription regu-
lation in OE lines, and we hypothesized that these biological processes were related to the GTgamma
subfamily of trihelix factors. The RT-PCR results showed that the expressions of the GTgamma
genes in tomatoes, i.e., SIGT-7 and SIGT-36, were suppressed in the hypertrophy development. The
expression of the GTgamma gene was downregulated by salinity, indicating a coordinated role of
GTgamma in hypertrophy development and salt stress. Further research showed that both SIGT-7
and SIGT-36 were highly expressed in leaves and could be significantly induced by abscisic acid
(ABA). The GTgamma protein had a putative phosphorylation site at S%. These results suggested
GTgamma’s role in hypertrophy development by increasing the salt resistance.

Keywords: SIbHLH22-induced hypertrophy; metabolome; transcriptome; GTgamma gene; salt stress;
Solanum lycopersicum

1. Introduction

Xanthomonas causes a broad disease in crop cultivars, such as spot disease. To overcome
plant defense, Xanthomonas delivers transcription activator-like effectors (TALes) into
host cells to suppress immune responses [1]. AvrBs3, one of the TALe families, induces
cell enlargement in the host leaf by directly activating a master regulator of cell size,
i.e.,, UPA20, a bHLH family gene [2,3]. We also found that SIUPA-like (the orthology of
UPA20, also called SIbHLH22) overexpression caused severe hypertrophy and facilitated
the infection of Xanthomonas in tomato leaves. The experimental evidence proved that
the Gibberellin (GA) response was upregulated and that the jasmonic acid (JA) response
was downregulated in SIUPA-like overexpressed lines (OEs) [4]. Additionally, the mature
leaves of OEs curled upward and wilted under normal conditions, and the total chlorophyll
decreased remarkably [4]. These phenotypes implied that other factors might be involved
in the developmental malformation of OE plants.

Previous reports proved that altering plant development with trihelix factors con-
tributes to pathogen susceptibility or resistance. GhGT-3b was strongly induced by Verticil-
lium dahlia and the heterologous expression of GhGT-3b in Arabidopsis enhanced resistance
to Verticillium dahlia but inhibited the growth of rosette leaves [5]. ARABIDOPSIS SH4-
RELATED 3 (ASR3) overexpressed plants were smaller than the control but enhanced
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susceptibility to infections of Pseudomonas syringae pv tomato DC3000 and Pseudomonas
syringae pv maculicola ES4326 [6]. Meanwhile, a similar mechanism was also found in the
over-accumulation of the ASR3-interacting transcriptional factor 1 (AITF1), which nega-
tively regulated Pseudomonas syringae resistance in Arabidopsis [7]. In maize, the seedlings
of ZmGT-3b knockdown showed reduced photosynthesis activity but were resistant to the
Fusarium graminearum challenge [8]. However, few data verified the role of the trihelix gene
in hypertrophy developments.

Most studies focus on trihelix factor functions in abiotic stress. The overexpression of
ShCIGT (GT-1) improved cold and drought tolerance in tomatoes [9]. In cotton, GhGT26 (GT-
1)-overexpressed lines had higher salt tolerance than the control via the ABA independent
pathway, which was partially similar to the SIP1subfamily gene GhGT23 [10]. In rice,
the experimental data proved that OsGTgamma-1 and OsGTgamma-2 have specific roles
in promoting salt tolerance when directly regulating salinity transporter genes [11,12].
Interestingly, SIPHLH22 enhanced plant tolerance to salinity in MicroTom (one dwarf
cultivar of tomato) [13]. It was a hypothesis that perhaps SIbHLH22 regulates abiotic
stress-related genes via the trihelix family.

Aside from regulation by the transcription level, trihelix factor functions are often
affected by post-transcription modification. Calcium/calmodulin kinase IT (CaMXKII) can
phosphorylate GT-1 at T133 [14]. ShCIGT (SIGT-24) regulated abiotic tolerance by inter-
acting with Snfl-related kinase 1 (SnRK1) [9]. NMR titration experiments suggested the
phosphorylation site of GT-1 is located at the N-terminus of the third helix [15]. The N-
terminal of PTL, a GT-2 factor, can be phosphorylated by SnRK1c1(AKIN10), an x-subunit
of SnRK1 [16]. Meanwhile, ASR3 can be phosphorylated by MAMP-activated MPK4 [6].
Therefore, we speculated that trihelix factors might fulfill the necessary functions via
phosphorylation.

In our experiment, transcriptome and metabolome analysis was used to reveal the
molecular mechanism of a developmental malformation in OE, suggesting that the sus-
ceptibility of OE plants to Xanthomonas was related to increasing salt or oxidant tolerance.
Extensive analysis indicated that GTgamma was suppressed downstream of SIbHLH22 pro-
tein, which was similar to that inhibited expression in salt stress. Deep analysis forecasted
that the GTgamma protein might be phosphorylated at the post-transcription level. There-
fore, our research provided a good foundation for studying the pathogenic mechanism of
hypertrophy development and GTgamma's role in biotic and abiotic stress.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Solanum lycopersicum Mill. var. Ailsa Craig (AC**, WT) and SIbHLH22 (Solyc03g097820,
also called SIUPA-like) OE lines [3] were grown in a glasshouse under controlled condi-
tions with 16-h-light/8-h-dark cycles, 25 °C-day/18 °C-night temperatures, 80% relative
humidity, and 250 pmol m~2 s~! luminous intensity. Flowers were tagged at the anthesis
stage, immature green fruit was defined as 20 DPA (days past anthesis), mature green fruit
as 35 DPA, and breaker fruit as 38 DPA with the color starting to generate a slight yellow
shade. Other fruits from the 4th (B+4) and 7th (B+7) days after the breaker were harvested.
Fruits at different ripening stages were collected, frozen immediately in liquid nitrogen,
and stored at —80 °C until use [17].

2.2. Transcriptome and Metabolome Analysis

Total RNA was extracted from OE and WT leaves by using Trizol reagent (Invitrogen,
Carlsbad, CA, USA), and the concentration and purity of RNA were measured by Nanodrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA). The RNA integrity was measured by
Agient 2100, LabChip GX (Santa Clara, CA, USA). Three biological replicates were sampled
for each group (WT, OE). RNA and then transcriptomic experiments were conducted
by BMKcloud, Beijing, China (http://www.biomarker.com.cn, accessed on 19 May 2023).
Clean reads were obtained by removing adapters. Reads were then mapped to the Solanaceae
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genome (https://solgenomics.net/, accessed on 19 May 2023) using HISAT2 and gene
expression levels were quantified with HTseq (BMKcloud, Beijing, China) [18].

Samples were ground to powder using a grinder (MM 400, Retsch, Shanghai, China)
and dissolved into an extraction solution to remove by ultrasonic extraction. The ex-
tracted metabolites were analyzed by LC-MS/MS with Waters Xevo G2-XS QTOF (Milford,
CT, USA). The metabolomics experiments and conjoint analyses of transcriptome and
metabolome sequencing were conducted by BMKcloud, Beijing, China (http://www.
biomarker.com.cn/, accessed on 19 May 2023) [18].

2.3. Hormonal and Salt Treatments

A 35-day-old tomato seedling of AC** planted in green house of Jiujiang University
(Jiujiang, China) was used for hormonal and abiotic treatments with three biological
replicates.

For hormonal treatment, all the potted tomato seedlings were sprayed with dif-
ferent hormonal (50 M 3-Indoleacetic Acid IAA, 50 uM Gibberellin GA, 100 uM 1-
Aminocyclopropane-1-Carboxylicacid, ACC, 100 uM Abscisic Acid ABA, 50 uM Methyl
Jasmonic Acid MeJA; 50 uM Epibrassinolide EBR; 50 uM Uniconazole NA) (Coolaber,
Beijing, Chia) and distilled water (the control). Plants were enclosed in plastic immediately
and left for 0, 1, 4, 8, 12, 24 h; the leaves of the tomato seedlings were taken and stored at
—80 °C until use [19-21].

Salinity treatments were operated by submerging the roots of the tomato seedlings in
distilled water with 200 mM NaCl for 0, 1, 4, 8, 12, 24, 48 and 72 h; Roots and leaves from
the treated seedlings were collected and stored at —80 °C until use [22].

2.4. RT-PCR

The total RNA was reverse-transcribed to cDNA. RT-PCR was performed using SYBR
® Premix Ex Taq TM (TaKaRa, Dalian, China). RT-PCR primers were designed with Primer
5 (Supplementary Table S1). The tomato SICAC and SIEF1a gene were used as an internal
control of expression patterns and treatments. All the selected genes were calculated with
three technical replicates.

2.5. Statistic Analysis

All data are means =+ standard deviation of at least three independent experiments.
Significance in a difference between the two groups was assessed by a Student’s t-test
(*, p <0.05 or **, p < 0.01). The different letters above the column in the figures indicate
that significant differences of p < 0.05 were assessed by ANOVA. These statistical programs
were performed using DPS v2.1.3 software (Ruifeng, Hangzhou, China).

2.6. Computational Modeling

The structure of the peptides was drawn using SWISS-MODEL. The peptide was sent
to the GRAMMX protein—protein docking server (Version 12.0). Conformation models were
obtained. These docking conformations were sent to the Rosetta FlexPepDock 4.0 server to
be refined from a complex between a protein receptor and an estimated conformation for a
peptide, allowing full flexibility to the peptide and sidechain of the receptor. FlexPepDock
4.0 gave an output of predicted energies for the complex. Peptides were added to the
CHARMM36 force field to correct any resulting mischarges [23].

3. Results
3.1. Metabolome Analysis of OE vs. WT

After metabolome analysis, different expressed genes (DEGs) encoding metabolic pro-
cesses in OE were primarily clustered in “alanine, aspartate and glutamate metabolism”,
“carbon metabolism”, “monoterpenoid biosynthesis”, “taurine and hypotaurine metabolism”,
“tyrosine metabolism” and “zeatin biosynthesis” compared to those in WT. The different

i

metabolic processes were most enriched in “ascorbate and aldarate metabolism”, “carbon

144



Metabolites 2023, 13, 1195

s

metabolism”, “pentose and glucuronate interconversions”, and “vitamin B6 metabolism”.
They were further enriched in “arginine biosynthesis”, “unsaturated fatty acids biosyn-
thesis”, “monoterpenoid biosynthesis”, “phosphatidylinositol signaling system”, “sulfur
metabolism”, “taurine and hypotaurine metabolism”, “terpenoid backbone biosynthesis”,
and “zeatin blosynthe51s (Figure 1). The consistent results between metabolic processes
and their DEGs were “carbon metabolism”, “monoterpenoid biosynthesis”, “taurine and
hypotaurine metabolism”, and “zeatin biosynthesis”. Within these processes, six key metabo-
lites were abundant, including Acetylserine/O-Acetyl-L-serine (OAS), Glucono-1,5-lactone,
Gluconate, 2-Oxoglutarate (2-OG) and Loganate (Figure S1). Previous studies confirmed that
these metabolites were helpful to salt or oxidant resistance [24-28].
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Figure 1. Pathways annotated with differential metabolic process and genes by KEGG analysis. Gene:
related to metabolic process; Meta: metabolic process.

3.2. Transcriptome Analysis of OE vs. WT

To better understand the molecular mechanism of malformation developments in OE
leaves, we performed transcriptome analysis in the mature leaves of OE vs. WT. Through
RNA-seq analysis, we obtained 6 RNA-seq libraries and 24 to 27 million clean reads. After
alignment with reference sequences, the alignment efficiency of clean reads ranged from
94.47% to 96.22% (Supplementary Table S2). Clearly, 2815 DEGs were identified, including
1299 upregulated and 1516 downregulated DEGs (Figure 2).

Gene ontology (GO) analysis clarified that upregulated DEGs remarkably converged
on “amino acid” and the “sulfate transmembrane transport process” in the biological pro-
cess (Figure 3A). In cellular component ontology, “integral component of membrane” and

”plasma membrane” were the most abundant categories (Figure 3B). Genes involved in

vy i

“amino acid transmembrane transporter activity”, “sequence-specific DNA binding”, “tran-
scription factor activity” and “secondary sulfate transmembrane transporter activity” were
enriched in the molecular function category (Figure 3C). Downregulated DEGs markedly
gathered in “photosynthesis”, “light harvesting in PSI”, “protein-chromophore linkage”,

“responses to light stimulus”, “flavonoid glucuronidation”, “flavonoid synthesis”, “DNA
replication initiation” and “cell wall biogenesis” in biological processes (Figure 3D). In
cellular component ontology, “photosystem”, “plastoglobule”, “MCM complex”, “chloro-
plast”, “cell wall”, “nucleosome”, “intracellular membrane-bounded organelle” and "THO
complex” were the most abundant categories (Figure 3E). Genes involved in “chlorophyll”
and “pigments binding” were enriched in the molecular function category (Figure 3F).
These data suggested that the strongly repressed photosynthesis increased the substance
transmembrane transport and transcription factor activities in OE.

A
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Figure 2. Comparing DEGs by volcano (A) and heatmap (B) pictures.
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Our KEGG enrichment analysis is shown in Figure 4A. The pathway “galactose
metabolism”, “fatty acid degradation”, “amino acids (valine, leucine and isoleucine) degra-
dation”, “tyrosine metabolism” and “a-linolenic acid metabolism” were primarily clus-

tered. From a wider range of KEGG enrichment results, “protein processing in endoplasmic
reticulum”, “ubiquitin mediated proteolysis”, “plant hormone signal transduction”, and
the “phosphatidylinositol signaling process” were also enriched (Figure 52). Downregu-

i

lated DEGs clustered in “antenna proteins”, “DNA replication”, “ribosome”, “glutathione
metabolism”, “steroid biosynthesis” and “ribosome biogenesis” (Figure 4B). These results
point to accelerated energy consumption, decreased growth, and development processes

in OE.
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Figure 4. KEGG analysis of up—(A) and down—(B) regulated DEGs.

3.3. Analysis of the Transcription Factor among DEGs

GO analysis indicated that DEGs encoding transcription factors were significantly
enriched in downstream genes. Through an amino acid blast in the NCBI and SGN
databases (plantTFDB), 206 DEGs and 46 TF (transcription factors) families were obtained
in OE (Table 1). Trihelix factors always take part in plant photosynthesis, growth, and
development [29,30]. Four genes of the trihelix family in OE were clearly regulated,
including upregulated SIGT-31 (GT-2) and SIGT-32 (SIP1) and downregulated SIGT-34 (GT-
2) and SIGT-36 (GTgamma) (Figure 5). Recently, the role of the GTgamma subfamily in salt
stress has been emphasized [12], but GTgamma gene responses in hypertrophy development
have rarely been reported.
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Table 1. Statistical analysis of all differentially expressed transcription factor genes.

Serial TF DEGs Serial TF DEGs Serial TF DEGs
Number Family Numbers Number Family Numbers Number Family Numbers
1 AP2/ERF-AP2 2 17 E2F-DP 1 33 MYB-related 4
2 AP2/ERF-ERF 19 18 EIL 1 34 NAC 19
3 B3 5 19 GARP-ARR-B 1 35 NF-YA 4
4 B3-ARF 2 20 GARP-G2-like 2 36 NEF-YB 1
5 BBR-BPC 1 21 GeBP 1 37 NEF-YC 1
6 bHLH 15 22 GRAS 4 38 OFP 1
7 bZIP 10 23 HB-BELL 2 39 PLATZ 2
8 C2C2-CO-like 2 24 HB-HD-ZIP 15 40 RWP-RK 1
9 C2C2-Dof 5 25 HB-KNOX 2 41 SRS 1
10 C2C2-GATA 3 26 HB-other 4 42 TCP 6
11 C2C2-YABBY 2 27 HMG 2 43 Tify 2
12 C2H2 11 28 HSF 6 44 Trihelix 4
13 C3H 2 29 LOB 1 45 WRKY 8
14 CPP 1 30 MADS-MIKC 8 46 zf-HD 1

15 DBB 1 31 MADS-M-type 3
16 DBP 1 32 MYB 16
50
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Figure 5. qRT-PCR validation of four differentially expressed trihelix genes in WT vs OE. All
data are means =+ standard deviation of at least three independent experiments. Significance in
difference between the two groups was assessed by a Student’s t-test using DPS software (*, p < 0.05;
*%

,p <0.01).

3.4. Expression Patterns of GTgamma Genes in AC** and Their Responses to External Stimuli

Given that GTgamma is a downstream gene of SIbHLH22 protein and has a positive
function in salt tolerance in rice [12], GTgamma responses to salt treatments and expression
patterns were investigated in tomatoes. We tested the expression profiles of 11 different
organs of the tomato cultivar AC**. Two GTgamma genes (SIGT-7 and SIGT-36) were
expressed in the leaves of AC**, especially SIGT-36. SIGT-7 displayed significantly higher
expressions in B+4 and B+7 (Figure 6A). SIGT-36 transcripts accumulated the lowest in
the B stage (Figure 6B). Thus, the expression patterns of two GTgamma genes exhibited
tissue specificity.

To examine the endogenous response of GTgamma genes to salinity, 35-day-old tomato
seedlings were watered with salinity (Figure 7). Both SIGT-7 and SIGT-36 were gradually
induced to 2~2.5 fold at 12 h and then suddenly suppressed to less than 50% at 24 h in
leaves. In the next two days, they remained at a low level (Figure 7A,B). In seedling roots,
SIGT-7 was gradually upregulated to about 4.5-fold within 48 h and then downregulated
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(Figure 7C,D). The experimental results suggested that both GTgamma genes were repressed
in leaves due to salinity stress.
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Figure 6. Expressions patterns of GTgamma genes, SIGT-7 (A) and SIGT-36 (B) in AC**. R: roots; ST:
stem; YL: young leaves; ML: mature leaves; SL: senescent leaves; F: flowers; IMG: immature green
fruit; mature green fruit; breaker fruit; B+4: 4 days after breaker fruit; B+7: 7 days after breaker fruit;
All data are means + standard deviation of at least three independent experiments. The different
letters above the column indicated that significant expressions of GTgamma genes among diverse
organs were assessed by ANOVA (p < 0.05) using DPS software.
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Figure 7. Expressions of GTgamma genes, SIGT-7 (A,C) and SIGT-36 (B,D) in salt stress. The leaves
and roots of a 35-day-old AC** seedling were used. All data are means =+ standard deviation of at
least three independent experiments. The different letters above the column indicate that significant
expressions of GTgamma genes among diverse time points were assessed by ANOVA (p < 0.05) using
DPS software.

To find the putative signaling pathway, SIGT-7 and SIGT-36 were treated with seven
hormones. The expression levels of both GTgamma genes were higher in all hormonal treat-
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ments than in water spraying after 8 h (Figure 8A—D). Within 24 h, SIGT-7 and SIGT-36 were
maintaining higher levels than controls under ABA treatments (Figure 8A,C). In addition,
both GTgamma genes showed sensitivity to other hormonal stimuli (Figure 8B,D). These
results suggested that GTgamma genes might participate in the ABA signaling pathway.
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Figure 8. Expressions of two GTgamma genes, SIGT-7 (A,B) and SIGT-36 (C,D), in hormonal treatments.
IAA: 3-Indoleacetic Acid; GA: Gibberellin; ACC: 1-Aminocyclopropane-1-Carboxylicacid; ABA:
Abscisic Acid; MeJA: Methyl Jasmonic Acid; EBR: Epibrassinolide; NA: Uniconazole. The leaves
of 35-day-old AC** seedlings were used. All data are means =+ standard deviation of at least three
independent experiments. Significance in different expressions of GTgamma genes between hormonal
treatments and control were assessed by a Student’s t-test using DPS software (*, p < 0.05; **, p < 0.01).

3.5. Three-Dimensional Structures of SIGT-7 and Its Potential Phosphorylation Site

Transcription factors have a critical role in plant physiology and development, and
most of these events are commonly mediated by protein phosphorylation [15,16]. To
anticipate the posttranscriptional modification of GTgamma factors, a three-dimensional
model of SIGT-7 was built. Using SWISS-MODEL, the lowest energy structure of SIGT-7 is
shown as ribbon models in Figure 9A. In this model, two classical domains were found
including triple-helix (Helix 1, Helix 2 and Helix 3) and the fourth helix at the C-terminal.
SIGT-7 looked like an ellipse with a hole on one side (Figure 9B). ATP molecules putatively
entered into the hole and interacted with SIGT-7 at the lowest energy (—6.35 kcal/mol)
(Figure 9C-E). Further analysis showed that five amino acids (5%, Y¢, Q!%°, N?% and
R?y inside the hole interacted with the ATP molecules via hydrogen bonds (Figure 9F).
The distance estimation of y-phosphate to five amino acids implied that $% in Helix 1 was
the potential phosphorylation site.

150



Metabolites 2023, 13, 1195

180
135
% - s
LA ( .
asfl ) \
\ (. \
\
B oo ! :
A U B
\ =2\

-135

TCis0 135 e0 45

Phi

Figure 9. Construction of SIGT-7 model and interaction between SIGT-7 and ATP molecular by
autodock. (A): The ribbon models of SIGT-7; (B): Three-dimensional model of SIGT-7 protein.
Electrostatic potential: Positive (blue), negative (red) and hydrophobic (green); (C): Interactions of
SIGT-7 and ATP molecular as ribbon models; (D): Ramachandran plot showing the lowest energy of
all the amino acids interacting with the ATP molecular. Phi and Psi represent the rotation angle of
the C-N and C-C bonds of & carbon in every peptide unit, respectively. Blue curves indicate the low
energy and red the high energy. The dot represents amino acid; (E): The putative action site of the
SIGT-7 model and ATP molecular; (F): The binding of SIGT-7 and ATP by hydrogen bonds.

4. Discussion

Xanthomonas delivers TALes into plant cells to overcome a plant’s defense [1]. Like
a transcription factor, AvrBS3, one TALe targets UPA20 to induce hypertrophy develop-
ment in pepper leaves, which promotes the infection of Xanthomonas [2,3] and SIUPA-like
(SIbHLH22) functions in tomato leaves [2,4]. To reveal the malformation development of OE
leaves in more depth, transcriptome and metabolome analyses were carried out in WT vs.
OE. The metabolome results showed that the following metabolites were over-accumulated:
Acetylserine, O-Acetyl-L-serine (OAS), Glucono-1,5-lactone, Gluconate, 2-Oxoglutarate
(2-OG), and Loganate (Figure 1). OAS accumulations are related to resistance to salt
stress [24,25], which was analogous to the biological function of the GTgamma factor in
rice [12]. Gluconate induces increased abiotic stress resistance in plants [28]. 2-OG is
linked to the metal toxicity alleviatory of tomato and hormonal synthesis in the sulfate-
dependent or independent pathway [26,31], which was similar to our results in the GO
analysis (Figure 3). Through RNA-seq analysis, 1299 and 1516 DEGs were, respectively,
up- and downregulated (Figure 2). The transcriptome enrichment results indicated that
weak photosynthesis, high-energy consumption, increased transcription factor activity,
and sulfate transmembrane transport occurred in OE (Figures 3 and 4). Loganate has the
capability of scavenging against superoxide radicals [25]. In addition, SIbHLH22 (also called
SIUPA-like) enhances plant salinity [13,32]. Therefore, both transcriptome and metabolome
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analyses suggested that the hypertrophy phenotypes of OE lines might be connected with
promoting salt or oxidative resistance.

Further research showed that the GTgamma gene was not only suppressed in hy-
pertrophy leaves, but also inhibited by salt stress. The GO analysis showed that these

nou i

biological processes, e.g., “light harvesting”, “photosynthesis”, “responses to light stimu-
lus”, “flavonoid synthesis”, etc., were prominently restrained in OE, which always took
place in the trihelix factor [30,33]. Fortunately, four trihelix genes exhibited remarkable
regulation: increased SIGT-31(GT-2) and SIGT-32 (SIP1) and decreased SIGT-34 (GT-2) and
SIGT-36 (GTgamma) (Figure 5). Furthermore, six metabolites (Acetylserine, OAS, Glucono-
1,5-lactone, Gluconate, 2-OG and Loganate) had a possible role in promoting salt or oxidant
tolerance [24-28]. It was reported that GTgamma played the role of a positive regulator
in salt stress in rice and that SIPHLH22 boosted salt resistance in tomatoes [11-13]. These
results implied that GTgamma, as downstream genes of SIbHLH22 protein, might perform
a salt-resistant function in tomatoes. Figure 7 shows that both GTgamma genes were promi-
nently inhibited by salt stress, implying a consistent role in malformation development of
the OE line and salt stress.

Through an extensive analysis of the GTgamma genes, we found that two GTgamma
genes were expressed in AC** leaves, especially SIGT-36, indicating the reason why only
one GTgamma gene was repressed by SIbHLH2?2 in hypertrophy. Tissue-specific expression
patterns were present when SIGT-7 transcripts were specifically expressed in B+4 and B+7
stages fruit and SIGT-36 in all tissues except B stage fruit (Figure 6), which was slightly
different from Yu et al. [34], indicating the following different varieties: AC** and LA1777.
In addition, SIGT-7 was remarkably upregulated by ABA, which was very similar to
OsGTgamma-1 [11]. Both SIGT-7 and SIGT-36 responded to all selected phytohormone,
indicating their versatile role in plant growth and development (Figure 8). Moreover, we
also found that water inhibited SIGT-7 and SIGT-36 expressions by over 60% in the leaves of
AC** seedlings (Figure 8). Whether SIGT-7 was involved in the regulation of water stress
needs more evidence.

Protein posttranslational modification is a fine-tuned mechanism in abiotic or biotic
resistance [6,9,15-17]. Therefore, we hypothesized that GTgamma performed this function
via phosphorylation but required further experimental evidence support. We constructed a
three-dimensional model of SIGT-7 as a candidate. We discovered the interactions between
ATP and SIGT-7 in a putative hole (Figure 9). We also predicted that S?® was the most likely
phosphorylation site. It was commonly believed that protein kinases transfer y-phosphate
from ATP to Ser (S), Thr (T), or Tyr (Y) during protein modification [35]. Our model implied
that $? got closer to the y-phosphate of ATP than others, suggesting the phosphorylation
site of 8% (Figure 9F). In short, our present findings about the posttranslational modifi-
cation model of the GTgamma protein provide the foundation for an in-depth study of
the hypertrophy development of OE lines and the regulatory role of downstream genes
in tomatoes.

5. Conclusions

Xanthomonas injects TALes into the host cells to suppress plant immune defense.
One TALe, AvrBS3, activates the plant target gene: pepper upa20. The overexpression of
SIbHLH?2? (also called SILPA-like), i.e., the orthology of upa20, causes the hypertrophy and
susceptibility of Xanthomonas in tomatoes. The metabolome analysis showed that specific
metabolites were over-accumulated in OE with a potential role in promoting salt resistance.
The transcriptome analysis verified that OE plants suffered from high energy consumption,
weak photosynthesis, and increased transcription factors activity. GTgamma gene expression
was suppressed by SIbHLH22. Furthermore, it was simultaneously inhibited by salt stress,
indicating GTgamma’'s role in the formation of hypertrophy development via the salt stress
response. Extensive analysis proved that both GTgamma genes expressed in leaves were
induced by ABA. Moreover, the GTgamma protein had a putative phosphorylation site at
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§%. Our results provide the basis for disclosing the pathogenic mechanism of hypertrophy
development medicated by the GTgamma subfamily.
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Abstract: Background/Objectives: Fritillaria taipaiensis P.Y. Li is a valuable traditional Chinese
medicinal herb that utilizes bulbs as medicine, which contain multiple alkaloids. Biomass, as a
sustainable resource, has promising applications in energy, environmental, and biomedical fields.
Recently, the biosynthesis and regulatory mechanisms of the main biomass components of biomass
have become a prominent research topic. Methods: In this article, we explored the differences in
the heterosteroidal alkaloid components of F. taipaiensis biomass using liquid chromatography-mass
spectrometry and high-throughput transcriptome sequencing. Results: The experimental results
demonstrated significant differences in the eight types of heterosteroidal alkaloid components among
the biomass of F. taipaiensis, including peimisine, imperialine, peimine, peiminine, ebeinone, ebeiedine,
ebeiedinone, and forticine. Transcriptomic analysis revealed substantial significant differences in
gene expression patterns in the various samples. Three catalytic enzyme-coding genes, 3-hydroxy-3-
methylglutaryl coenzyme A synthase (HMGS), 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGR), and terpene synthase (TPS), were speculated to contribute to the regulation of the differential
accumulation of alkaloid synthesis in F. taipaiensis bulbs. A strong positive correlation was observed
between the transcriptional level of the TPS gene and the alkaloid content of F. taipaiensis biomass,
suggesting that TPS may be a key gene in the biosynthesis pathway of alkaloids. This finding
can be used for subsequent gene function verification and molecular regulatory network analysis.
Conclusions: This work provides fundamental data and novel insights for the subsequent research
on alkaloid biosynthesis in F. taipaiensis.

Keywords: biomass; alkaloid genes; identification; metabolic group; transcriptome

1. Introduction

Biomass is a sustainable resource, that has wide applications in the energy, envi-
ronment, and biomedical fields [1-3]. Currently, research has focused on the separation,
component analysis, and active alkaloid ingredients of biomass [4]. In particular, the biosyn-
thesis and regulatory mechanisms of the main active components of biomass have garnered
increasing attention [5,6]. Recently, transcriptome sequencing has emerged as a promising
strategy for exploring gene expression regulation [7,8]. Transcriptomes can reflect the
specific expression of biomass genes at a specific time and space, effectively demonstrating
the differential expression of genes after the introduction of biomass to different regions,
resulting in inconsistent secondary metabolites and variations in effective ingredients [9].
For instance, Zhao et al. reported transcriptome analysis and plotted the gene expression
profile of Fritillaria cirrhosa [10], which is a valuable traditional Chinese medicinal herb
that uses bulbs as medicine and is listed in the Pharmacopoeia of the People’s Republic of
China under the name of “ChuanBeiMu” [11].
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Heterosteroidal alkaloids are a class of alkaloids characterized by a Cy7 skeleton sys-
tem, comprising five to six carbon rings in their basic skeleton structure. Their distinctive
ring structure is the C-nor-D-homo-[14(13—12)-abeo] ring system, which includes the unit
of the peritendinous ring [4]. Heterosteroidal alkaloids are mainly found in plants of the
Liliaceae family, specifically within the genera Fritillaria and Veratrum, and are the primary
components responsible for the pharmacological activity in these two plant genera [12].
Li et al. reported a transcriptome analysis of the cytochrome P450 oxidase (FcCYP) gene
family in F. cirrhosa, indicating a positive correlation between FcCYP transcriptional expres-
sion and the accumulation of steroid alkaloids [13]. However, limited studies focus on the
components and biosynthesis mechanisms of alkaloids in biomass [14,15]. In particular,
the gene function of alkaloid biosynthesis and the regulatory mechanism of transcription
factors in biomass remain unclear [16]. Fritillaria taipaiensis P.Y. Li is a perennial herb in
the Liliaceae family, primarily distributed in southwestern China [17]. Its bulbs contain
multiple alkaloids that can cool down body temperature, relieve coughing and asthma,
and resolve phlegm; it is also listed in the Pharmacopoeia of the People’s Republic of China
as “ChuanBeiMu” [18].

Herein, in order to explore the alkaloid biosynthesis key gene and its regulation
mechanism in F. taipaiensis, the alkaloid and differentially accumulated metabolite content
in the F. taipaiensis bulb from different regions was determined and the differentially
expressed genes (DEGs) in the biomass of F. taipaiensis were identified using integrated
transcriptomics technology. This study will contribute to improving the quality of biomass
by transcriptomics regulation.

2. Materials and Methods
2.1. Samples

Based on a preliminary investigation by the research group, the geographical distri-
bution and ecological differences in specimens led to the determination of representative
sampling points for biomass F. taipaiensis (including wild species). In July 2022, >300 3-year-
old biomass F. taipaiensis plants were randomly excavated using the snake-shaped method
and each collection point was mixed at multiple points. Bulbs of biomass of F. taipaiensis
plants were collected as samples. Samples from each production area were biologically
replicated three times, washed with water, immediately frozen in liquid nitrogen, and
divided into two parts. One part was stored at —80 °C for total RNA extraction while
the other part was dried by hot air at a temperature of 50-55 °C for metabolite extrac-
tion. Information and codes regarding the origins of biomass F. taipaiensis from different
regions are shown in Table 1. The soil property information is presented in Table S1. The
experimental samples were subjected to high-throughput sequencing analysis by Beijing
Novogene Technology Co., Ltd. (Beijing, China). Three independent biological replicates
were used for each sample.

Table 1. The information and codes of the different biomass samples.

Sample Group

WXY
WX
3]
WS

CK

Township, Chengkou County, Chongqing

Collection Site Latitude and Longitude Elevation/m
Yinchangping, Hongch}ba, Wuxi County, 31°37/46.30" N/108°56/00.27" E 2105
Chonggqing
Narrow Neck, Hongchiba Co.mmumty, Wuxi 31°37/32.05" N/108°57/20.71" E 1769
County, Chongqing

Meng Yuan Med1cm§.Valley, Xicao Vlllage, 30°45/47 47" N /109°36/38.96"" E 1915

Xinglong Town, Fengjie County, Chongqing
Renziping, Lihe Village, Dangyang o st " ongl "
Township, Wushan County, Chonggqing 30°46'07.217 N/109°36'33.99" E 1538
Xiaolongtan, Sihe Village, Mingzhong 31°41/14.08" N/108°56'52.59" E 1562
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Table 1. Cont.

Sample Group

NL

TB

GY

Collection Site Latitude and Longitude Elevation/m
Yangjiancao, Cuiyu Township, Ninglang 7051104 917 N7/100°3539.14” E 3372
County, Lijiang City, Yunnan Province
Tangkou Village, Zuitou Township, Taibai onnl P onnl 1
County, Baoji City, Shaanxi Province 34°03'25.82" N/107°23'40.79" E 1625
Qinglin Village, Lijia Town, Chaotian District, 32°35/10.06" N/106°13'17.34" E 1760

Guangyuan City, Sichuan Province

2.2. Metabolomics Study

Approximately 1.0 g of biomass of F. taipaiensis powder (sieved through a 200-mesh
sieve) was selected. This powder was added to 25 mL of 60% ethanol, soaked for 20 min,
and refluxed at 90 °C for 1 h for extraction. These steps were repeated twice. The continuous
filtrate (1 mL) was accurately measured and passed through a SPF column, which was
then diluted and eluted with different ratios of methanol in a gradient ranging from low
to high concentrations. The diluted sample was then centrifuged at 12,000 rmin~! for
10 min, after which the supernatant was pipetted, and it was passed through a 0.22 pm
filter membrane [19].

Mass spectrometry (MS) of the samples was performed in both positive and negative
ion modes using a dynamic background subtraction function with a scanning time of
840 ms, equipped with an automatic calibration delivery system. The chromatographic
conditions of the samples were determined by using an Agilent Zorbax Extended C18
UHPLC Column (Agilent, Beijing, China).

2.3. Transcriptomics Study

RNA integrity and total RNA were accurately assessed using an Agilent 2100 Bioana-
lyzer (Agilent, Beijing, China). Total RNA that met the standards was utilized for library
construction. After passing the quality test, the library was subjected to high-throughput
sequencing using an Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA) by Beijing
Novogene Technology Co., Ltd (Beijing, China).

New gene predictions were made using StringTie (version 1.3.3b). This software uti-
lized the official National Center for Biotechnology Information Protein Sequence database
(RefSeq non-redundant proteins (NR)), Nucleoside Sequence (NT) database, Kyoto Ency-
clopedia of Genes and Genomes (KEGG), SwissProt Protein Quality database (manually
annotated and reviewed protein sequence database), Protein Family (PFAM) database, Gene
Ontology (GO) database, and Eukaryotic Protein Homologous Groups (KOG) database to
annotate the gene functions of the obtained transcripts. DESeq2 (1.20.0) was employed for
intergroup differential expression analyses.

To verify the DEGs identified, three candidate genes (3-hydroxy-3-methylglutaryl coen-
zyme A synthase (HMGS), 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR),
and terpene synthase (TPS) were selected for quantitative reverse transcription PCR (qRT-
PCR). First, 2 ug of total RNA was converted to complementary DNA (cDNA) using a
one-step gDNA removal and cDNA synthesis kit (TransGene, Beijing, China). After dilut-
ing the samples five times, real-time fluorescence quantitative PCR was performed using an
Eppendorf MasterCycle PCR instrument (Eppendorf, Hamburg, Germany). The rpl16 gene
(F: TTCGTGCTACATTCGTAGGGGGTC; R: GTTCCATTGCGGAGTTCGG) of the biomass
of F. taipaiensis was used as an internal reference gene and each sample was analyzed
in triplicate. Primers were designed using Primer Premier 6.0 and Beacon Designer 7.8
software (Table 2) and the relative expression of the gene was calculated using the 2~ 24¢t
method. The PCR products were analyzed and purified by agarose gel electrophoresis and
sequenced by Nanjing Aoqing Biotechnology Co., Ltd. [20].
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Table 2. qRT-PCR primer information.

Gene Name KO Number Forward Primer (5'—3') Reverse Primer (5'—3') Temperature (°C)
HMGS K01641 CCAACCTTGCGAGCGAATA TTGTAGGGAGAATGGAACACGA 59.60
HMGR K00021 TGCGAGGCTCCTGGCTACT CTTTGCTGGACCTGTTATACTTCA 60.70

TPS K03527 AGGATCAAATCACGGGAGGC ATCAATCCTCCAAGTCGCCC 59.82

2.4. Data Analysis

The data are presented as mean =+ standard deviation, the data were analyzed by
a single factor (one-way ANOVA) for significance analysis via SPSS 25.0 and Excel 2003
(= 0.05), and correlation analysis was conducted on SPSS 25.0 using the Pearson method
(= 0.05). The QIIME software (version 1.9.1) was used to calculate the Unifrac distance.
Principal component analysis (PCA) was performed by vegan bag on R-software (version
4.3.2). GraphPad Prism 8 and R-software (version 4.3.2) were used for graphics analysis
and Adobe Illustrator (version 28.1.0) was used for graphic processing.

3. Results
3.1. Chemical Constituents and Differential Metabolites

Potential compounds were inferred by analyzing the tandem mass spectrometry
(MS/MS) fragmentation patterns of the substances (Table 52). In total, 71 compounds were
identified in the positive ion mode, 34 compounds were identified in the negative ion mode,
and 83 compounds were identified in both positive and negative ion modes. This included
thirty alkaloids (Compounds 1-2, 4-5, 8-18, 22-36), six alkaloid glycosides (Compounds 3,
6-7,19-21), two fatty amides (Compounds 37-38), nine nucleosides (Compounds 39-46,
48), one peptide (Compound 47), six fatty acids (Compounds 49-53, 59), six aromatic acids
(Compounds 54-58, 60), ten lipids (Compounds 61, 63, 65, 69, 71-73, 75-77), one acid
anhydride (Compound 62), three aromatic aldehydes (Compounds 64, 66, 74), one aromatic
alcohol (Compound 67), one aromatic ketone (Compound 68), one phenol (Compound 70),
one fatty alcohol (Compound 78), and five sugar components (Compounds 79-83).

To clarify the differences in chemical compositions among different biomass samples,
an orthogonal partial least squares discriminant analysis (OPLS-DA) model was developed
(Figure 1). The OPLS-DA model established in both positive and negative ion modes
yielded good prediction results. All simulated R? and Q? values on the left were less
than the true values on the right, demonstrating reliable model validation (Figure 1A,B).
The model identified a total of thirty-eight differential components in the positive ion
mode and two differential components in the negative ion mode, totaling thirty-eight
differential components (Figure 1C,D). These differential metabolites are mainly steroid
alkaloids, including peimine, songbeisine, songbeinine, imperialine, delafrinone, peime-
nine, ebeinone, isodelavine, isoforticine, petilidine, puqgiedine, ebeinine, delavine chuan-
beinone, edebedi-none, puqgiedinone, songbeinone, peimisine-3-O-3-D-glucopyranoside,
isoverticine, delafrine, forticine, sipeimine-3-O-3-D-glucoside, isoverticine-f3-N-oxide,
yibeinoside B, yibeinoside A, pugiedinone-3-O-f3-D-glucopyranoside, imperialine-f3-N-
oxide, cirrhosinine B, solanidine, cis-13 docosenoamide, 1,6-caprolactam, glyceryl monos-
tearate, 1-monolinolein, linolenic acid, linoleic acid, and palmitic acid.

The relative content of the discrepant components (components sharing the same mass-
to-charge ratio/retention time might be isomers) was analyzed. As depicted in Figure 2A,
disparities exist in the relative content of each component among different origins and
the content variations are conspicuously distinct. A clustering tendency emerges among
the different components across different origins. Eight types of heterosteroidal alkaloids
with significant differences among the different biomass samples were selected: peimisine,
imperialine, peimine, peiminine, ebeinone, ebeiedine, ebeiedinone, and forticine. The
response values of these eight significantly different indicator components from different
biomass samples were statistically analyzed. As presented in Figure 2B, the contents of
peimisine, imperialine, peiminine, ebeinone, and ebeiedinone were relatively high in the
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samples of WXY, WX, WS, NL, and FJ and were low in the other samples. The peimine was
highest in the sample of WX, followed by the samples of CK and NL, and was relatively low
in the other samples. Ebeiedine content was highest in WX and lower in the other samples.
Forticine was relatively high in two samples of WX and GY, whereas it was relatively low in
the other samples. These results further indicate that the differential components represent
significant differences in abundance, demonstrating the chemical diversity of different
biomass samples.
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Figure 1. Plot of the OPLS-DA permutation test and S-plot scores for different biomass samples.
(A) Permutation test in positive ion mode; (B) S-plot diagram in positive ion mode; (C) Permutation
test in negative ion mode; (D) S-plot diagram in negative ion mode.
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Figure 2. Results of semi-quantitative analysis of differential metabolites in different biomass samples.
(A) Differential metabolite heat map with the classification tree of metabolites on the left and the
classification tree of samples above; (B) Differential metabolite line graph.

3.2. Transcriptome High-Throughput Sequencing Analysis

To further investigate the key genes affecting the accumulation of alkaloids in different
biomass samples, cultivated species from seven habitats were collected (with three biologi-
cal replicates in each group) and sequencing libraries were constructed for transcriptome
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sequencing (Table S3). Using Trinity software (version 2.15.1), high-quality sequences ob-
tained after quality control were assembled, resulting in 359,529 transcripts and 174,827 uni-
genes (Figure S1). These results indicate high transcriptome sequencing and assembly
integrity, which can be used for subsequent annotation analysis.

We compared all the unigenes obtained through transcriptional assembly using dif-
ferent protein databases to predict functional genes. The results showed that the highest
number of unigenes (63,506) was annotated in the NR database, whereas the lowest number
of unigenes was annotated in the KOG database, with 13,508 (Figure 3A). The numbers
of unigenes annotated in the other databases were NT (35,586), KO (22,200), SwissProt
(43,241), PFAM (45,206), and GO (45,198). The proportions of annotated unigenes in the
seven databases were consistent with the numbers of annotated unigenes. Except for the
comparison between the KOG and KO databases, where the content of annotated unigenes
was <20%, the percentages of annotated unigenes in the remaining five databases were NR
(36.32%), NT (20.35%), SwissProt (24.73%), PFAM (25.85%), and GO (25.85%; Figure 3B).
The annotated unigenes were further enriched to clarify their biological functions. GO
functional enrichment analysis demonstrated that the mainly annotated unigenes pertained
to biological processes, such as cellular processes, metabolic processes, biological regulation,
localization, and response to stimuli. Unigenes are mainly members of cellular components,
such as cellular anatomical entities and intercellular and protein-containing complexes.
From a molecular functional perspective, the main functions of the unigenes include bind-
ing, catalytic, and transporter activities (Figure 3C). The transcriptome sequencing results
showed that the length of the transcripts varied between 100 and 3000 bp, with an average
transcript length of approximately 500 bp, which could be used for subsequent analyses
(Figure 3D).
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Figure 3. Transcript coding gene annotation. (A) Venn diagrams annotated in five databases (NR, NT,

KOG, PAMF, GO). (B) Histogram of the proportion of annotatable unigenes in the seven databases.
(C) Annotatable unigene GO clustering analysis. (D) Annotatable unigene length distribution map.
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The square of the Pearson correlation coefficient (R?) between samples was developed
to represent the correlation between RNA samples from different biomass regions. The
results showed that the correlation between each group of samples ranged from 0.685
to 0.878, with the maximum difference observed being between samples from WS and
TB (0.685), whereas samples from WX and NL exhibited the highest correlation (0.878;
Figure 4A). We further analyzed the number of DEGs in each sample, which was consistent
with Pearson’s correlation coefficient. The WS sample had the highest number of DEGs
compared with the TB sample, totaling 18,407 DEGs, of which 9710 genes were upregulated
and 8697 genes were downregulated. Notably, samples from the TB showed the most
significant differences compared to samples from other groups, with a total of >10,000 DEGs
compared to each group. The number of DEGs between samples from the GY and samples
from other groups displayed the second-highest difference, totaling over 8000 (Figure 4B).
The FJ sample displayed a lower change in its DEG number in comparison to the other
samples. The DEG number of the WXY group, was higher than that of the groups WX and
NL, whereas the samples of groups TB and GY showed greater differences.
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Figure 4. Differences in the number of transcripts in the biomass from different biomass samples.
(A) Squared Pearson’s correlation coefficients of transcripts from different biomass samples. (B) Number
of differentially expressed genes in different biomass samples.

To further analyze the differences in gene expression between samples, an integrated
analysis of differentially expressed genes (DEGs) across various groups and principal
component analysis (PCA) were conducted. The number of DEGs was consistent with
the observed differences in gene expression. The heat map of DEG clustering indicated
that samples of groups NL, FJ, WX, CK, WS, and WXY were clustered into one branch,
with the similarity between samples from different cultivation groups being greater than
that between them and WXY. In WXY, the expression levels of various genes were more
balanced compared with the other samples in the same branch and the expression levels of
genes related to cell growth and death; biosynthesis of other secondary metabolites; and
metabolisms of carbohydrate, lipid, cofactors, and vitamins were relatively high. In NL
and FJ, the expression levels of most genes were relatively low compared with the other
groups in the same branch (Figure 5A). The TB and GY groups were clustered separately
into a single branch, with the higher expression levels of the genes related to the signal
transduction, replication, and repair compared with the other groups, exhibiting different
expression patterns compared to the WXY sample (Figure 5A). PCA revealed that samples
from WXY, the four samples of WX, CK, FJ, and WS, and NL were clustered together,
whereas those of the GY and TB samples were clustered separately; this is consistent with
the findings of the DEG number and clustering analysis (Figure 5B). In summary, gene
expression in different biomass samples is influenced by various conditions.
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Figure 5. Differential gene clustering and principal component analysis. (A) Heat map of differential
gene clustering. (B) Differential gene principal component analysis plot.

Differences in gene expression between cultivated and wild species in different
biomass samples were analyzed using the WX sample as a representative of cultivated
varieties. The results showed 240 DEGs (117 upregulated genes and 123 downregulated
genes) in WXY and WX (Figure 6A), with the difference between these samples and the
NL being primarily attributed to 163 DEGs (42 upregulated and 121 downregulated genes;
Figure 6B). However, a higher DEG number was provided from the samples of WXY, GY,
and TB. Specifically, the number of DEGs between the WXY and GY samples was 2631
(1417 upregulated genes and 1214 downregulated genes; Figure 6C), whereas the number
of DEGs between the WXY and TB samples was 3215 (1689 upregulated and 1526 down-
regulated genes; Figure 6D), nearly 10 times the number of DEGs derived from the WXY,
WX, and NL samples. The number of DEGs varied greatly among the different samples,
indicating that the gene regulation of the WX and NL samples was more similar to that of
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wild species, whereas the gene regulation of the TB and GY samples was similar to that of
cultivated species.
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Figure 6. Differential gene expression and KEGG enrichment analysis between wild and cultivated
cultivars. (A-D) Volcano map of differentially expressed genes between wild (WXY) and cultivated
samples from (A) WX, (B) L], (C) GY, and (D) TB. (E-H) The differentially expressed gene KEEG-rich
in the wild sample (WXY) and cultivated samples from (E) WX, (F) L], (G) GY, and (H) TB.

The KEGG pathway enrichment analysis of DEGs from the above four different
samples showed that the DEGs in WXY and WX were concentrated in pathways such as
protein processing in the endoplasmic reticulum, glycerol phospholipid metabolism, and
glycerol lipid metabolism (Figure 6E). There were no significant differences in the metabolic
pathways compared with NL (Figure 6F). In contrast, the DEGs of the WXY, GY, and TB
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samples were enriched in the biosynthesis of the terpenoid backbone, a vital step in alkaloid
synthesis, suggesting that the samples of WXY, GY, and TB have different genes regulating
alkaloid biosynthesis than those of the WXY, GY, and TB samples. This finding may be
directly related to the alkaloid content of the sample region. Differential genes associated
with the plant hormone signal transduction pathway were enriched in the comparisons
of WXY vs. TB and WXY vs. GY samples, suggesting that their differences in quality may
be due to hormones. Additionally, genes involved in phenylpropanoid biosynthesis were
differentially enriched in the samples of WXY and TB, whereas genes involved in the plant
hormone signal transduction pathway were differentially enriched in the samples of WXY
and GY. Genes related to plant-pathogen interactions and circadian rhythms were enriched
in the WXY samples compared to their levels in the GY sample.

3.3. Genes Related to the Biosynthesis of Alkaloids in Biomass

Based on the GO enrichment analysis of DEGs, we found that the DEGs in the “ter-
penoid skeleton biosynthesis” and “phenylpropaneoid biosynthesis” pathways impacted
the various biomass samples. To further clarify the formation mechanism and identify key
genes, we screened genes in the “terpenoid skeleton biosynthesis” and “phenylpropanoid
biosynthesis” pathways. The DEGs involved in the “terpenoid skeleton biosynthesis” path-
way were clustered into two branches, with Branch 1 comprising the samples of WXY, FJ,
WX, WS, TB, and NL and Branch 2 comprising the samples of GY and CK (Figure 7A). This
division reflects the upregulation of key enzymes like geranylgeranyl diphosphate synthase
and hydroxymethylglutaryl-CoA reductase in TB, GY, WS, and CK, which are indicative
of an enhanced terpenoid biosynthesis capacity. Genes involved in the “phenylpropanoid
biosynthesis pathway” were clustered into two branches based on their expression patterns,
with samples from TB and GY having similar trends and being clustered into Branch 1
and the other samples with significant differences between their expression trends being
clustered among different branches (Figure 7B). Comprising samples TB and GY, Branch 1
shows a coordinated expression of key genes, such as ‘Cinnamyl-alcohol dehydrogenase’
and ‘Phenylalanine ammonia-lyase’, essential for lignin synthesis and enhancing the plant
structural integrity and stress response. Additionally, ‘Caffeoyl-CoA O-methyltransferase’,
critical for flavonoid and lignan biosynthesis, also exhibited similar expression in these
samples. Conversely, other samples displayed diverse expression profiles, with genes
like “4-coumarate-CoA ligase” and ‘Peroxidase’—involved in the initial steps of phenyl-
propanoid formation and defense against oxidative stress—forming distinct clusters. This
expression landscape underscores the varied metabolic capabilities and adaptive responses
across different biomass samples. The differential gene expression patterns in the ter-
penoid skeleton, “terpenoid skeleton biosynthesis,” and “phenylpropanoid biosynthesis”
pathways were similar to the total gene expression patterns in different samples, sug-
gesting that the differential genes in these two pathways may determine the differences
and uniqueness of region samples. Terpenes are natural bioactive compounds found in
many medicinal biomass sources. It has been reported that >20,000 terpene compounds
have been discovered, including many important steroid hormone drugs and ginsenosides.
The characteristic components of biomass, including imperialine, peimisine, peimine, and
peiminine, are steroid alkaloids. Despite the large number of steroidal compounds, their
synthesis mechanisms are similar, primarily being the cytoplasmic methyl valerate (MVA)
and cytoplasmic methyl erythritol 4-phosphate (MEP) pathways. HMGR is a crucial reg-
ulatory factor in the synthesis of terpenoid frameworks. It catalyzes the conversion of
3-hydroxy-3-methylglutaryl CoA to methoxyvalerate, which is an irreversible rate-limiting
reaction, with HMGR expression directly affecting steroidal saponin content. HMGS cat-
alyzes the synthesis of acetylacetyl-CoA to form HMG-CoA, which is used for subsequent
reactions in the synthesis of 3-hydroxy-3-methylglutaryl CoA synthesis. TPS is speculated
to be located in chloroplasts, owing to its potential participation in terpene synthesis by
engaging in the MEP pathway. The fragments per kilobase of transcript per million mapped
reads (FPKM) values of the HMIGS, HMGR, and TPS genes in different biomass samples are
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shown in Table S4. In each group, except for GY and TB, the FPKM values of the HMGR
genes were higher than those of the WXY sample. The FPKM values of the HMGS genes in
the TB and GY samples were 0, indicating significant differences compared to the other
group samples. The FPKM value of the TPS gene in the TB sample was also 0, whereas
the FPKM values of the TPS gene in the WS and GY samples were significantly lower than
those in the other group samples.
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Figure 7. Expression analysis of key genes for the biosynthesis of active ingredients in biomass.
(A) Heat map of differential gene clustering in terpene skeleton biosynthetic pathways. (B) Heat map
of differential gene clustering in the phenylpropanoid biosynthetic pathway.

3.4. qRT-PCR Validation of Candidate Genes and Determination of Four Alkaloid Components

The relative expression levels of the functional genes in eight biomass samples were
calculated as shown in Figure S2. Among the DEGs, a significant difference was observed
in the expression level of HMGR. The expression level of the TPS gene was highest in the
FJ sample and lowest in the NL sample. There were no significant differences in the HMGS
expression level among the samples. The qRT-PCR results of DEGs were consistent with
transcriptome data, verifying the reliability of the transcriptome sequencing results. The
contents of imperialine, peimisine, peimine, and peiminine in different biomass samples
were measured (Table S5). Overall, the alkaloid content in the WX, WS, FJ, and CK samples
was significantly higher compared with that of the other samples, followed by the NL and
GY samples, whereas the TB sample had the relatively lowest content.
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4. Discussion
4.1. Relationship Between the Alkaloid Content and the Candidate Gene Transcription Level

Research has shown the main quality determinant factor, such as the alkaloid content
in the bulbs of Fritillaria. spp plants, is closely related to their varieties, growth status, and
planting environment. Lu et al. [21] found F. cirrhosae accumulated higher levels of major
steroidal alkaloids than F. thunbergii. Transcription factors involved in the biosynthesis
of steroidal alkaloids may contribute to the differences in alkaloid content in the two
variants. Harvesting times, processing methods [22], and even lights [23] were reported to
affect the contents of alkaloids, further determining the quality of the bulbs of F. cirrhosa.
However, there is relatively little research on the quality of F. taipaiensis, the changes in
the biomass and alkaloid content of F. taipaiensis from different regions are not clear, and
the key regulatory genes are also unknown. To investigate the relationship between the
alkaloid content of different types of biomass samples and transcription levels of the TPS,
HMGR, and HMGS candidate genes (Figure S3), correlation analyses between the alkaloid
content of different biomass types and relative expression levels of the candidate genes
were performed. The trend of the relative expression levels of the HMGS and HMGR genes
is similar to the trend of the content of berberine and berberine B content, whereas the
trend of the relative expression levels of the TPS genes is similar to the trend of the content
of berberine A content. However, certain differences exist between the transcription levels
of the three candidate genes and the trend of changes in the content of berberine and total
alkaloids. The results indicate that the expression levels of different genes significantly
differ in relation to the alkaloid content in various biomass types.

Pearson bivariate correlation analysis was applied to explore the correlation between
the expression levels of HMGS, HMGR, and TPS genes and alkaloids in the mature bulbs of
different biomass samples (Table S6). Only the expression level of TPS was highly positively
correlated with Peimine content (r = 0.790, p = 0.02).

4.2. Analysis of the Components of F. taipaiensis Using UPLC-Q-TOF-MS/MS Technology

An analytical method for determining the chemical composition of different biomass
samples using UPLC-Q-TOF-MS/MS (Agilent, Beijing, China) technology was established.
To the best of our knowledge, an accumulation of different metabolites in biomass samples
was analyzed for the first time. In total, 83 compounds were achieved in the LC-MS positive
and negative ion modes, including alkaloids, nucleosides, organic and fatty acids, carbonyl
compounds, esters, and sugars (mainly alkaloids). Otherwise, findings determined that
alkaloids are the main bioactive components underlying the pharmacological properties
of biomass samples [24], affirming the results of previous studies on the Fritillaria genus,
including F. cirrhosa and F.unibracteata [25-27]. Therefore, this study greatly enriched the
components of the biomass of alkaloid-related compounds.

4.3. Differences in the Medicinal Quality of F. taipaiensis from Different Regions

Using the relevant metabolite information, hierarchical cluster analysis, PCA, and
OPLS-DA were conducted on different biomass samples, determining that different biomass
samples from different regions exhibit significant differences in their chemical composi-
tions, illustrating that the chemical composition and types of F. taipaiensis are significantly
influenced by regional environmental factors. This result is consistent with previous studies
on F. thunbergii, Paris polyphylla var. yunnanensis, and Panax quinquefolius [28-30]. Eight het-
erosteroidal alkaloid differential compounds were identified by OPLS-DA. UPLC-MS
was used to quantitatively analyze the four main alkaloid differential metabolites of the
different biomass samples. Thus, these compounds exhibited significant differences in
content between the biomass samples. The contents of the WX, CK, and FJ samples were
much higher than those in the other samples. However, the content in the WS sample was
slightly lower than that in the WX, CK, and FJ samples. Thus, the medicinal quality of
the bulbs of different biomass samples is habitat-dependent. However, there is limited
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in-depth research on the relationship between the changes in alkaloid content and quality
of biomass samples.

4.4. DEGs in the Samples from Different Regions

The study of genetic resources has become a focus of recent research [21]. Recently,
with the in-depth development of RNA-seq high-throughput sequencing technology, schol-
ars have focused on the biosynthesis pathways of active ingredients and the functions of
their related enzyme genes [31]. Transcriptome sequencing detected 359,529 transcripts
and 174,827 unigenes, with 7035 unigenes co-annotated in seven databases (KOG, NT,
KO, SwissProt, PFAM, and GO), accounting for 4.02% of the total unigenes. Overall,
468,036 DEGs were identified among different sample combinations, of which 242,857 were
upregulated and 225,179 were downregulated, greatly enriching the transcriptomic and
biological information of biomass samples. The DEGs between different samples in the
KEGG database were mainly enriched in steroidal alkaloid synthesis, including terpenoid
skeleton and phenylpropanoid biosyntheses, as well as stress response pathways, such
as plant—-pathogen interactions and plant hormone signal transduction. These findings
provide important foundational data and research directions for revealing the biosynthesis
mechanism of steroidal alkaloids and molecular mechanisms of biomass samples.

4.5. Discovery of Key Genes Involved in Differential Alkaloid Synthesis in F. taipaiensis from
Different Regions

Previous studies have shown two main pathways for the synthesis of steroidal al-
kaloids: the MVA and MEP pathways [32]. Isopentenyl pyrophosphate is a common
intermediate in both the MVA and MEP pathways. Isopentenyl pyrophosphate undergoes
a series of enzymatic reactions that ultimately form steroid alkaloids [21]. Zhao et al. [10]
found that in F. cirrhosa, the MEP pathway other than the MVA pathway was the main route
for steroidal alkaloid biosynthesis using transcriptome analysis. We measured the alkaloid
content of different biomass samples and found that the alkaloid content of the WXY
samples was significantly higher than the GY and TB samples. Transcriptome KEGG anno-
tation analysis revealed that in the terpenoid skeleton biosynthesis pathway, 21 DEGs were
enriched between the GY and WXY samples while 28 DEGs were enriched between the TB
and WXY samples. The key rate-limiting enzyme genes, such as HMGS and HMGR, in the
terpenoid skeleton biosynthesis pathway were significantly downregulated in both the GY
and TB samples, indicating that the downregulation of key genes in the terpenoid skeleton
biosynthesis pathway is an important factor in alkaloid synthesis. HMGS and HMGR
may be the key genes responsible for the differences in alkaloid synthesis across biomass
samples, providing important data and insights for further exploration of the molecular
mechanisms that affect the differences and uniqueness of various biomass samples.

4.6. Differences in the Gene Expression of F. taipaiensis from Different Regions

Transcriptome sequencing analysis of the bulbs from different biomass samples in this
study showed that there were 240 DEGs (117 upregulated and 123 downregulated) between
the WXY and WX samples and 163 DEGs (42 upregulated and 121 downregulated) between
the WXY and NL samples. There were no significant differences in gene expression, which
may be related to the introduction of NL-cultivated varieties originating from the WX
sample. PCA showed that WXY grouped with the samples from WX, CK, FJ, WS, and
NL. This indicates little difference in gene expression was observed between WXY and the
other samples, possibly due to genetic basis factors. Zhou et al. reported similar results
regarding the introduction and cultivation of Epimedium [33]. Therefore, further research
is required to determine the magnitude of the effects of internal and external conditions on
the metabolites.
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4.7. Analysis of Systematic Signal Transduction Networks in F. taipaiensis from Different Regions

Biomass systems have complex and systematic signal transduction networks that
actively respond to changes in internal factors and the external environment, thereby
resisting environmental stress. In this network system, hormones are the main endogenous
factors in plant stress responses, stress resistance regulation, and growth regulation [34].
KEGG enrichment analysis of WXY vs. GY samples in this study demonstrated that DEGs
in WXY vs. TB samples were significantly enriched in the hormone signal transduction
pathway. The plant-pathogen interaction pathway primarily acts on the complex, precise,
and multilevel immune system formed during the long-term evolution of biomass [35].
The KEGG enrichment analysis results between the WXY and TB samples in this study
showed significantly enriched differential genes in the plant-pathogen interaction pathway
and differential genes, such as CDPK, NOS, and WRKY25, were upregulated in the WXY
samples. It is speculated that there are certain differences in resistance to biological stress
(pathogen infection) between the wild variety (WXY) and GY and TB samples.

4.8. Functional Speculation of Key Genes Involved in Alkaloid Synthesis in F. taipaiensis

With the continuous development of omics technology, multi-omics joint analysis
is applied to analyze the complex biological mechanisms of biomass. In the joint analy-
sis of the transcriptome and metabolome, the association analysis between DEGs in the
transcriptome and differentially detected metabolites in the metabolome can be used to
analyze changes at two levels, cause and effect; lock in key pathways related to metabolite
changes; and construct a core regulatory network to reveal its internal laws [36]. Through
transcriptome analysis, a large number of genes have been identified to play a regulatory
role in alkaloid synthesis. Many transcription factors, including bHLH, MYC, MYB, and
WRKY, regulate the alkaloid content by affecting the gene expression in the MVA pathway.
SQLE, CAS1, SMT1, SMO1, SMO2, SC5DL, DHCR7, DHCR24, CYP710A, 38-HSD, CYP90D?2,
and CYP374A6 genes were found to be differentially expressed in the bulb of F. cirrhosa [37].

Based on the differential metabolites of different biomass samples, the key genes
involved in the synthesis pathways of the aforementioned substances were preliminarily
validated, along with three key candidate genes: HMGS, HMGR, and TPS. The expression
level of TPS was significantly positively correlated with the total alkaloid and peimine
contents, whereas HMGS and HMGR had little effect on alkaloid content. The key genes
play crucial roles in the upstream of the terpenoid biosynthesis pathway, including HMGR,
farnesyl diphosphate synthase (FPS), squalene synthase (SS), and cycloartenol synthase
(CAS), which have been well characterized, while the secondary metabolic pathways fol-
lowing the cycloartenol generation are rarely studied. Li et al. [13] revealed that FcCYP450
of the predicted CYP450 family, which was responsible for C-22, C-23, and C-26 hydroxyla-
tion in the steroidal alkaloid biosynthesis pathway, was related to the isosteroidal alkaloid
biosynthesis. TPSs convert acyclic C5 to C20 cis- or trans-prenyl diphosphate intermediates
into the C5-hemiterpenes, such as isoprene, C10-monoterpenoids, C15-sesquiterpenoids, or
C20-diterpenoids [38]. Here, we found the expression level of TPS was highly correlated
with alkaloid contents. It is speculated that TPS may be the main rate-limiting gene alkaloid
biosynthesis, although further experimental evidence is needed. In the near future, using
genetic engineering technology to enhance TPS gene expression may be a feasible approach
to increase the amount of alkaloids in biomass samples.

In this study, three genes involved in alkaloid synthesis were selected for qRT-PCR.
The upregulation and downregulation of expression trends in different biomass samples
were consistent with the transcriptome FPKM values. This further proves the authenticity
and reliability of the transcriptome sequencing results. Therefore, this study captured DEGs
among different biomass samples through RNA high-throughput sequencing technology
and systematically studied the genes involved in growth, development, and secondary
metabolism as a whole, further elucidating the molecular mechanisms of active ingredient
formation in biomass samples.
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5. Conclusions

In summary, eight types of heterosteroidal alkaloids with significant differences among
the F. taipaiensis biomass samples from different origins were selected, including peimisine,
imperialine, peimine, peiminine, ebeinone, ebeiedine, ebeiedinone, and forticine. The
F. taipaiensis samples can be clustered into two branches of DEGs: (1) NL, FJ, WX, CK,
WS, and WXY; (2) TB and GY. The DEGs in the “terpenoid skeleton biosynthesis” and
“phenylpropaneoid biosynthesis” pathways impacted the samples the most significantly.
Eighty-three potential compounds were inferred in the biomass samples, including thirty
alkaloids, six alkaloid glycosides, two fatty amides, nine nucleosides, one peptide, six
fatty acids, six aromatic acids, ten lipids, one acid anhydride, three aromatic aldehydes,
one aromatic alcohol, one aromatic ketone, one phenol, one fatty alcohol, and five sugar
components. The alkaloid contents in samples WX, CK, and F] were much higher than
those in the other samples. The accumulation of active alkaloid components in different
biomass samples was strongly correlated with the expression levels of catalytic enzyme
genes involved in biosynthesis. Thus, TPS may be the main rate-limiting gene regulating
alkaloid biosynthesis. This study reveals the biosynthesis and regulatory mechanisms of
the main active ingredients and provides promising applications in the biomedical fields.
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