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Chapter 1: GENERAL INTRODUCTION

The genus Allium is one of the largest genera in the family of
Amaryllidaceae. It is comprised of more than 1000 species, and the number
is still increasing (Friesen et al., 2020). The plant genus A4/lium contains a
variety of vegetable species famous for their pungent, spicy properties,
usually consumed raw in salads or cooked (Khandagale et al., 2020). Allium
species produce a diverse array of secondary metabolites, encompassing
polyphenols, organosulfur compounds, saponins, polysaccharides, and
tannins (Zolfaghari et al., 2016), which are widely utilized as functional
components. The genus A//ium holds significant economic importance due to
several essential vegetable crops, such as onion (4. cepa L.; 2n = 2x = 16),
shallot (4. cepa L. Aggregatum Group; 2n = 2x = 16), garlic (4. sativum L.;
2n = 2x = 16), leek (4. ampeloprasum L.; 2n = 4x = 32), bunching onion (4.
fistulosum L.; 2n = 2x = 16), Chinese chive (4. tuberosum Rottler ex Spreng;
2n = 2x = 16, occasionally 3x or 4x), and others (Galmarini, 2018; McCallum
et al., 2012; Yao et al., 2024). The total production value of A/l/ium crops in
2022 was US$89,699 million, with “onions and shallots, dry,” “garlic, green,”
“onions and shallots, green,” and “leeks and other alliaceous vegetables”
contributing 56.0%, 38.2%, 3.0%, and 2.7%, respectively (Food and

agriculture Organization of the United Nations, 2022).

The bunching onion, also known as the Welsh onion, green onion,

spring onion, or scallion, is widely distributed from Siberia to tropical Asia,
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particularly in East Asia, where numerous varieties have adapted to diverse
local environmental conditions (Yamasaki and Tsukazaki, 2022). In Japan, the
cultivation area of the bunching onion was 21,500 ha, ranking sixth among
vegetables in 2023 (e-Stat, 2023). The classification of the bunching onion is
based on morphological characteristics such as tillering, dormancy, and
utilization, and includes varieties such as ‘Kaga,” ‘Senju,” ‘Kujo,” and
‘Yagura-Negi’ (Inden and Asahira, 1990). The bunching onions used in this
study belong to the ‘Kujo’ category and are consumed for their leaf blades.
Their leaf blades are highly sought after as garnishes due to their aromatic
quality, vibrant color, and ease of use in raw dishes, maintaining consistent

demand throughout the year.

In Japan, while the production of Fi hybrid varieties of leaf onions is
increasing, region-specific traditional varieties continue to be cultivated. In
Yamaguchi Prefecture, a traditional variety from Shimonoseki City,
characterized by its deep green color, is gaining attention as a unique local
specialty. The deep green color is a trait of high commercial value and a key
characteristic for producers. At the Yamaguchi Prefectural Agriculture and
Forestry General Technology Center, a selected and stabilized variety derived
from this traditional strain has been registered as ‘YSGIlgo’ (Registered
Variety Number: 24596). Efforts are underway to develop heat-tolerant Fi
hybrid varieties that retain the deep green color and exhibit robust growth in
the summer. In general, the dark green color is considered to be attributed to
chlorophyll; however, it is actually not caused by a single pigment but rather

arises from interactions among various pigment compounds (Cheng et al.,
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2018). To date, studies on pigment compounds in bunching onions have
reported on chlorophylls and carotenoids (Kopsell et al., 2010), but no reports
exist on other pigment compounds. Understanding the mechanisms behind the
dark green coloration would enable the efficient development of new varieties
through breeding. Furthermore, chlorophyll and carotenoids, which are
associated with dark green coloration, are known as photosynthetic pigments
that not only facilitate the efficient utilization of light energy but also play a
role in environmental stress responses (Li et al., 2024a; Egea et al., 2022).
Therefore, provided that these pigment compounds can be easily measured, it
would be possible to monitor plant stress responses and implement

appropriate measures at the right time.

Climate change has had a significant impact on the growth and quality
of crops, including bunching onions. Abiotic stresses such as high
temperatures and drought are major factors leading to reduced yields and
quality deterioration due to poor crop growth. According to some reports, the
projection of these stresses significantly affects growth and productivity by
reducing crop yield and overall crop production by 70% and 50%,
respectively (Kaur et al., 2008; Mantri et al., 2012). In bunching onions, a
physiological disorder known as “leaf tipburn” is particularly problematic, as
it significantly reduces the commercial value of the crop. While calcium
deficiency has generally been considered the cause of leaf tipburn, multiple
factors are involved, and the detailed mechanisms remain unclear (Kuronuma
et al., 2019; Su et al., 2019; Wang et al., 2019a). Identifying compounds

associated with leaf tipburn could provide clues for its prevention.
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Furthermore, there have been no reports on pigment compounds and
functional components related to the incidence of leaf tipburn and quality
during the summer season. Organizing information related to the growth
period and timing is crucial for analyzing their relationships with leaf tipburn.
The plant hormone abscisic acid (ABA) plays an important role in maintaining
crop water status by closing stomata under drought stress (Bharath et al.,
2021). High accumulation of ABA has been reported to enhance stress
tolerance, raising expectations for the development of abiotic stress-tolerant

varieties (Zhang et al., 2012; Wei et al., 2015).

Here, we focus on recent advances in genomic technologies. The
improvement in precision and reduction in costs of next-generation
sequencing technologies have led to the publication of draft genomes for
Allium species such as the onion, bunching onion, and garlic (Liao, 2022; Hao,
2023). These advancements are expected to enable genome-based
interspecific hybridization as an effective strategy for enhancing the genetic
diversity of Allium species for desirable agricultural traits (Liao, 2022).
Indeed, attempts at genome editing using CRISPR/Cas9 technology have been
reported for the onion (Mainkar, 2023). However, there have been no reports
of significant progress in the application of genetic modification or genome-

editing technologies for bunching onions.

Nevertheless, anticipating future practical applications for these
technologies, it is crucial at this stage to systematically and comprehensively
accumulate phenotypic data and genetic information using diverse lines with

distinctive traits. These data will serve as a foundation for designing efficient
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and effective breeding strategies for A//ium species.

Thus, this study aimed to improve the dark green coloration and abiotic
stress adaptability of bunching onions. The objectives of this research were
as follows: (1) to elucidate the mechanisms of ABA accumulation under
drought conditions, (2) to identify metabolites associated with leaf tipburn,

and (3) to identify metabolites related to dark green coloration.

This chapter is the first of five that comprise this dissertation. Chapter
2 addresses Objective (1), Chapter 3 focuses on Objective (2), Chapter 4
explores Objective (3), and Chapter 5 provides a general discussion. This
dissertation compiles the results of studies conducted by the author at the
Laboratory of Vegetable Crop Science, Division of Life Science, Graduate
School of Sciences and Technology for Innovation, Yamaguchi University,
Yamaguchi, with the objectives outlined above, during the period from 2022

to 2025.



Chapter 2: Effects of Drought Stress on Abscisic Acid Content
and Its Related Transcripts in Allium fistulosum—

A. cepa Monosomic Addition Lines

Introduction

The Japanese bunching onion (4. fistulosum L., FF), also named the
Welsh onion, spring onion, and scallion, is widely distributed from Siberia to
tropical Asia, especially in east Asia, with many varieties adapted to local
environmental conditions (Kumazawa, 1965; FORD-LLOYD and
ARMSTRONG, 1993; Liu et al., 2021). FF is relatively tolerant to heat, cold,
and drought conditions, but it is susceptible to waterlogging (Yiu et al., 2008).
However, in recent summer production, high levels of light and drought have
retarded growth, resulting in lower yields (Liting et al., 2015). Additionally,
the process of withholding irrigation just before harvest has caused the
wilting of leaf tips, resulting in the loss of product value. With global
warming and desertification becoming problems due to climate variation,
drought-resistant traits are required for the stable production of FF. Plants
have unique ways of responding to various external environmental stresses;
among them, the plant hormone abscisic acid (ABA) plays a role in plant
dormancy and drought response (Rai et al., 2024). Studies on the drought

response of ABA have been conducted in a variety of plants. For example,



exogenous ABA treatment (Kumazawa, 1965)can regulate the processes of
metabolizing energy, amino acids, and lipids; promote the accumulation of
flavonoids, betaine, and other substances; improve enzymatic and non-
enzymatic antioxidant regulation systems; and enhance the photosynthetic
performance and relative water content of plants to promote plant growth and
improve drought resistance of diverse crops, including maize (Zea mays),
wheat (Triticum aestivum), sweet potatoes (I[pomoea batatas), and pearl millet
(Pennisetum glaucum) (Zhang et al., 2012; Wei et al., 2015; Awan et al., 2021;
Huan et al., 2020). Additionally, plants exposed to abiotic stress swiftly
activate the ABA signaling cascade, leading to the activation of ABA-
responsive transcription factors and genes, promoting stomatal closure,
modifying root architecture, and affecting the expression of stress-responsive
genes and physiological responses (Bharath et al., 2021). Once stress
tolerance is achieved, it is essential to terminate or attenuate the ABA pathway.
This balance is maintained through the selective degradation of specific
components of the ABA signaling pathway, marked for decay by
ubiquitination (Sirko et al., 2021). Furthermore, an additional layer of
complexity is introduced by the extensive crosstalk between ABA and other
phytohormones, such as cytokinin, ethylene, jasmonic acid, and gibberellins,
to maintain the balance between stress adaption and growth (Abdelrahman et
al., 2021). These mechanisms collectively underscore the importance of ABA
in enhancing plant resilience to drought stress. By elucidating the role of ABA
and its associated pathways, we aim to contribute to the development of

drought-tolerant crops, which is vital for agricultural sustainability in the face



of climate change (Simsek et al., 2024). The shallot (Allium cepa L.
Aggregatum Group, AA) is a species of subtropical origin that has been
recognized as a potential genetic resource for improving Allium crops
because of its adaptability to environmental stresses (Currah, 2002;
Abdelrahman et al., 2015b). Alien monosomic addition lines (AMALSs) are
valuable for elucidating genome structure and transferring useful genes and
traits in plant breeding. AMALs were used in breeding programs of rice
(Oryza sativa L.), oilseed rape (Brassica napus L.), and wheat (Multani et al.,
2003; Reamon-Ramos and Wricke, 1992; Chevre et al., 1996; Fu et al., 2013).
Shigyo et al. (Shigyo et al., 1996) have generated a series of AMALs in FF
strains by introducing shallot chromosomes. These lines have been
investigated to study the morphological features, primary metabolites,
secondary metabolites, and other biochemical characteristics influenced by
each shallot chromosome addition. Furthermore, the bunching onion line FF
+ 1A, with an added shallot, has shown high resistance to rust disease, while
FF + 2A exhibits resistance to onion yellow dwarf virus, as has been
reported(Wako et al., 2015; Vu et al., 2012 ). The impacts of AMALs on the
biotic factor have become evident. Therefore, this study aims to investigate
the impact of drought stress on ABA and its precursor, f-carotene, using a
complete set of AMALSs of 4. fistulosum with extra chromosomes from shallot.
We analyze the expression levels of genes related to ABA biosynthesis,
catabolism, and drought stress signal transduction in AMALSs, particularly FF
+ 1A and FF + 6 A, which show characteristic variation in ABA accumulation.

By examining both ABA and fB-carotene, we aim to provide a comprehensive



understanding of the biosynthetic pathway and the role of ABA in drought

stress tolerance in FF.

Material and Methods

Plant Materials and Drought Treatment

The plant materials—eight different AMALs (2n=2x+ 1 = 17; FF +
1A, FF + 2A, FF + 3A, FF + 4A, FF + 5A, FF + 6A, FF + 7A, FF + 8A)
(Shigyo et al., 1996) and 4. fistulosum (FF)—were grown in 6-inch clay
pots filled with sand. Each pot contained one plant, and all of the plant
genotypes were vegetatively propagated in the greenhouse of Yamaguchi
University (34° N, 131° E). Pots were randomly arranged on a rack, watered
every two days, and fertilized with 1000x HYPONeX solution (Hyponex
Japan, Osaka, Japan) once a week until the drought test. Watering was
accomplished by slowly filling the pot until the water overflowed the top
(approximately 300 mL/pot). In January 2019, the drought treatment was
implemented by stopping irrigation for 30 days, while the control condition
was implemented by irrigating every 2 days. Plants were collected from each
line separately in biological replicates (n = 5) for each condition. Leaf tips,
excluding the yellowed parts, were collected at approximately 10 cm and were
frozen in liquid nitrogen. The frozen samples were powdered using a mortar
and pestle; samples were then dried using a freeze dryer (TAITEC VD-250R

freeze dryer coupled with a vacuum pump, TAITEC, Saitama, Japan). These



dried samples were used for measuring -carotene, violaxanthin, neoxanthin,
and ABA, as well as quantitative qRT-PCR (qPCR) of genes involved in ABA

biosynthesis and catabolism and drought stress signal transduction.

p-Carotene, Violaxanthin, and Neoxanthin Measurement

Briefly, 4 mg of dried sample was accurately weighed and transferred
to a 1.5 mL tube, to which 500 pL of cold 100% acetone was added. The
solution was vortexed for 2 min and ultrasonicated for 20 min in a cool
condition. The extract was centrifuged at 5000 rpm for 5 min at 10 °C, and
the supernatant was collected. Again, 100% cold acetone was added to the
remaining residue of the lower layer, and the same operation was performed
twice to obtain the supernatant. All supernatants obtained were filtered
through filter tubes (Nanosep® centrifugal devices, Pall Corportaion,
NewYork, NY, USA) and used as sample solutions for HPLC. The sample
solution was stored at =20 °C in a freezer and used for measurement within 3
days. The extracts were analyzed by HPLC equipped with a UV—-Vis detector
(HITACHI L7420, Hitachi, Tokyo, Japan) operating at 435 nm to detect the
carotenoids. The carotenoids were separated on LiChroCART 250-4.0
Lichrospher 100RP-18 5 um (KANTO CHEMICAL, Tokyo, Japan). The
separation was achieved by gradient elution with (A) 80% MeOH solution
(mixing 400 mL of methanol (HPLC-grade)), 50 mL of ultrapure water, and
50 mL of 100 uM HEPES (pH 7.5) and (B) ethyl acetate. The modified

gradient elution program was run as follows: (i) the initial conditions were
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100 % (A), (i) a 20 min linear gradient to 50% (A) and 50% (B), and (iii)
50% (A) and 50% (B) for 30 min, and the flow rate was 1 mL/minute. The

column temperature was set to 30 °C, and the injection volume was 20 pL.

ABA Measurement

Briefly, 2 mg of each dried sample was accurately weighed and
transferred to a 1.5 mL tube, to which 250 pL of 80% methanol and 25 pL of
1 ppm d6ABA (Toronto Research Chemicals, Toronto, ON, Canada) were
added as an internal standard. The solution was vortexed and incubated
overnight at room temperature under light protection. The extract was then
centrifuged at 15,000 rpm for 5 min at 4 °C, and the supernatant was filtered
through filter tubes (Nanosep® centrifugal devices, Pall Corporation, New
York, USA) and used as a sample solution for LC-MS/MS. The samples were
analyzed by a Prominence Modular HPLC (SHIMADZU, Kyoto, Japan)
equipped with Mightysil RP-18 GP (II) 150-2.0, 5 pm (KANTO CHEMICAL,
Tokyo, Japan), eluted with a 0.2 mL/min binary gradient containing the
mobile phases (A) 0.1% formic acid solution (LCMS-grade) dissolved in
ultrapure water and (B) 0.1% formic acid solution (LCMS-grade) dissolved
in acetonitrile (LCMS-grade). The modified gradient elution program was
performed as follows: (1) the initial conditions were 80% (A) and 20% (B) for
5 min, (i1) a 15 min linear gradient to 10% (A) and 90% (B), (ii1) 10 % (A)
and 90% (B) for 10 min, and (iv) a 5 min linear gradient to 80% (A) and 20%.

The column temperature was set at 40 °C, and the injection volume was 4 pL.
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Mass spectrometric analysis was carried out on a triple-quadrupole 3200
QTrap mass spectrometer (SCIEX, Framingham, MA, USA) equipped with

negative electrospray ionization (ESI).

qPCR

Total RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN
Sciences, Hilden, Germany). RNA quality was assessed using a NanoDrop
(Thermo Fisher, Waltham, MA, USA). The cDNA library was constructed
using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO,
Osaka, Japan) in accordance with the manufacturer’s instructions. qPCR was
used to measure transcript abundance  for B-carotene  hydrox-
ylasel (BCHI), zeaxanthin epoxidase (ABAI), nine-cis-epoxycarotenoid di-
oxygenase 3 (NCED3), xanthoxin dehydrogenase (ABA?2), abscisic-aldehyde
oxidase (AA03), and molybdenum cofactor sulfurase (ABA3) as ABA biosyn-
thesis  genes, ABA 8 ’-hydroxylase (CYP707A1, CYP70743) as ABA
catabolism genes, transducin, and late embryogenesis abundant (LEA4-5)
genes as drought stress signal transduction genes in drought (Figure 1)
conditions and control conditions. qPCR was performed using
THUNDERBIRD SYBR qPCR Mix (QPS-201, TOYOBO, Osaka, Japan) on a
QuantStudio 1 instrument. Amplification was performed using the following
cycling parameters: 1 cycle of 94 °C for 1 s, 40 cycles of 95 °C for 15 s, 60 °C
for 60 s, and 95 °C for 1 s. Fluorescence was acquired at 60 °C. The relative

transcript levels were calculated using the comparative Ct (Threshold Cycle)
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method, with the B-actin gene as an internal control. Results were obtained
by excluding the highest C: value and the lowest Ct value and calculating the

mean for three replicates.

B-carotene
} BCH1
B-cryptoxanthin
| BCH1
Zeaxanthin
| ABA1
ABA Antheraxanthin

biosynthesis - | ABA1
Violaxanthin

Neoxanthin
9’-cis-Neoxanthin
| NCED3

Xanthoxin

| ABA2
Abscisic aldehyde

| AAO, ABA3 | ABA catabolism

ABA mm e mmmmmmm e ———— + 8’-Hydroxy-abscisate
l CYP707A1, CYP707A3

| LEA4-5, Transducin

|

Stomatal closure

Drought stress
signal transduction

Figure 1. catabolism, and drought stress signal transduction. S’
BCHI: -carotene hydroxylasel; ABAI: zeaxanthin epoxidase;
NCED3: nine-cis-epoxycarotenoid dioxygenase 3;
ABA2: xanthoxin dehydrogenase; AAQO: abscisic-aldehyde oxidase;
ABA3: Molybdenum cofactor sulfurase; CYP707A1: ABA 8 -hydroxylasel,
CYP707A43: ABA 8 -hydroxylase3; LEA4-5: late embryogenesis abundant.

Primer Design
The genes involved in ABA biosynthesis, catabolism, and signal
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transduction in the A/lium genus were investigated using the A/lium genus
transcriptome database known as Allium TDB (AlliumTDB, 2017).
Specifically, gene searches were conducted through keyword searches
in Allium TDB, and Unified Genes from a DHA (doubled-haploid of shallot)
bulb (Endang et al.,, 1997), with similarity to genes in
the Arabidopsis Information Resource (TAIR) database (TAIR, 1999), were
obtained. Subsequently, primers for gPCR were designed using the obtained
Unified Genes’ information from FF that matched the identified DHA bulb

genes (Table 1).
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Ascorbic Acid Measurement

The ascorbic acid content was measured monthly from April 2005 to
March 2006 using fresh leaf blades of FF, 1A, and 6A as plant materials to
obtain a comprehensive and detailed understanding of the seasonal variations
in ascorbic acid levels. This year-long assessment allowed us to capture any
fluctuations due to environmental changes over the seasons, providing a
robust dataset for analysis. The ascorbic acid content was detected using a

previously described method (Yaguchi et al., 2008).

Statistical Analysis

Statistical analyses were performed with SPSS Ver28. Each sample was
measured once, and the data are expressed as the mean + the standard error
(SE). Calculations were performed using one-way ANOVA and Dunnett’s
multiple comparison test or Student’s z-test. Dunnett’s multiple comparison
test was designed for comparing the difference the mean value of each line,
and Student’s ¢-test was designed for comparing the difference of the two

conditions; p < 0.05 was considered as statistically significant.

Results

p-Carotenoid and ABA Content in AMALS under Drought Conditions

As a result of the drought treatment, all 45 individuals (FF and AMALSs

with five replicates each) survived (Figure 2). Measurements of f-carotene
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under both control and drought conditions revealed significantly higher f-
carotene content in FF + 1A compared with FF and other AMALSs (Figure 3A).
On the other hand, f-carotene content decreased significantly (p < 0.05)
under drought versus control conditions in all investigated AMALSs, except
for FF and FF + 5A, which did not show any significant changes (Figure 3A).
Similarly, ABA content increased significantly in all investigated AMALs
under drought versus control conditions, with FF + 1A exhibiting the highest
ABA accumulation (Figure 3B). On the other hand, only the FF + 6A line
showed the highest ABA accumulation under control conditions compared to
FF and the other AMALs (Figure 3B). Additionally, a moderate positive
correlation was observed between [f-carotene and ABA contents under
drought conditions (Figure 4). Additionally, when comparing the amount of
violaxanthin and neoxanthin for FF, FF + 1A, and FF + 6A, no significant
differences were observed between the control and drought conditions (Figure
5A, 5B). However, under drought conditions for FF + 6A, the peaks of

violaxanthin and neoxanthin were not detected.
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Figure 3. Comparison of (A) S-carotene and (B) abscisic acid (ABA) contents in different
monosomic addition lines (AMALs, 1A, 2A, 3A, 4A, 5A, 6A, 7A, and 8A) and Allium
fistulosum (FF) under control and drought stress conditions. Different letters (a, b for
control conditions and y, z for drought conditions) indicate significant differences at
p < 0.05. Asterisks *, ** and *** represent significant differences at p < 0.05, p < 0.01,
and p < 0.001, respectively, as determined by Student’s z-test. NS indicates not significant
at p <0.05.
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Expression Analysis of ABA-Related Genes in the Monosomic Addition

Lines and A. fistulosum under Drought Conditions

Under control conditions, FF + 1A showed an approximately twofold
increase in the expression of genes involved in biosynthesis, catabolism, and
drought stress signal transduction as compared to FF. In FF + 6A, genes
related to biosynthesis (except NCED3 and ABA3) and catabolism showed a
decrease, with catabolism-related genes exhibiting a reduction of more than
twofold. Genes associated with signaling transduction did not show changes
as compared to FF (Figure 6). Conversely, under drought conditions, FF and
FF + 6A showed similar trends in gene expression, characterized by a
substantial upregulation of genes associated with biosynthesis and a
downregulation of genes related to catabolism as compared to the FF control.
Particularly noteworthy were the substantial elevations observed
in BCHI and NCED3, while ABAI remained unaltered. Regarding
signaling, LEA4-5 displayed  an  approximately  onefold  decrease,

whereas transducin showed an increase.
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Figure 6. Heatmap of log, transformed average gene expression changes in abscisic acid (ABA)

biosynthesis and catabolism-related genes under control and drought conditions in FF,
FF + 1A, and FF + 6A.

BCH]I: p-carotene hydroxylasel; ABAI: zeaxanthin epoxidase;

NCED3: nine-cis-epoxycarotenoid dioxygenase 3; ABA2: xanthoxin dehydrogenase;
AAQO: abscisic-aldehyde oxidase; ABA3: Molybdenum cofactor sulfurase;

CYP707A41: ABA 8 -hydroxylasel; CYP707A3: ABA 8 -hydroxylase3,;

LEA4-5: late embryogenesis abundant.

23



Determination of Ascorbic Acid Content in FF, FF + 1A, and FF + 6A

The results of Dunnett’s multiple comparison test comparing the annual
average levels of ascorbic acid content for FF, FF + 1A, and FF + 6A showed

that FF + 1A exhibited significantly higher values as compared to FF (Figure

7).
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Figure 7. Annual average ascorbic acid content in FF, FF + 1A, and FF + 6A Dunnett’s multiple
comparison test was used to compare each line with FF as a control.Values are the

means = SE (n = 12). Different small letters (a and b) refer to significant differences
(» <0.05).
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Discussion

Our results showed three patterns: (i) the addition of chromosome 1A
into the FF genome increased the expression of ABA-related genes under
control conditions without changes in ABA levels; (ii) FF + 6 A under control
conditions decreased gene expression, but there was no accumulation of ABA;
(ii1) FF + 1A under drought conditions increased both gene expression and
ABA accumulation (Figure 3B, Figure 6). It has been argued that ABA levels
are maintained by a balance between its biosynthesis and catabolism, rather
than solely by biosynthesis (Kushiro et al., 2004). Therefore, these patterns
can be explained by the balance of the expression levels of genes for
biosynthesis and catabolism. Expression analysis in FF + 1A showed higher
expression levels of all genes related to biosynthesis, catabolism, and drought
stress signal transduction as compared to FF; in particular, higher expression
levels were shown in drought conditions. The genomic sequence information
of bunching onions and onions that have similarity to shallots was reported
by Liao et al. (Liao et al., 2022) and Fei Hao et al. (Hao et al., 2023). This
information revealed that ABA biosynthesis genes BCHI, NCED3,
and transducin were located on the first chromosome of the bunching onion
(Table 1). On the other hand, genes involved in ABA biosynthesis and
catabolism were not located on the first chromosome of the shallot. Therefore,
the characteristic expression of genes involved in ABA biosynthesis and
catabolism in 1A is likely to be the result of the interaction between the

additional first chromosome of the shallot and the chromosomes of 4.
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fistulosum. Previous study for the sugar beet monosomic addition line M 14,
derived from a cross between Beta vulgaris L. and B. coloriflora Zoss, have
reported that the addition f the chromosome affects the gene expression of the
recipient chromosome (Ma et al., 2011). Additionally, FF + 1 A exhibited high
expression of the drought stress signal transduction LEA4-5, not only in
drought conditions, but also in the control condition, where ABA did not
accumulate. LEA proteins are known to confer resistance to drought, low
temperature, and high salt concentrations; increased expression of LEA4 has
been shown to enhance resistance to drought, salt, and heavy metal stress in
rice (Hu et al., 2016) and Arabidopsis (Jia et al., 2020). Therefore, the high
expression of LEA4-5 in FF + 1A during both control and drought conditions
suggests the potential for stress resistance to drought and various abiotic

stresses.

ABAI was highly expressed only in FF + 1A, while no increase was
observed in FF and FF + 6 A under drought conditions, and ABA accumulation
did not progress. Under drought stress, ABA1 increased in the roots, but not
in the leaves of Nicotiana plumbaginifolia var Viviani (ABA2/NpZEP) and
tomato (Solanum lycopersicum) (LeZEPI) (Audran et al., 1998; Thompson et
al., 2000). In Arabidopsis, drought stress has been reported to lead to an
increase in ZEP protein in roots and the degradation of ZEP protein in leaves
(Schwarz et al., 2015), which is consistent with the results of FF and FF + 6A
n this study. ABA1 encodes zeaxanthin epoxidase, which converts zeaxanthin
to antheraxanthin and violaxanthin, which is related to the xanthophyll cycle,

the thermal dissipation system protecting against photoinhibition in plants.
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Under drought conditions, reduced CO:2 uptake from stomatal closure
decreases dark reaction activity. As a result, the light reaction is higher than
the dark reaction, leading to the accumulation of NADPH. Singlet oxygen
('O2) is generated in photosystem II, while hydrogen peroxide (H202) is
generated in photosystem I. Defense mechanisms against such situations
include the thermal dissipation system and the scavenging systems of reactive
oxygen species. In FF and FF + 6A, the xanthophyll cycle is thought to de-
epoxidize, lowering the light-harvesting efficiency and converting excess
light energy into heat to prevent photoinhibition. In FF + 1A with a high
accumulation of ABA, the scavenging system of reactive oxygen species is
likely involved. In plants, antioxidants such as [-carotene and ascorbic acid
remove singlet oxygen and hydrogen peroxide, respectively (Ramel et al.,
2012) (Ramel et al., 2012; Pospisil and Prasad, 2014). Furthermore, ascorbic
acid also plays a role in oxidizing NADPH through the glutathione—ascorbic
acid cycle. Ascorbic acid plays a role in increasing stress tolerance in
Common bean (Phaseolus vulgaris L.), maize, flax (Linum usitatissimum L.),
wheat, and broccoli (Brassica oleracea var. italica) (Dolatabadian et al.,
2010; Gaafar et al., 2020; Sh, 2014; Hafez and Gharib, 2016). FF + 1A was
found to have significantly higher f-carotene content under drought
conditions, and it was also confirmed that ascorbic acid tends to be higher
throughout the year, indicating a high capacity to remove reactive oxygen
species and NADPH, making it less susceptible to photoinhibition. Therefore,
the epoxidation of the xanthophyll cycle and ABA biosynthesis likely

progressed in FF + 1A under drought conditions. Accordingly, 4.
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fistulosum with the extra first chromosome of shallots could be less
susceptible to photoinhibition, potentially making it capable of maintaining
closed stomata and capable of addressing dryness issues during the summer
season. This study highlights the role of ABA in enhancing drought tolerance
in A. fistulosum through the addition of a shallot chromosome. Our results
show that the FF + 1A line exhibits increased ABA-related gene expression
and higher ABA accumulation under drought conditions, compared with the
FF or FF + 6A line. This suggests a beneficial genetic interaction enhancing
the plant drought response mechanisms. Additionally, the high levels of -
carotene and ascorbic acid in FF + 1A under drought conditions indicate a
robust reactive oxygen species-scavenging system, reducing photoinhibition
and oxidative stress. This adaptation allows the FF + 1A line to maintain
efficient photosynthesis during water scarcity. Our findings demonstrate the
potential of using AMALSs to introduce beneficial traits from related species
to improve crop resilience. Specifically, the addition of the first shallot
chromosome enhances ABA biosynthesis and stress response pathways,
offering a  valuable resource for breeding drought-tolerant A4.
fistulosum varieties. In summary, our study underscores the importance of
ABA in drought response and the benefits of genetic additions from stress-
tolerant species, contributing to more stable crop production amid climate

variability.
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Chapter 3: Metabolite Profiling and Association Analysis of Leaf

Tipburn in Heat-Tolerant Bunching Onion Varieties

Introduction

The bunching onion (Allium fistulosum L.), also known as the Welsh
onion, green onion, spring onion, or scallion, is widely distributed from
Siberia to tropical Asia, particularly in East Asia, where numerous varieties
have adapted to diverse local environmental conditions (Yamasaki and
Tsukazaki, 2022). The distinct flavor and vibrant color of bunching onions
contribute to the richness of dishes, leading consumers to expect high-quality
bunching onions that offer exceptional flavor, color, and beneficial functional
components (Kim et al., 2023; Singh and Ramakrishna, 2017). Bunching
onions are consumed year-round in Japan, necessitating a stable and
consistent supply to meet market demand. In recent years, producers have
sought traits such as "heat tolerance" to minimize leaf tipburn and poor
growth during summer, as well as "dark green coloration" (Yamasaki and
Tsukazaki, 2022; Padula et al., 2022), and Japanese seed companies have
developed summer F: lines characterized by these traits. The chemical
composition of bunching onions has been reported to fluctuate across various
growth stages and harvest times (Kotota et al., 2012). Therefore, it is crucial

to systematically investigate and understand the variations in pigment
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compounds and functional components influenced by growing conditions to
ensure consistent quality. Furthermore, recent global warming has led to a
decline in both production and quality during the summer, with the occurrence

of leaf tipburn becoming particularly severe (Liu et al., 2021).

Tipburn is a physiological disorder that occurs during rapid plant
growth and is characterized by necrosis at the leaf apex of young, developing
leaves (Maruo and Johkan, 2016). As bunching onions are leafy vegetables,
the deterioration of the appearance of the leaf blade significantly reduces the
commercial value, posing a major challenge for farmers and distributors
(Hutchings, 2011; NILSSON, 2000). Tipburn is generally considered a
calcium-related disorder or a calcium deficiency-related disorder (Kuronuma
et al., 2019; Su et al., 2019; Wang et al., 2019a). The occurrence of tipburn
in bunching onions has been reported to be induced by a combination of
factors, including soil dryness, high temperatures, prolonged sunlight
exposure, and calcium deficiency (Inden, 1987). Additionally, in onions (4.
cepa), apart from the effects of pests and diseases, deficiencies in nitrogen,
sulfur (Abbey et al., 2002), and boron (Jeyakumar and Balamohan, 2007), as
well as exposure to ozone (Ahmad et al., 2013) and salinity (Shannon and
Grieve, 1998), can also cause tipburn. Tipburn in onions is often regarded as
a general symptom of stress, as it can be triggered by a wide range of biotic
and abiotic stress factors (Riaz et al., 2020). Leaf tipburn affects not only the
Allium genus, including crops such as bunching onions, onions, garlic (4.
sativum), and chives (4. tuberosum), but also other crops, such as lettuce

(Lactuca sativa), white cabbage (Brassica oleracea L. var. capitata), Chinese
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cabbage (B. pekinensis (Lour.) Rupr.), Brussels sprouts (B. oleracea var.
gemmifera DC.), and strawberry (Fragaria % ananassa Duch.) (Saure, 1998;
Uno et al.,, 2016; Palencia et al., 2010). Therefore, it is crucial to
systematically investigate and comprehend the factors contributing to this

phenomenon across different species.

Metabolomics serves as a powerful tool for biological discoveries in
plants, offering insights into the biochemical status of plant cells at specific
developmental stages and in response to environmental conditions (Hirai et
al., 2004). Metabolomics has the potential to greatly enhance the study of
stress biology in plants and other organisms by identifying various
compounds, including stress metabolism by-products, molecules involved in
stress signal transduction, plant hormones, and compounds associated with
the plant’s acclimation response (Shulaev et al., 2008; Mascellani Bergo et
al., 2024). In Allium species, metabolome analyses have been conducted in
various studies focusing on the effects of stress, cultivation conditions,
treatment methods, and even the impact of adding alien chromosomes
(Saviano et al., 2019; Abdelrahman et al., 2019; Medina-Melchor et al., 2022) .
Despite extensive research on tipburn in leafy crops such as lettuce (Lactuca
sativa L. ), onion, and cauliflower (Brassica oleracea L.), most of these
studies have primarily focused on nutritional deficiencies or genotype-
related tipburn symptoms (Riaz et al., 2020; Hamidon and Ahamed, 2022;
Rosen, 1990). There is limited knowledge of the biochemical and
physiological mechanisms underlying this disorder in bunching onions,

particularly under combined environmental stresses. This study addresses this
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gap through integrating metabolomics with pigment and functional
component analyses to uncover the mechanisms of tipburn development and
identify strategies for improving tolerance in heat-tolerant Fi1 hybrid and

purebred varieties.

Materials and Methods

Materials and growth conditions

In this study, we examined the following: two Fi cultivars from
Nakahara Seed Product Co., Ltd.—‘Natsuhiko’ (NATS) and ‘Kaminari’
(KAMI); one Yamaguchi Prefecture purebred variety—‘YSGlgo’ (YSGI);
and six Yamaguchi Prefecture-bred Fi1 hybrid lines— ‘YamakouO1’ (YAM1),
‘Yamakou02’ (YAM2), ‘YamakouO03’ (YAM3), ‘Yamakou04’ (YAM4),
‘Yamakou05’ (YAMS), and ‘Nakayamakou’ (NAKA). These plant materials
were grown in the greenhouse of Yamaguchi Prefectural Agriculture and
Forestry General Technology Center (34°N, 131°E). We established six
distinct growth conditions as follows: (1) sown on May 7, 2019, and harvested
on July 18, 2019; (2) sown on May 7, 2019, and harvested on August 22,
2019; (3) sown on May 7, 2019, and harvested on September 18, 2019; (4)
sown on June 9, 2019, and harvested on August 22, 2019; (5) sown on June 9,
2019, and harvested on September 18, 2019; (6) sown on July 4, 2019, and
harvested on September 18, 2019. In growth conditions (1), (2), and (3), we

cultivated eight varieties except YSGI1, while in growth conditions (4), (5),
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and (6), we cultivated all nine varieties. This experiment aimed to screen for
the conditions and cultivars most susceptible to leaf tipburn. To make the
most of the limited greenhouse space and resources, we selected nine cultivars
with three replications and six growth conditions to reflect diverse genetic

and environmental scenarios.

The crops were planted in 6 rows on a 90 cm wide ridge, with an inter-
row spacing of 12 cm and a seeding density of 120 seeds per square meter. A
total of 1.0 kg of nitrogen per area (kg/a) was applied during the experiment.
This nitrogen was divided into two applications: an initial 0.5 kg/a as a basal
fertilizer, followed by an additional 0.5 kg/a as a topdressing later in the two-
leaf stage. The watering conditions were as follows: on the day of sowing,
water was applied at 48 L/m?, with a soil water tension value set to 1.5 pF.
During germination (0—4 days), irrigation was provided at 24 L/m? per
application, maintaining a pF value between 1.5 and 1.6. In the cotyledon
stage (4—11 days), 6 L/m 2 of water was applied every 2-3 days, keeping the
pF value between 1.6 and 1.8. At the one-leaf stage (11-18 days), 10 L/m? of
water was supplied every 2—-3 days, maintaining a pF value between 1.7 and
2.0. During the two-leaf stage (18-28 days), irrigation was increased to 12 L/
m 2 daily, with the pF value maintained between 1.6 and 1.8. During the three-
leaf stage (28—38 days), irrigation was performed every 3 days with 6 L/m?
to maintain a pF value between 2.0 and 2.3. For the four-leaf stage (38—49
days), water was applied almost daily at 12 L/m?, maintaining a pF value of
1.8-2.0. During the five-leaf stage (49-59 days), irrigation was carried out

every 3 days with 5 L/m?2, keeping the pF value between 2.0 and 2.5. At the
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six-leaf stage (59 days onward), irrigation was reduced to 0—1 time per week
with 4 L/m?, maintaining a pF value of 2.3-2.5 until harvest. After harvest,
the plants were grouped into bundles of 10, with three bundles used for
biological replicates (n = 3). The outer leaves were removed, leaving two

young leaves for further analysis.

Leaf tipburn Measurement

The samples were arranged on a black background to ensure that the
leaves did not overlap, and images were captured. From the obtained images,
pixel counts for leaf tipburn areas and healthy (green color) areas were

calculated using the free software LIA32 Ver. 0.376f1 (Yamamoto, 2004). The
training images included ‘Asagi-kujyo harvested on August 18, 2017’ (Figure

8), with 50 training points for each class: leaf tipburn area, healthy area, and
background. The percentage of leaf tipburn was calculated as follows: (pixel

count of leaf tipburn area/pixel count of total plant area) x 100.

Figure 8. The plant of Asagi-Kujo harvested on August 18, 2017, used as a training image for

supervised learning analysis.
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SPAD Value Measurement

The SPAD value was determined by averaging three measurements
taken at the center of the leaf using a Soil Plant Analysis Development
chlorophyll meter (SPAD-502Plus, KONICA MINOLTA, INC., Tokyo, Japan)
(Markwell et al., 1995). For each sample, the overall SPAD value was
calculated by averaging the SPAD readings from the first (youngest) and

second (second youngest) leaves.

Pigment Compound Measurement

The method for measuring pigment compound was developed with
reference to Dissanayake et al. (Dissanayake et al., 2008). Chlorophyll a,
Chlorophyll b, Lutein, B-carotene, violaxanthin, and neoxanthin were
measured using high-performance liquid chromatography (HPLC L-7000
series, HITACHI, Tokyo, Japan). The leaf blade of the trimmed sample was
cut into approximately 5 mm sections using a kitchen knife, and a portion was
weighed to precisely 5.0 g for analysis. The sample was placed into a
homogenizer cup, followed by the addition of 0.2 g of basic magnesium
carbonate, 0.1 g of butylated hydroxytoluene, and 20 mL of cold 100%
acetone. The premix was homogenized at 10,000 rpm for 5 minutes using an
Ace HOMOGENIZER AM-7 (Nihon Seiki Co., Ltd., Tokyo, Japan). The
suspension was filtered using suction filtration, and the filtrate was collected.
The residue was transferred to a mortar, mixed with 10 mL of cold 100%

acetone, and ground with a pestle. The resulting mixture was filtered again
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using suction filtration to collect the filtrate. This process was repeated three
times to maximize filtrate recovery. The combined filtrates were dried by
adding 5 g of anhydrous sodium sulfate and left in the dark for 30 minutes.
Subsequently, the mixture was passed through a filter (Advantec, Tokyo,
Japan) to quantify the volume. Finally, the filtrate was passed through a 0.45
pm filter (Advantec, Tokyo, Japan) and used as the extract for HPLC analysis.
The extract was analyzed using HPLC equipped with a UV-Vis detector
(HITACHI L7420) set at 435 nm for carotenoid detection. Pigmented
compounds were separated using a LiChroCART 250-4.0 Lichrospher 100 RP-
18 5 pm column (KANTO CHEMICAL, Tokyo, Japan). The separation was
performed using gradient elution with two solvents: (A) 80% methanol
solution, prepared by mixing 400 mL of HPLC-grade methanol, 50 mL of
ultra-pure water, and 50 mL of 100 uM HEPES buffer (pH 7.5), and (B) a
50:50 mixture of ethyl acetate and 80% methanol. The gradient elution
program was as follows: it started with 100% solvent A for 20 minutes; then,
a linear gradient was followed to solvent B over 50 minutes. The flow rate
was maintained at 1 mL/min, with a column temperature of 30 °C and an

injection volume of 20 pL.

70% Ethanol Extraction

The method for extraction was developed with reference to Hang et al.
(Hang et al., 2004). The leaf blades of the trimmed sample were cut with a

kitchen knife at intervals of approximately 5 mm and weighed out to 5.0 g.
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The tissue samples were placed in a conical flask containing 35 mL of ethanol
and 10 mL of distilled water (final concentration 70%) and boiled in a water
bath for 15 minutes. The mixture was then homogenized at 10,000 rpm for 5
minutes using an Ace HOMOGENIZER AM-7 (Nihon Seiki Co., Ltd., Tokyo,
Japan). The resulting suspension was filtered using suction filtration, and the
filtrate was collected and quantified. The extract was stored at =20 °C in a

freezer for further analysis.

Total Phenolic Compounds Measurement

The total phenolic compounds content in the 70% ethanol extract was
measured using the Folin—Ciocalteu method (Folin and Denis, 1915). The
70% ethanol extraction was diluted 5 times with distilled water. Of the diluted
solution, 1 pL. was put into test tube, and 1 mL of 1IN Folin—Ciocalteu reagent
was added. After 3 minutes, 1 mL of 10% sodium carbonate solution was
added to the test tube. The mixture was incubated for 1 hour at room
temperature in the dark. The absorbance of the reaction mixture was measured
at 530 nm with a spectrophotometer (U-2000, Hitachi High-Tech corporation,
Tokyo, Japan). Catechol was used as a standard, and the results were
expressed as milligrams of catechol equivalent (mg CA) per 100 g fresh

weight of plant sample.

Total Flavonoid Compound Measurement

The total flavonoid compound content in the 70% ethanol extract was
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measured using the method described previously (Vu et al., 2013). The 70%
ethanol extract and n-hexane were put into a test tube with a screw cap at a
ratio of 1:1 and stirred to dissolve the chlorophyll, carotenoids, and other
pigments into the hexane layer. The ethanol layer was diluted 2 times with
70% ethanol. Three mL of the diluted solution was put into a test tube, and 9
mL of 2% aluminum chloride solution was added. The mixture was incubated
for 1 hour at room temperature in the dark. The absorbance of the reaction
mixture was measured at 420 nm with a spectrophotometer (U-2000, Hitachi
High-Tech Corporation, Tokyo, Japan). Quercetin was used as a standard, and
the results were expressed as milligrams of quercetin equivalent (mg

quercetin) per 100 g fresh weight of the plant sample.

Fructan Measurement

The fructan content in the 70% ethanol extract was measured using the
thiobarbituric acid method (Percheron, 1962), with minor modifications. The
70% ethanol extraction was diluted 5 times with 70% ethanol. Of the diluted
solution, 20 pL was put into a test tube, and 10 pL of 25 mM ammonium
acetate buffer was added. Furthermore, 10 pL of invertase solution was added
and left at room temperature for 5 min to hydrolyze the sucrose in the extract.
Measures of 50 uL of distilled water and 10 L of 10 N sodium hydroxide
solution were added and heated in boiling water for 10 min to decompose the
fructose in the solution. After cooling rapidly in ice water, 1 mL of

thiobarbituric acid solution and 1 mL of 12 N hydrochloric acid were added
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and heated in boiling water for 6 min. The absorbance of the reaction mixture
was measured at 432 nm with a spectrophotometer (U-2000, Hitachi High-
Tech Corporation, Tokyo, Japan). Fructan was used as a standard, and the
results were expressed as milligrams of quercetin equivalent (mg 1-kestose)

per 100 g fresh weight of the plant sample.

Metabolome Analysis

Sample preparation was performed automatically by a liquid-handling
system (Microlab STAR Plus, Hamilton, Company, Reno, NV, USA) for
dispensing, plate transfer, solvent drying (Ultravap Mistral, Porvair PLC,
Norfolk, UK), dissolving, and filtration, as described by Sawada et al.
(Sawada et al., 2017). The leaf blades of the trimmed samples were frozen in
liquid nitrogen. The frozen samples were dried using a freeze-dryer (TAITEC
VD-250R freeze-dryer coupled with a vacuum pump, TAITEC, Saitama,
Japan) and then powdered using a mill (KMZ-0401/P, Koizumi Seiki
Corporation, Osaka, Japan). The powders were weighed out to 4 mg in a 2 mL
tube, and a 5 mm zirconia ball (NIKKATO CORPORATION, Osaka, Japan)
was added. One milliliter of extraction solvent (80% methanol and 0.1%
formic acid coupled with 8.4 nmol/L lidocaine and 210 nmol/L 10-
camphorsulfonic acid as internal standard) was added to a 2 ml tube (resulting
in a concentration of 4 mg/ml), and the metabolites were extracted in a multi-
bead shaker (Shake Master NEO, Biomedical Science, Tokyo, Japan) at 1000

rpm for 2 min. After centrifugation at 9100 G for 1 minute, the supernatants
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were diluted 4 times with an extraction solvent (resulting in a concentration
of 1 mg/ml). Of each diluted solution, 25 microliters was transferred to a 96-
well plate, dried with nitrogen air, redissolved in 250 pL of ultra-pure water
(LC-MS grade), and filtered using a 0.45 pum pore size filter plate 384
(Multiscreen HTS 384-Well HV, Merck, Rahway, NJ, USA). One microliter
of the solution extract at a final concentration of 100 ng/puL was subjected to
widely targeted metabolomics wusing LC-QqQ-MS (UHPLC-Nexera
MP/LCMS-8050, SHIMADZU, Tokyo, Japan). The solution extract was
separated using a ACQUITY UPLC HSS T3 Column, 100 A, 1.8 pm, I mm X
50 mm (Waters Corp., Milford, USA). The separation was performed using
gradient elution with two solvents: (A) 0.1% (v/v) formic acid in distilled
water, and (B) 0.1% (v/v) formic acid in acetonitrile. The flow rate was
maintained at 0.24 mL/min, with a column temperature of 30 °C. The setting

parameters for LC—QqQ-MS analysis are summarized in Table 2 and 3.

40



Table 2. Gradient condition for LC-QqQ-MS analysis.

Time(min)  Flow (mL/min) A solution (%) B (%)
0 0.24 99.9 0.1
0.25 0.24 99.9 0.1
0.40 0.24 91 9
0.80 0.24 83 17
1.90 0.24 0.1 99.9
2.10 0.24 0.1 99.9
2.11 0.24 99.9 0.1
2.70 stop

Table 3. Mass spectrometry parameters.

Parameters Ppolarity Positive Polarity Negative
Interface voltage (kV) 4.0 3.0
Interface temperature (°C) 300 300
DL temperature (°C) 250 250
Heat block temperature (°C) 400 400
Nebulizer gas flow (L/min) 3.0 3.0
Drying gas flow (L/min) 10.0 10.0
Heating gas flow (L/min) 10.0 10.0
Dwell time (sec) 0.005 0.005
Injection volume (uL) 1.0 1.0
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Data Analysis

Statistical Analysis

Data for the SPAD values, pigment compounds (chlorophyll a,
chlorophyll b, lutein, B-carotene, violaxanthin, neoxanthin), and functional
components (total phenolic compounds, total flavonoid compounds, fructan),
along with leaf tipburn rate, were analyzed using one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test for each individual
growing condition and across all conditions. A significance level of p < 0.05
was applied. An analysis of the secondary metabolite characteristics of the
varieties was conducted. The dataset, including chlorophyll a, chlorophyll b,
lutein, B-carotene, violaxanthin, neoxanthin, total phenolic compounds, total
flavonoid compounds, and fructan, was first standardized using the
StandardScaler function from Scikit-Learn. Subsequently, the standardized
data was analyzed using principal component analysis (PCA) with two
components (n_components=2) and K-means clustering (n_clusters=4,
random_state=42) to assess the variation in metabolite profiles across
samples. The analysis was performed using Python 3.9.7 with Pandas 1.3.4,

Scikit-Learn 0.24.2, and Matplotlib 3.4.3 libraries.

Estimate Compounds Associated with Leaf Tipburn Using Metabolomics

A total of 472 metabolite intensities were obtained from the
metabolome analysis. Missing values were imputed with a value of 10, and

the signal intensities for all samples (n = 3) were averaged. Metabolites with

42



signal-to-noise ratios (S/N, defined as the ratio of the average signal intensity
to that of the extraction solvent control) of less than 5 across all experimental
groups were excluded. Additionally, metabolites with relative standard
deviations (RSD) greater than 0.3 in all experimental groups were removed,
resulting in a final dataset of 267 metabolites. The data matrix was then
normalized to the median and auto-scaled. Initially, partial least squares
discriminant analysis (PLS-DA) was performed on all 267 metabolites, and
VIP scores were used to assess the overall trends in metabolomic data between
the leaf tipburn group (top 5% in leaf tipburn rate) and the control group
(bottom 5% in leaf tipburn rate). This method is particularly suitable for high-
dimensional metabolomic data as it emphasizes group separation and
identifies key metabolites using VIP scores. However, despite limitations
such as assumptions of linearity and the risk of overfitting, it remains a
valuable tool for exploring group separation in high-dimensional datasets.
Additionally, a Student’s #-test, followed by false discovery rate (FDR)
correction using the Benjamini—-Hochberg procedure, was conducted to
compare metabolites between groups, identifying those with significant
differences (FDR < 0.05) and a change of 1.5-fold or more (log2 FC [Leaf
tipburn/control] > 0.58 or < —0.58). These metabolites were then used to
create volcano plots. The preprocessing steps, including missing value
imputation, S/N filtering, RSD calculations, and intensity correction via
dividing by internal standards, were performed using Python 3.9.7 with
Pandas 1.3.4. Data normalization and subsequent analysis were conducted

using MetaboAnalyst 6.0.
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Machine Learning Methods

A random forest regression model was employed to predict the leaf
tipburn rate using 267 metabolite profiles as input features. This method was
chosen to address the limitations of PLS-DA, specifically its inability to
capture non-linear relationships, and to mitigate the risk of overfitting
inherent in single decision tree models. The data, which included all available
samples, was first split into training and test sets using a 70-30 split, ensuring
a consistent random state=42 to enable reproducibility. The training set was
used to fit the random forest model, which was optimized based on the
following  hyperparameters: n_estimators=100, max features=’log2’,
min_samples leaf=2, min_ samples split=2, and max_depth=none. To gain
insights into the model’s predictions, Shapley additive explanations (SHAP)
analysis was performed. All analyses and visualizations were conducted using
Python 3.9.7. The following libraries were used: Pandas 1.3.4, Scikit-Learn

0.24.2, SHAP 0.46.9, and Matplotlib 3.4.3.

Results

Variation in Pigment Contents and Functional Components Among
Different Bunching Onion Varieties and Breeding Lines Across Different

Growing Conditions

Images of the plants under each growing condition are shown in
Figure 9—14. The varieties KAMI and NATS showed significantly lower SPAD
values, whereas YSGI and YAMI1-5 exhibited significantly higher SPAD
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values (Figure 15). On the other hand, NAKA variety showed an intermediate
SPAD value trend. Pigment compounds associated with SPAD values,
including chlorophyll @ and b, lutein, violaxanthin, and neoxanthin, exhibited
trends consistent with the SPAD measurements across the investigated
varieties. In contrast, B-carotene exhibited only minor variations among the
different wvarieties (Figure 16). Additionally, functional components,
including total phenolic compounds and total flavonoid compounds, were
significantly lower in KAMI and significantly higher in YSG1, whereas the
other varieties displayed intermediate levels, with no significant differences

observed (Figure 17).

PCA and K-means clustering were applied to assess the varietal
characteristics under different growing conditions, focusing on samples sown
on May 7 and harvested on July 18 (1), August 22 (2), and September 18 (3).
The data were projected onto two principal components (PC1 and PC2), which
together explained 80.13% of the total variance, with PC1 accounting for
62.10% and PC2 for 18.03% (Figure 18A). The loadings of PCl were
primarily associated with pigment compounds (excluding B-carotene), with
an increase in pigment levels on the positive side and a decrease on the
negative side. The loadings of PC2 were associated with functional
components, including B-carotene, showing increases on the positive side and
B-carotene on the negative side (Figure 18B). K-means clustering classified
all samples into four clusters: cluster 1 included samples with increased -
carotene, cluster 2 included samples with increased pigment compounds,

cluster 3 included samples with decreased pigment compounds, and cluster 4
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included samples with increased functional components. Focusing on the
variety, NAKA, NATS, and KAMI were grouped into clusters 3 and 4,
positioned on the negative side of PCI. In contrast, YAM1-5 was classified
into clusters 1, 2, and 4, and was situated on the positive side of PC1 (Table
4). Focusing on the growing conditions, samples from May sowing and July
harvest (1) were part of clusters 0 or 2 and were positioned on the negative
side of the second principal component, while samples harvested in the

following months (2) and (3) shifted to the positive side.

Similarly, PCA and K-means clustering were performed using results
from May sowing and September harvest (4), June sowing and September
harvest (5), and July sowing and September harvest (6). These samples were
also projected onto two principal components, accounting for 71.27% of the
total variance. PC1 contributed 55.06%, while PC2 contributed 16.21%
(Figure 19A). The loadings of PC1 were predominantly associated with
pigment compounds, with increased values on the positive side and decreased
values on the negative side. PC2 loadings were linked to functional
components, including B-carotene, showing an increase on the positive side
and a decrease on the negative side (Figure 19B). K-means clustering grouped
all samples into four distinct clusters: cluster 1 consisted of samples with
elevated levels of both pigment compounds and functional components;
cluster 2 included samples with reduced levels of both; cluster 3 contained
samples with increased pigment compounds and decreased functional
components; cluster 4 was comprised of samples with decreased pigment

compounds and increased functional components. YAM1-5 and YSG1 were
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classified into clusters 1 and 3, while NAKA, NATS, and KAMI were grouped

into clusters 2 and 4 (Table 5).

KAMI  NATS NAKA YAM1 YAM2 YAM3 YAM4 YAMS

Figure 9. Plants from samples sown in May and harvested in July.

Figure 10. Plants from samples sown in May and harvested in August.
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KAMI NATS NAKA YAMI YAM2 YAMS3 YAM4  YAMS

Figure 11. Plants from samples sown in May and harvested in September.

Figure 12. Plants from samples sown in June and harvested in August.
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KAMI NATS NAKA YSGIl YAMI YAM2 YAM3 YAM4 YAMS

Figure 13. Plants from samples sown in June and harvested in September.

KAMI NATS NAKA YSGlI  YAMI YAM2 YAM3 YAM4 YAMS

Figure 14. Plants from samples sown in July and harvested in September.
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Figure 15. Boxplot of SPAD values by varieties and lines under all growing conditions. The box
represents the interquartile range, the horizontal line within the box indicates the median,

and dots represent outliers. Different letters indicate significant differences at p < 0.05.
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Figure 16. Boxplot of pigment compounds, including chlorophyll a (A), chlorophyll 5 (B), lutein (C),
B-carotene (D), violaxanthin (E), and neoxanthin (F), across varieties and lines under all

growing conditions. Different letters denote significant differences at p < 0.05.
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Figure 17. Boxplot of functional components, including total phenolic compounds (A) and total
flavonoid compounds (B), across varieties and lines under all growing conditions.

Different letters denote significant differences at p < 0.05.

Component

Figure 18. Principal component analysis (PCA) score plot with K-means clustering (A) and PCA
loading plot (B) of the dataset from May sowing and July, August, and September
harvests. (A) Samples are color-coded on K-means clustering, with four clusters
identified. (B) Arrows represent the direction and magnitude of each variable’s influence,

with longer arrows indicating stronger contributions.
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Table 4. Sample distribution by varieties or lines and growth conditions based on K-means clustering
of a dataset from May sowing and July, August, and September harvests. The table
summarizes the assignment of samples to four distinct clusters (cluster 1 to cluster 4),

identified through K-means clustering.

Features KAMI NATS NAKA YAMI YAM2 YAMS YAM4 YAMS

Pigment cmpds UP*

Piot

g

Functional
cmpds UP

Figure 19. Principal component analysis (PCA) score plot with K-means clustering (A) and PCA
loading plot (B) of a dataset from the May, June, and July sowing with September harvest.
(A) Samples are color-coded on K-means clustering, with four clusters identified. (B)
Arrows represent the direction and magnitude of each variable’s influence, with longer

arrows indicating stronger contributions.
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Table 5. Sample distribution by varieties or lines and growth conditions based on the K-means
clustering of a dataset from May, June, and July sowing and September harvest. The table
summarizes the assignment of samples to four distinct clusters (Cluster 1 to Cluster 4)

identified through K-means clustering.

Growth
Cluster Features my KAMI  NATS NAKA  YSGI YAM1 YAM2 YAM3 YAM4 YAMS
conditions
. v May_S(:pZ 3 3 2 2 2
clusterl Plgrnf:nt cmpds_UP Jun_Sep 2 1
Functional cmpds_UP
Jul_Sep 3 1
Pi ds DOWN May _Scp 2 !
igment empds._ Jun_Sep 3 2 1

Functional cmpds DOWN
Jul_Sep 3 3 1

May_Sep 1 1

cluster3 Pigment cmpds_UP

Functional cmpds DOWN ~ Jun_Sep 1 2 1 1 3 3
Jul_Sep 1 3 3 3 3 2
Pi t ds_ DOWN May _Scp 3 ! 2
. igment cmpds_]
clusterd Functional cmpds_UP Jun_Sep 1 2 1 2 1
Jul_Sep 1

¥: cmpds stands for compounds.

“: Indicates the sowing month and the harvesting month.

Estimating the Metabolites Involved in Leaf Tipburn

The leaf tipburn rate across 153 samples from 9 varieties ranged from
0.00% to 1.23% under six different growth conditions, with no significant
differences observed between varieties (Figure 20, Table 6). Based on these
findings, we selected the top 5% of samples with the highest leaf tipburn rates
(eight samples: leaf tipburn group) and the bottom 5% with the lowest rates
(eight samples: control group) for further comparative analysis using the 267

metabolites identified from these samples.

To gain deeper insights into the contributions of specific metabolites
in the leaf tipburn and control groups, we performed PLS-DA and evaluated
the results using VIP scores. The analysis revealed that the leaf tipburn and

control groups could be differentiated into two clusters based on two primary
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components (Figure 21A). Component 1 contributed 11.4%, and Component
2 contributed 17.2%, with a cumulative contribution of 28.6%, though this
remains relatively low. The VIP scores highlighted the importance of
metabolites, particularly sulfur compounds such as cystathionine, gamma-
glutamyl-propenyl-cysteine sulfoxide (gamma-Glu-PRENCSO), and cysteine,
as well as flavonoids, in differentiating the groups. Notably, cystathionine
and cysteine were found at higher concentrations in the control group (and
lower in the leaf tipburn group), while gamma-Glu-PRENCSO was elevated
in the leaf tipburn group (and lower in the control group) (Figure 21B). We
then conducted a Student’s z-test on the 267 metabolites between the leaf
tipburn and control groups, followed by FDR correction for p-values. No
metabolites showed significant differences between the two groups at a
significance level of ¢ = 0.05. As a result, we selected metabolites with

significant uncorrected p-values and a log2z FC [Leaf tipburn/control] of

> 0.58 or < —0.58, equivalent to a 1.5-fold change. This selection identified
11 metabolites (8 increased, 3 decreased) (Figure 22). Many of these
metabolites were also highlighted by high VIP scores from the PLS-DA

analysis.

Finally, we applied a random forest regression model using the full
dataset, with the leaf tipburn rate as the target variable and the 267
metabolites as input features. SHAP analysis was used to interpret the model’s
output. The top 20 metabolites ranked by average SHAP values were primarily
associated with flavonoids and organosulfur compounds (Figure 23). Among

these, gamma-Glu-PRENCSO stood out as a key metabolite, overlapping with
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those identified by high VIP scores from the PLS-DA analysis and significant
changes in the Student’s ¢-test, exhibiting a 1.5-fold change. Gamma-Glu-
PRENCSO is an intermediate of PRENCSO, a precursor of pungency-related
compounds. In the leaf tipburn group, organosulfur compounds tended to
proceed toward the alliin synthesis pathway rather than the sulfur-
assimilation- or antioxidant-related pathways. This metabolic shift may lead
to a deficiency in metabolites essential for stress responses, potentially
resulting in inadequate adaptation to stress in the leaf tipburn group.

1.4

1.2

1.0

0.8

0.6

Leaf tipburn (%)

+

0.4 + +

‘ +

0.2 ¢ ’ ' ‘
G_O&Eé%é@

KAMI NATS NAKA YSG1 YAM1 YAM2 YAM3 YAM4 YAM5

Figure 20. Boxplot of leaf tipburn by varieties and lines under all growing conditions. The box
represents the interquartile range, the horizontal line within the box indicates the median,

and dots represent outliers.
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Table 6. Results of ANOVA for leaf tipburn rates under different varieties and growth conditions.

Factor Source of Variation df Sum of Squares Mean Square F-value p -value
. Between groups 5 0.51 0.01 0.499  0.776
Variety )
Residuals (Error) 146 2.981 0.02 - -
. Between groups 8 0.245 0.031 1.572  0.138
Growth condition
Residuals (Error) 143 2.787 0.019 - -

Scores Plot

j

!
'
:

“omponent 2 (17

Component |

20 22 24 26

VIP scores

Component 2

VIP scores

Figure 21. (A) Partial least squares discriminant analysis (PLS-DA) scores plot and (B) VIP (variable

importance in projection) score plot of the metabolite profiles for the samples with the

highest and lowest leaf tipburn rates. The contributions of the metabolites to Component

1 and Component 2 axes are color coded, based on the contribution scale according to the

VIP score.

gamma-Glu-PRENCSO: gamma-glutamyl-propenyl cysteine sulfoxide.
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Cystathidhine

Qrientin

log2(FC)

Figure 22. Volcano plot of the metabolite profiles for the highest and lowest leaf tipburn rates. The x-
axis shows the log, FC-fold changes (leaf tipburn group/control group). The y-axis
represents the -logio FC-transformed p-values. Each point corresponds to a metabolite,
with its position indicating both the magnitude of change and the statistical significance.
Points on the right side (positive log, FC-fold change) indicate metabolites elevated in
the leaf tipburn group, while points on the left side (negative log, FC-fold change)
indicate metabolites elevated in the control group. Metabolites with significant p-values
(p <0.05) are highlighted, with circle size corresponding to the significance level and
color representing the log, FC-fold change magnitude (red—higher in the leaf tipburn
group; purple—higher in the control group).
gamma-Glu-PRENCSO: gamma-glutamyl-propenyl cysteine sulfoxide
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Figure 23. Shapley additive explanations (SHAP) analysis of metabolite profile influence on the leaf
tipburn rate. (A) The bar plot of the SHAP mean value; (B) the summary plot of the top 20
most influential features. The feature ranking on the y-axis represents the order of
importance for each feature in the prediction model. SHAP values on the x-axis indicate
the predictive power of the model. Each row is plotted with dots representing the influence
on individual validation data points. Red dots (high values) indicate a stronger prediction
of high leaf tipburn rate, while blue dots (low values) indicate a stronger prediction of low
leaf tipburn rate. In the summary plot, red dots indicate high metabolite concentrations,
while blue dots indicate low concentrations. Dots on the positive side of the x-axis represent
metabolites that contribute to an increase in leaf tipburn rate. Example interpretation: on
the positive side of the x-axis, red dots indicate that higher concentrations of gamma-Glu-
PRENCSO are associated with an increased leaf tipburn rate.
gamma-Glu-PRENCSO—gamma-glutamyl-propenyl cysteine sulfoxide; gamma-Glu-
PRENCS—gamma-glutamyl-propenyl cysteine.

Variations in Organosulfur Compounds and Plant Hormones

Based on the analysis results related to leaf tipburn, several
organosulfur compounds associated with the pungency of bunching onion

were identified. A heat map was created to compare metabolites related to
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organosulfur compounds and stress response hormones—ethylene, abscisic
acid (ABA), and jasmonic acid (JA)—between the leaf tipburn group and the
control group. In the control group, most organosulfur compounds showed an
increase, with notable increases in cysteine and cystathionine. Additionally,
there was a confirmed decrease in the accumulation of propenyl cysteine
sulfoxide (PRENCSO) and gamma-Glu-PRENCSO, which are the main
precursors of pungency. Conversely, in the leaf tipburn group, there was a
general decrease in organosulfur compounds, while the accumulation of
PRENCSO and gamma-Glu-PRENCSO increased. Regarding plant hor- mones,
the precursor to ethylene—I1-aminocyclopropane-1-carboxylic acid—
increased in the control group, along with ABA and JA. These findings
suggest that leaf tipburn is not caused by ethylene synthesis. Furthermore,
since JA did not increase in the leaf tipburn group, it is unlikely that leaf
tipburn is due to biotic stress, such as disease or herbivore damage (Figure

24A, 24B).
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Figure 24. Comparison of the leaf tipburn group and control group based on organosulfur
compounds and stress response hormones. (A) Heat map comparing the metabolite
profiles between the leaf tipburn group (top 5% rate of leaf tipburn) and the control group
(bottom 5% rate of leaf tipburn). Each column represents an individual sample. (B) Heat
map shows the average values of each metabolite for the two groups. Each column
represents an individual sample, and the rows indicate specific metabolites categorized
into sulfur assimilation, alliin biosynthesis, methionine biosynthesis, ethylene
biosynthesis pathways, and stress response hormones. gamma-Glu-PRENCS—gamma-
glutamyl-propenyl cysteine; gamma-Glu-PRENCSO—gamma-glutamyl-propenyl
cysteine sulfoxide; PRENCSO—propenyl cysteine sulfoxide; MCSO—methyl cysteine

sulfoxide.
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Discussion

Clarification of Differences in Pigment Compounds and Functional

Components Among Varieties and Lines Based on Growing Conditions

We examined the effects of various growing conditions across nine
varieties. For plants sown in May and harvested in July, August, and
September, B-carotene levels increased in the July harvest (Figure18A, Table
4). In the August harvest, B-carotene decreased, while functional components
such as phenolic compounds, flavonoids, and fructans increased. By the
September harvest, both functional components and pigment compounds
showed increases. For plants sown in May, June, and July and harvested in
September, the earliest sowing time (resulting in the longest growing period)
led to a higher accumulation of both pigment compounds and functional
components. In contrast, no significant differences were observed in the
accumulation of these compounds between the June and July sowing dates
(Figure 19A, Table 5). In summary, these results indicate that B-carotene
content was the highest for May sowing and July harvest, while pigment
compounds and functional components accumulated more with May sowing
and September harvest. The observed changes in carotenoid content and
composition are closely linked to environmental conditions, with light
playing a critical role in regulating carotenoid biosynthesis in chloroplasts
(Hermanns et al., 2020). For instance, in cucumbers, it has been reported that
B-carotene accumulation increases under extended daylight conditions in

photoperiod-sensitive varieties (Obel et al., 2022). This suggests that the
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higher B-carotene levels in plants sown in May and harvested in July may be
associated with the longer daylight hours during this period. In contrast, a
study on bunching onion cultivation in Poland reported the highest
chlorophyll levels after a 60-day growing period (Kotota et al., 2012).
However, in the present study, chlorophyll content was highest after a 90-day
period. The extended growing time and the high temperatures, coupled with
intense light during July and August, likely contributed to chlorophyll
degradation, making its accumulation more challenging (Efeoglu and
Terzioglu, 2009; Sato et al., 2015). Regarding varietal characteristics, KAMI,
NATS, and NAKA were grouped together based on lower pigment compound
content, while YAM1-YAMS5 and YSGI1 exhibited higher pigment compound
levels (Figure 16). In terms of functional components, a difference was
observed between NATS and YSG1; however, no significant differences were
found among the other varieties (Figure 17). These findings clarify the

varietal characteristics under different growing conditions in summer.

Estimation of the Metabolites Involved in Leaf Tipburn

Leaf tipburn is generally attributed to calcium deficiency. It has been
reported that Ca’?", which moves along with water, tends to concentrate in
mature leaves with active photosynthesis and transpiration, making young
leaves more susceptible to Ca?* deficiency (Maruo and Johkan, 2016). In the
case of Chinese chives (4. tuberosum), it has been suggested that dehydration

is the cause, particularly in the lower leaves with high stomatal density at the
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leaf tips (Ooshima et al., 2015). In this experiment, leaf tipburn was also
observed in the lower leaves, suggesting a potential link with water stress.
The cultivation experiment was conducted using heat- tolerant variety under
various growth conditions. However, ANOVA analysis revealed no significant
differences in leaf tipburn rates either between cultivars or among growth
conditions (p > 0.05, see Table 6). Nonetheless, variations in the incidence of
leaf tipburn among individual plants suggest that multiple factors contribute

to its occurrence.

To explore the underlying mechanisms, we conducted metabolome
profiling of plants with high and low rates of leaf tipburn and analyzed the
relationship between metabolites and leaf tipburn. The results from VIP
scores based on PLS-DA (Figure 14B), volcano plots (Figure 15), and SHAP
values (Figure 16) suggest a potential association between leaf tipburn and
both flavonoids and organosulfur compounds. Flavonoids are one of the
defensive antioxidant substances that play a critical role in plant stress
responses (Herndndez et al., 2009). They contribute to alleviating oxidative
stress and protecting cell membranes, potentially influencing the occurrence
of leaf tipburn through metabolic changes under stress conditions.
Organosulfur compounds are involved in various stress responses, including
the scavenging of reactive oxygen species (ROS) by glutathione, the synthesis
of ethylene from methionine, and signal transduction via hydrogen sulfide
(H2S). Notably, H2S plays a key role in inducing stomatal closure, promoting
nitric oxide production, and enhancing ABA synthesis (Xuan et al., 2020; Jin

et al., 2011; Wollers et al., 2008). Comparative analyses of organosulfur

63



compounds between the control and leaf tipburn groups revealed significant
differences in key metabolic pathways. In the control group, metabolites
associated with sulfur assimilation, glutathione, and methionine biosynthesis
were increased, while gamma-Glu-PRENCSO, a precursor of pungency, was
decreased (Figure 17). Gamma-Glu-PRENCSO is converted into PRENCSO,
a precursor of pungency, by the action of gamma-glutamyl transferase (GGT),
which cleaves the gamma-Glu group (Tolin et al., 2013). GGT plays a critical
role in the synthesis of glutathione, which is involved in scavenging reactive
oxygen species, by transferring gamma-Glu groups to specific amino acids or
peptides. In Arabidopsis, GGT has been reported to be essential for mitigating
oxidative stress (Ohkama-Ohtsu et al., 2007). Oxidative stress is caused by
various factors, including environmental (abiotic) stress (Gechev and Petrov,
2020), and the ability to appropriately respond to such stress has been
suggested to influence the occurrence of leaf tipburn. These findings indicate
that stress-tolerant metabolic processes were more active in the control group,

whereas these processes were diminished in the leaf tipburn group.

Regarding plant hormones, no significant differences in salicylic acid
or jasmonic acid (JA), which are typically involved in plant defense responses,
were observed between the two groups. However, the lack of increased levels
of these hormones in the leaf tipburn group suggests insufficient activation
of stress-related biological pathways (Chung et al., 2022; Miura and Tada,
2014). Moreover, reductions in the ethylene precursor 1-aminocyclopropane-
1-carboxylic acid and the ABA in the leaf tipburn group imply a diminished

hormonal response to water stress, potentially impairing the plants’ ability to
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adapt to adverse environmental conditions. These findings suggest that, in the
control group, organosulfur compounds were efficiently processed through
metabolic pathways, enabling preparations for stress adaptation and
mitigation. In the leaf tipburn group, however, organosulfur compounds may
have been diverted toward the synthesis of pungency precursors, resulting in
a metabolic bias that effectively compromised the plants’ response to water
stress. These insights underscore the critical role of sulfur metabolism in
regulating hormonal responses and highlight potential mechanisms

contributing to leaf tipburn.

These results suggest that enhancing flavonoid accumulation and
activating GGT to reduce gamma-Glu-PRENCSO could be critical strategies
for mitigating oxidative stress and suppressing leaf tipburn. Our findings
highlight the dual role of flavonoids as antioxidants and signaling molecules
that can modulate plant responses to environmental stress and leaf tipburn
symptoms, providing a biochemical foundation for developing stress-tolerant
varieties. The activation of GGT to decrease gamma-Glu-PRENCSO levels
could also serve as a metabolic intervention to reduce the buildup of reactive
oxygen species, thereby preventing cellular damage and suppressing leaf
tipburn. This insight could be applied in practical breeding programs to
develop stress-resistant cultivars by targeting metabolic pathways associated
with sulfur metabolism and flavonoid biosynthesis. Furthermore, future
studies could explore the feasibility of using gamma-Glu-PRENCSO and
flavonoids as biomarkers to monitor stress levels and predict leaf tipburn

incidence in agricultural practices. Additionally, future research could
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explore the genetic and environmental factors influencing these metabolic
pathways, as well as their interactions with other stress response mechanisms,

to develop comprehensive strategies for improving crop resilience.
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Chapter 4: Metabolome Profiling and Predictive Modeling of

Dark Green Trait in Heat-Tolerant Bunching Onion Varieties

Introduction

The bunching onion (Allium fistulosum L.), also known as the Welsh
onion, green onion, spring onion, or scallion, is widely distributed from
Siberia to tropical Asia, particularly in East Asia, where numerous varieties
have adapted to diverse local environmental conditions (Yamasaki and
Tsukazaki, 2022; Kayat et al., 2021). It is consumed year-round, with its green
color and distinctive flavor being essential components of various dishes
(Kim et al., 2023; Singh and Ramakrishna, 2017; Wako et al., 2015 ). The
intensity of leaf color is a crucial trait directly linked to market value,
nutritional content, and visual appeal. Furthermore, due to the impact of
recent climate changes on the growth of bunching onions during summer, seed
companies are developing varieties that combine heat tolerance with the dark

green trait (Yamasaki and Tsukazaki, 2022; Padula et al., 2022).

The dark green color is not solely attributed to individual pigments but
rather arises from the interactions among various pigment compounds (Cheng
et al., 2018). Pheophytin, a compound formed under acidic or high-
temperature conditions through chlorophyll degradation in tea leaves, is
characterized by its brownish hue (Li et al., 2018). It is suggested that in

bunching onions, the accumulation of pheophytin under high-temperature
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conditions during summer may contribute to changes in leaf coloration.
Furthermore, the accumulation of anthocyanins and phenolic compounds,
increases in sugars and proline, and the reinforcement of the cuticle layer as
part of the plant’s environmental response are also considered important
factors influencing the formation of dark green coloration(Naing and Kim,
2021; Sharma et al., 2019b; Ghosh et al., 2022; Sami et al., 2016; Tafesse et

al., 2022).

Therefore, to understand the mechanism behind the dark green
coloration in bunching onions, it is necessary not only to measure pigment
compounds but also to conduct metabolomic analysis targeting primary and
secondary metabolites. Metabolomics enables a comprehensive analysis of
biochemical states and stress-related compounds in plant cells, making it
highly effective in identifying stress metabolism byproducts and compounds
associated with adaptive responses (Abdelrahman et al., 2019; Carrera et al.,
2021). In the Allium genus, metabolomics has been widely applied to analyze
the effects of stress, cultivation conditions, drying methods, pathogen
infection, and the introduction of alien chromosomes, contributing
significantly to the identification of pigment compounds and metabolites
(Shulaev et al., 2008; Saviano et al., 2019; Farag et al., 2017; Medina-

Melchor et al., 2022; Abdelrahman et al., 2019).

Beyond understanding the factors contributing to the dark green trait,
developing efficient evaluation methods is essential. Conventional chemical
analyses are time-consuming and costly, highlighting the need for simpler

approaches to estimating pigment compound contents. Spectral reflectance
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(400-700 nm) is a readily measurable property, and machine learning models

utilizing these data have been shown to efficiently estimate pigment
compound contents in various crops (Shah et al., 2019; Singhal et al., 2019).
These predictive models not only simplify the analysis of dark green
coloration but also serve as valuable tools for plant monitoring and real-time

diagnostics in agricultural practices.

In this study, we aimed to clarify the relationship between metabolome
profiles and dark green coloration in bunching onion leaves and to evaluate
the accuracy of predictive models for pigment compound estimation. To
achieve this, qualitative and quantitative analyses of pheophytin a were
conducted with high precision using an HPLC fluorescence detector, along
with the quantitative analyses of chlorophyll a, chlorophyll b, lutein, and -
carotene, as well as the evaluation of their optical properties. Additionally,
widely targeted metabolite profiling based on targeted liquid
chromatography—triple quadrupole mass spectrometry was performed. Finally,
regression models based on spectral reflectance were developed to establish
prediction equations for accurately estimating pigment compound contents.
This study not only lays the foundation for improving the quality of bunching
onions and developing stress-tolerant varieties but also opens avenues for
future research focused on integrating genomic, transcriptomic, and
metabolomic approaches to wuncover the genetic basis of pigment

accumulation and stress responses.
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Materials and Methods

Materials and Growth Conditions

In this study, we examined two Fi cultivars from Nakahara Seed
Product Co., Ltd.—‘Natsuhiko’ (NATS) and ‘Kaminari’ (KAMI); two
purebred varieties from Yamaguchi Prefecture—‘YSGlgo’ (YSGI1) and
‘08S20-2" (08S2); and three Fi hybrid lines bred in Yamaguchi Prefecture
(hereafter referred to as YB-Fi)—‘Yamahiko’ (YAMA), ‘Yamakou03’
(YAM3), and 2331’ (2331) (Figure 25). These plant materials were sown on
June 14, 2023, and harvested on August 21, 2023, in the greenhouse of the
Yamaguchi Prefectural Agriculture and Forestry General Technology Center
(34°N, 131°E). The crops were planted in 6 rows on a 90 cm wide ridge, with
an inter-row spacing of 12 cm and a seeding density of 120 seeds per square
meter. A total of 1.0 kg of nitrogen per area (kg/a) was applied during the
experiment, divided into two applications: an initial 0.5 kg/a as basal

fertilizer and an additional 0.5 kg/a as topdressing at the two-leaf stage.

The watering conditions were as follows: On the sowing day, 48 L/m?
of water was applied, with soil water tension maintained at 1.5 pF. During the
germination phase (0—4 days), irrigation was conducted at a rate of 24 L/m?
per application, keeping the pF value between 1.5 and 1.6. In the cotyledon
stage (4—11 days), water was supplied every 2-3 days at 6 L/m?, maintaining
a pF range of 1.6—1.8. At the one-leaf stage (11-18 days), irrigation was

performed every 2-3 days with 10 L/m? of water, keeping the pF value
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between 1.7 and 2.0. During the two-leaf stage (18-28 days), watering was
increased to 12 L/m? daily, maintaining a pF range of 1.6—1.8. At the three-
leaf stage (28-38 days), 6 L/m? of water was supplied every three days to
maintain a pF value of 2.0-2.3. During the four-leaf stage (38—49 days),
irrigation was carried out almost daily at a rate of 12 L/m?, with the pF value
maintained between 1.8 and 2.0. At the five-leaf stage (49-59 days), watering
was conducted every three days at 5 L/m?, keeping the pF level within 2.0—
2.5. From the six-leaf stage (59 days onward), irrigation was adjusted as
needed to maintain appropriate soil conditions. After harvest, five plants were
randomly selected from each variety and grouped into a single unit to ensure
sufficient material for analysis. For example, in the case of YSGI1, five such
groups were prepared (YSGI1l-1 to YSGI1-5), resulting in five biological
replicates (n = 5). The number of biological replicates for each sample was
as follows: NATS, n=5; KAMI, n=5; YSG1l, n=4; 0852, n=3; YAMA, n
=5; YAM3, n = 5; and 2331, n = 5. For all samples, outer and older leaves
were removed, and the two youngest central leaves were selected for optical

property measurements and chemical analyses.
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Optical Properties Measurement

As indicators of optical properties, the SPAD value and spectral
reflectance (400—700 nm at 20 nm intervals) were measured. The SPAD value
was measured by using a chlorophyll meter (SPAD-502Plus, KONICA
MINOLTA, INC., Tokyo, Japan), while spectral reflectance was determined
by using a spectrophotometer (NF555, Nippon Denshoku Industries Co., Ltd.,
Tokyo, Japan) (Markwell et al., 1995). For optical property measurements,
three plants were randomly selected from each biological replicate of each
variety. The final value for each parameter was calculated by averaging the

measurements taken from the central part of the first and second leaves.

Powdering of Samples

The samples were frozen at —80 °C after their optical properties were
measured. The frozen samples were then freeze-dried for three days by using
a TAITEC VD-250R freeze dryer equipped with a vacuum pump (TAITEC,
Saitama, Japan). The freeze-dried samples were ground by using a small

blender.

Pigment Compound Measurement

The method for acetone extraction was developed with reference to
Dissanayake et al. (Dissanayake et al., 2008). A precise amount of 20 mg of
dried leaves was weighed and placed into a 15 mL tube, followed by the
addition of 2.5 mL of chilled acetone. The mixture was vortexed for 2 minutes
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and subsequently subjected to ultrasonic treatment for 20 minutes under cool
conditions. After centrifugation at 5,000 rpm for 5 minutes at 10°C, the
supernatant was collected. The remaining residue was then extracted again by
adding another 2.5 mL of chilled acetone, repeating the same procedure to
obtain the supernatant. All collected supernatants were filtered through a 0.45
pm filter (Advantec, Tokyo, Japan) and used as sample solutions for the
measurement of pheophytin a and pigment compounds (chlorophyll a,
chlorophyll b, lutein, and B-carotene). The sample solutions were kept in a

freezer at —20 °C and analyzed within three days.

The method for measuring pheophytin a content was developed with
reference to Almela et al. (Almela et al., 2000). Pheophytin a were measured
by using an HPLC instrument (Alliance e¢2695, Waters Corporation, MA,
USA) equipped with a fluorescence detector (Waters 2475, Waters
Corporation, MA, USA). The sample solution was separated using a
LiChroCART 250-4.0 Lichrospher 100 RP-18 (5 pm) column (KANTO
CHEMICAL, Tokyo, Japan) with gradient elution consisting of two solvents:
(A) 80% methanol solution (HPLC-grade) and (B) isopropanol (HPLC-grade).
The gradient elution program was as follows: (i) the initial condition was
100% A; (i1) this was followed by a 20-minute linear gradient to 40% A and
60% B; (ii1) finally, 40% A and 60% B were held for 30 minutes. The flow
rate was maintained at 1.0 mL/min, with a column temperature of 30°C and
an injection volume of 10 pL. Fluorescence detection was performed with
excitation at 410 nm and emission at 660 nm. The pheophytin a standard was

prepared by acidifying a chlorophyll a solution (dissolved in acetone) with a
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few drops of 0.1 N hydrochloric acid, followed by neutralization with an

equivalent amount of 0.1 N sodium hydroxide.

The method for measuring pigment compound contents was developed
with reference to Dissanayake et al. (Dissanayake et al., 2008), as previously
cited for the acetone extraction method. Chlorophyll a, chlorophyll b, lutein,
and B-carotene were measured by using an HPLC instrument (HPLC L-7000
series, HITACHI, Tokyo, Japan) equipped with a UV—Vis detector (HITACHI
L7420, HITACHI, Tokyo, Japan) set to 435 nm for the detection of pigment
compounds. The sample solution was separated using a LiChroCART 250-4.0
Lichrospher 100 RP-18 (5 pm) column (KANTO CHEMICAL, Tokyo, Japan)
with gradient elution consisting of two solvents: (A) 80% methanol solution,
prepared by mixing 400 mL of HPLC-grade methanol, 50 mL of ultrapure
water, and 50 mL of 100 uM HEPES buffer (pH 7.5), and (B) an ethyl acetate.
The gradient elution program was as follows: (i) the initial condition was
100% A; (ii) this was followed by a 20-minute linear gradient to 50% A and
50% B; (111) finally, 50% A and 50% B were held for 30 minutes. The flow
rate was maintained at 1.0 mL/min, with a column temperature of 30 °C and

an injection volume of 50 pL.

Metabolome Analysis

Sample preparation was automated using a liquid-handling system
(Microlab STAR Plus, Hamilton Company, Reno, NV, USA) for dispensing,

plate transfer, solvent evaporation (Ultravap Mistral, Porvair PLC, Norfolk,
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UK), dissolution, and filtration, following the method described by Sawada
et al. (Sawada et al., 2017). A precisely weighed 4 mg portion of the powder
was placed in a 2 mL tube along with a 5 mm zirconia ball (NIKKATO
CORPORATION, Osaka, Japan). One milliliter of extraction solvent,
consisting of 80% methanol and 0.1% formic acid, supplemented with 8.4
nmol/L lidocaine and 210 nmol/L 10-camphorsulfonic acid as internal
standards, was then added to the tube, resulting in a final concentration of 4
mg/mL. Metabolite extraction was performed using a multi-bead shaker
(Shake Master NEO, Biomedical Science, Tokyo, Japan) at 1,000 rpm for 2
minutes. Following centrifugation at 9,100 x g for 1 minute, the supernatant
was diluted fourfold with the extraction solvent, resulting in a final
concentration of 1 mg/mL. Twenty-five microliters of each diluted sample
was transferred to a 96-well plate, dried under a nitrogen stream, redissolved
in 250 pL of ultrapure water (LC-MS grade), and filtered using a 0.45 pm
pore size filter plate (Multiscreen HTS 384-Well HV, Merck, Rahway, NJ,
USA). A 1 pL aliquot of the extract, adjusted to a final concentration of 100
ng/uL, was analyzed using LC-QqQ-MS for widely targeted metabolomics
(UHPLC—Nexera MP/LCMS-8050, SHIMADZU, Tokyo, Japan). The setting
parameters and MRM transitions for LC-QqQ-MS analysis are summarized
in Chapter 3, Table 2 and Chapter 3, Table 3 with reference to previous studies

(Sawada et al., 2009; Uchida et al., 2020).
Data Analysis

The data on SPAD values and total pigment compound contents

(chlorophyll a, chlorophyll b pheophytin a, lutein, and B-carotene) were
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analyzed by using one-way analysis of variance and Tukey’s multiple
comparison test. A significance level of p < 0.05 was applied. Principal
component analysis (PCA) was performed using spectral reflectance and
pigment compounds to classify the varieties. The dataset was created using
the average values of 3 to 5 replicates for each sample and standardized with
the StandardScaler function from the scikit-learn Python library. PCA (with
components=2) was then conducted using the PCA function implemented in
the same library. Following PCA, hierarchical clustering was performed using
the Ward method to group the varieties based on their PCA scores. A random
forest regression model was employed to predict each pigment compound
using spectral reflectance from 400 nm to 700 nm at 20 nm intervals as input
features. The dataset was split into training and test sets using an 80—20 ratio.
Furthermore, to account for multicollinearity among input features,
dimensionality reduction was performed using PCA. The number of
components was varied while evaluating the coefficient of determination (R?),
and the optimal number of components was set to four, as it yielded the
highest R%. The model was implemented with the Scikit-learn library using
default hyperparameters: n_estimators=100, max_depth=None,
min_samples_split=2, min_samples leaf=1, max features=’sqrt’, and
bootstrap=True. To ensure reproducibility, a fixed random seed
(random_state=42) was applied throughout the analysis. All analyses and
visualizations were conducted using Python 3.9.7, Pandas 1.3.4, Scikit-learn

0.24.2, and Matplotlib 3.4.3.
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Classification of Green Color Patterns Using Metabolomics

A total of 452 metabolite intensities were obtained from the
metabolome analysis. Missing values were imputed with a fixed value of 10,
and the signal intensities for all samples (n = 3) were averaged. Metabolites
with signal-to-noise ratios (S/N, defined as the ratio of the average signal
intensity to that of the extraction solvent control) less than 5 across all
samples were excluded. Additionally, metabolites with relative standard
deviations (RSD) greater than 0.3 across all samples, as well as those with
RSD values of 0, were also excluded. As a result of these filtering steps, a
final dataset containing 186 metabolites was obtained. The data matrix was
then normalized to the median and auto-scaled. The processed data were used
for comparative analysis. Initially, partial least squares discriminant analysis
(PLS-DA) was performed on all 186 metabolites, and VIP scores were
calculated to assess the overall trends in metabolomic data among the green
color types. Hierarchical clustering was applied to both samples and
metabolites using Ward’s method, with Euclidean distance as the similarity
metric. Preprocessing steps, including missing value imputation, S/N ratio
filtering, RSD calculations, and normalization of intensities to internal
standards, were performed using Python 3.9.7 and Pandas 1.3.4. Data
normalization and subsequent analyses were conducted using MetaboAnalyst

6.0.
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Results

Optical Properties Measurement

The SPAD values and spectral reflectance measurements for all
samples are presented in Table 7. First, the average SPAD values of each
variety and line were compared. The purebred variety 08S2 displayed the
highest SPAD value, significantly exceeding those of the other varieties and
lines. Similarly, the purebred variety YSGI1 and the YB-F1 lines YAM3 and
2331 showed relatively high SPAD values. In contrast, the Fi cultivars NATS
and KAMI showed significantly lower SPAD values compared to the others
(Figure 26). These results suggest that the purebred varieties have darker
green coloration, the F1 cultivars have lighter green coloration, and the YB-

F1 lines exhibit intermediate characteristics.
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NATS KAMI YSGI

F, cultivars Purebred varieties YB-F,

Figure 26. Bar chart of SPAD values across varieties and lines. Bars represent the mean * standard
error. Different letters indicate significant differences at p < 0.05. NATS: ‘Natsuhiko’,
KAMI:‘Kaminari’, YSGI1:“YSGlgo’, 08S2: ‘08S20-2’, YAMA: ‘Yamahiko’, YAM3:
“Yamakou03’, 2331: ‘2331°, Purebred varieties: Purebred varieties from Yamaguchi

Prefecture, YB-F;: F; hybrid lines bred in Yamaguchi prefecture

Qualitative and Quantitative Determination of Pheophytin @ and

Pigment Compound

HPLC analysis using a fluorescence detector identified three peaks
from the standard sample of pheophytin a (Figure 27A). Similarly, three peaks
were also detected from chlorophyll a, which was used to prepare pheophytin
a, suggesting that these peaks were influenced by components derived from
chlorophyll a (Figure 28). Therefore, the largest peak at 43.06 minutes was
identified as the peak for pheophytin a. A corresponding peak with the same
retention time was also detected in the actual sample (YSG1) (Figure 27B).

Based on this retention time, pheophytin a levels were quantified across all
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samples, with YSGI1 exhibiting the highest levels (Figure 29). A comparison
among different groups revealed that the Fi cultivars generally had lower
pheophyin a levels, the purebred varieties showed higher levels, and the YB-
Fi lines displayed intermediate levels (Figure 29). Next, the results for
chlorophyll a, chlorophyll b, lutein, and B-carotene are provided as Figure 30.
These four pigment compounds, along with pheophytin a, were visualized as
a stacked bar chart, and the total amount of the five pigment compounds was
statistically analyzed using Tukey’s multiple comparison test. The purebred
varieties 08S2 and YSGI1, along with the YB-F1 line 2331, exhibited the
highest total pigment levels in this order, significantly surpassing those of
other varieties and lines. In contrast, the Fi cultivars NATS and KAMI, as
well as the YB-Fi line YAMA, exhibited lower values, while the YB-F1 line
YAM3 showed intermediate levels (Figure 31). Additionally, an analysis of
the correlation coefficients between SPAD values and each pigment
compound revealed a high correlation with chlorophyll a, whereas the

correlations with other pigment compounds were moderate (Table 8).
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Figure 27. Chromatograms of pheophytin a (A) and YSGI (B) obtained using HPLC with a
fluorescence detector. The x-axis represents the retention time, and the y-axis represents

the emission units.

Figure 28. Chromatograms of chlorophyll a obtained using HPLC with a fluorescence detector.
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Figure 30. Boxplot of pigment compounds, including chlorophyll a (A), chlorophyll 5 (B), lutein (C),
and B-carotene (D).
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Figure 31. Stacked bar chart of total pigment compounds across varieties and lines. Different letters

indicate significant differences at p < 0.05.
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Table 8. Correlation coefficients (r) between SPAD values and each pigment compound.

Pigment Correlation coefleient

compound

Chlorophyll
Chlorophyll 5
Pheophtin a

[Lutein

[f-carotene

PCA Analysis Using Spectral Reflectance of Each Variety and Line

PCA was performed using pigment compound data for each variety and
line. The principal component scores for each variety and line were plotted,
and the results showed that the data were distributed around the center, with
no clear separation observed (Figure 32A, 32B). Next, PCA was conducted
using the spectral reflectance data (400-700 nm) for each variety and line.
The results showed that the data were projected onto Principal Component 1
(PC1) and Principal Component 2 (PC2), which together explained 99.6% of
the total variance. The contribution rates of PC1 and PC2 were 85.5% and
14.1%, respectively (Figure 33A). Examination of the principal component
loadings for PC1 and PC2 revealed that PC1 was composed of spectral
reflectance, excluding the range of 540-580 nm. The positive side of PC1

indicated increases in reflectance in the violet, blue, yellow, and red regions,
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while the negative side indicated decreases in reflectance in these regions.
PC2, on the other hand, was composed of spectral reflectance in the range of
540-580 nm, with increases in green spectral reflectance on the positive side
and decreases on the negative side (Figure 33A). These findings suggest that
PCI1 differentiates dull green (grayish-green) coloration based on increases in
reflectance at purple, blue, yellow, and red wavelengths, while PC2
distinguishes bright green and dark green based on variations in green spectral
reflectance. Using the average PCA scores for each variety and line, the data
were grouped into four clusters (Figure 33B). The Fi cultivar KAMI was
classified into Cluster 1 (green), the purebred variety 08S2 into Cluster 4
(gray green), and the YB-F: line 2331 into Cluster 2 (dark green). The
remaining varieties and lines were grouped into Cluster 3, which exhibited
intermediate characteristics based on PC1 and PC2. The average spectral
reflectance curves in the visible light range for these green groups revealed
that all groups exhibited the highest reflectance within the 540-560 nm range
(Figure 34). Examining each group in detail, 08S2 displayed notably high
reflectance across all wavelengths. KAMI showed slightly lower reflectance
than 08S2 in the 540-560 nm range, but it exhibited the lowest reflectance in
other wavelength regions. 2331 exhibited the lowest reflectance in the 540—
560 nm range; however, its reflectance at other wavelengths was intermediate

between those of 08S2 and KAMI.
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Figure 32. Principal component analysis (PCA) loading plot (A) and PCA score plot with

hierarchical clustering (B) of the dataset based on five pigment compounds.

Figure 33. PCA loading plot (A) and PCA score plot with hierarchical clustering (B) of the dataset
based on spectral reflectance. (A) Arrows represent the direction and magnitude of each
variable’s influence, with longer arrows indicating stronger contributions. The color bar at
the bottom represents the visible light spectrum. (B) The trend indicators on the left and
bottom of the figure represent conceptual images of each principal component based on
PCA loadings.
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Figure 34. Average spectral reflectance curves (400—700 nm) for different green groups.

The color barat the bottom represents the visible light spectrum.

Development of Prediction Models for Pigment Compounds Using

Spectral Reflectance

The measured values of each pigment compound obtained in this study
were used as response variables, and the spectral reflectance data (400—-700
nm) were used as explanatory variables to construct prediction models. The
spectral reflectance data (16 points from 400-700 nm) were subjected to PCA

to reduce dimensionality and avoid multicollinearity issues, resulting in four
principal components (PCs). These four PCs were used as independent
variables, and random forest regression was applied to construct prediction
models. Given the limited sample size, Leave-One-Out Cross-Validation
(LOOCV) was employed to assess the generalization performance of the
models. As a result, the prediction model for chlorophyll a achieved
coefficients of determination (R?) and root mean square errors (RMSE) of
0.96 (RMSE = 2.28) in calibration, 0.88 (RMSE = 2.91) in testing, and 0.78

(RMSE =5.28) in LOOCYV, demonstrating a highly accurate regression model.
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Additionally, the scatter plot of predicted versus observed values confirmed
that the data points were closely distributed along the ideal line (Table 9,
Figure 35). On the other hand, the prediction model for B-carotene exhibited
a high R? of 0.92 (RMSE = 0.19) in calibration but showed an R? of — 0.10
(RMSE = 0.38) in the test phase, while LOOCYV yielded an R? of 0.60 (RMSE
= 0.38), indicating moderate accuracy. These findings suggest a potential
relationship between B-carotene and spectral reflectance. For the other
pigment compounds, the R? values were low, confirming that the prediction

accuracy was insufficient (Table 9).
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Figure 35. Graphical representation of measured vs. predicted values during the calibration,
crossvalidation, and testing steps for the models based on Random Forest for

chlorophyll a.
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Table 9. Quality parameters for the prediction of each pigment compound.

o - - [eave-One-Out
Pigment compound  Quality parameter Calibration Test i ,
. Cross-Validation

Chlorophyll « R

RMSE
R° ).
RMSE 6.70

Chlorophyll &

R*
RMSE 1.58

R* ).88 057
RMSE ).47 2.12

R’ 0.92 -0.10 0.60
RMSE 0.19 0.38 0.38

R*: Coefficient of determination. RMSE: Root mean square error.

Pheophytin a

Lutein

p-carotene

Metabolome Analysis of Three Green Color Patterns

Based on the PCA results, samples were categorized into three distinct
green color groups: green (KAMI, n = 3), dark green (2331, n = 5), and gray
green (08S2, n = 5). Metabolome analysis was performed after filtering the
dataset from a total of 452 metabolites to 186 through data preprocessing.
PLS-DA analysis revealed a clear separation among the three groups, with
CP1 and CP2 contributing 21.5% and 13.8% of the variance, respectively.
CP1 effectively distinguished samples into the green, dark green, and gray
green groups (Figure 36A). Key contributors to this separation included
amino acids such as alanine/sarcosine, norvaline/valine, and 5-aminovaleric
acid. The green group exhibited higher amino acid accumulation compared to
the other groups. Additionally, the dark green group showed elevated levels
of quercetin derivatives and cyanidin derivatives. However, among the top 15
VIP scores, no specific metabolites were uniquely increased in the gray green

group (Figure 36B). Next, clustering of metabolites was performed, and a
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heatmap was created, revealing distinct accumulation patterns of metabolites
across the three green color patterns (green, dark green, and gray green)
(Figure 37). In the green group, metabolite accumulation was primarily
associated with carbohydrates, including D-glucose6-phosphate/D-fructose-
6-phosphate, D-glucose-1-phosphate/D-galactose-1-phosphate, 1-kestose,
and raffinose. In the dark green group, anthocyanins (e.g., cyanidin-3-
glucoside) and their precursor, shikimic acid, were notably accumulated. In
the gray green group, amino acids such as Gln, Asp, along with nicotinic acid
mononucleotide, nicotinamide mononucleotide, phenylpropanoids, and
sinapinic acid, were highly accumulated. These results indicate that each
green color pattern activates different metabolic pathways. Specifically, sugar
metabolism was emphasized in the green group, pyridine nucleotide cycle and
polyphenol metabolism were highlighted in the gray green group, and

anthocyanin metabolism was prominent in the dark green group.
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Component 1 ( 21.5 %)

Figure 36. (A) Partial Least Squares—Discriminant Analysis (PLS-DA) score plot and

(B) VIP (Variable Importance in Projection) score plot, illustrating metabolite
profiles based on different green groups. The contributions of metabolites to the
first and second principal component axes are color-coded according to the

contribution scale derived from the VIP scores.
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Figure 37. Dendrogram clustering and heatmap for the different green groups based on

metabolome analysis.
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Discussion

Comparison of SPAD Values and Pigment Analysis in Dark Green Color

Evaluation

This study provides valuable insights into the relationship between
SPAD values, pigment compound content, and green coloration patterns in
heat-tolerant bunching onions. The comparison of SPAD values among the
varieties and lines revealed distinct differences (Figure 26). The F1 cultivars
NATS and KAMI exhibited lower values, while the purebred varieties YSGI1
and 08S2 showed higher values, with the YB-F1: lines displayed intermediate
values. While the quantification of five pigment compounds generally aligned
with these trends, inconsistencies were observed. For example, YSG1 and
2331 had significantly lower SPAD values than 08S2, yet there were no

notable differences in the total pigment compound contents. Conversely,
‘YMA3’ showed SPAD values comparable to those of YSG1 and 2331 but

had significantly lower total pigment levels. The correlation analysis between
SPAD values and individual pigment compounds revealed a strong
relationship with chlorophyll a, but only moderate correlations with
pheophytin a, B-carotene, and lutein (Table 8). This suggests that while SPAD
values effectively reflect chlorophyll a content, they are insufficient for
assessing the more complex dark green coloration, which results from the
interplay of multiple pigments. The limitations of SPAD meters arise from
their reliance on transmittance measurements at specific wavelengths (650 nm

and 940 nm), without accounting for other wavelengths critical to pigment
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interactions (SiB et al., 2015). In sweet pepper (Capsicum annuum L.), it has
been reported that considering parameters such as chroma and hue is

necessary for a more accurate measurement of color (Madeira et al., 2003).

To classify varieties and lines based on the five pigment compounds,
PCA was conducted. However, the principal component scores for each
variety and line did not show clear differences (Figure 32A, 32B).
Subsequently, PCA was performed again using spectral reflectance in the
visible light range. PC1 was associated with spectral reflectance at 400-700
nm, excluding the 540-560 nm range (Figure 33A). This component was
interpreted as representing "dullness", indicating variations in overall leaf
brightness. In contrast, PC2 was specifically associated with the 540-560 nm
range, where higher spectral reflectance corresponds to lighter green, and
lower reflectance indicates darker green (Shull, 1929). Based on this, PC2
was interpreted as representing "brightness". A plot of the principal
component scores (PC1 x PC2) for each variety and line showed that KAMI,
08S2, and 2331 were classified into distinct clusters, corresponding to green,

gray green, and dark green, respectively (Figure 33A, 33B).

Finally, metabolome analysis was conducted using these green color
patterns. PLS-DA enabled clear classification into three green groups (Figure
36A), and heatmaps identified metabolites that were specifically accumulated
in each group (Figure 37). In the green group, I-kestose, raffinose,
trigonelline, and gamma-aminobutyric acid were accumulated. These
metabolites have been shown to function as osmolytes in the 4//ium genus

and Arabidopsis (Liu et al., 2022; ElSayed et al., 2014; Abdelrahman et al.,
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2015a; Li et al., 2022; Hasan et al., 2021). Heat stress suppresses chlorophyll
synthesis. To adapt to such temperature fluctuations, osmolytes are
accumulated, exerting protective effects (Sharma et al., 2019a). In maize, it
has been reported that under drought stress conditions, drought-tolerant lines
accumulate more osmolytes compared to sensitive lines, thereby suppressing
the reduction of chlorophyll @ and contributing to the maintenance of green
color (Moharramnejad et al., 2019). Based on these findings, it is considered
that the green group adapts to environmental stress by accumulating

osmolytes and maintaining chlorophyll content.

In the gray green group, NAD intermediates such as nicotinic acid
mononucleotide and B-nicotinamide mononucleotide, along with the amino
acids Gln and Asp, were accumulated, indicating high activity of the pyridine
nucleotide cycle. NAD and NADH in this cycle function as cofactors in redox
reactions and are believed to be directly involved in oxidative stress
responses (Mgoller, 2001). Additionally, the accumulation of sinapic acid, a
phenolic compound, was observed. Sinapic acid, being an antioxidant and
possessing the ability to effectively absorb ultraviolet radiation (Dean et al.,
2014), is presumed to enhance photoprotective functions and contribute to
environmental stress responses. Furthermore, spectral reflectance data
confirmed that the gray green group exhibited higher overall reflectance
compared to other groups (Figure 34). In wheat and sorghum, it has been
reported that wax-coated genotypes show an increase in reflectance in the
visible light range (Camarillo-Castillo et al., 2021; Carvalho et al., 2020).

Based on this, it is suggested that in the gray green group, the synthesis and
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accumulation of waxes in the cuticle layer may enhance light reflectance and
protective functions against environmental stress. However, since waxes are
lipids, they could not be clearly detected in the LC/MS-based metabolome
analysis conducted in this study. Therefore, future research should employ
lipidomic analysis to further elucidate the characteristics and functional roles

of waxes.

Finally, in the dark green group it was confirmed that cyanidin
glycosides and their precursor, shikimic acid, accumulated (Figure 37). The
typical UV-Vis spectrum of anthocyanins exhibits two major absorption
clusters: one in the wavelength range of 260-280 nm and the other in the
range of 490-550 nm (Saha et al., 2020). Metabolome analysis revealed that
the dark green group 2331 accumulated more cyanidin than other groups
(Figure 37). Furthermore, the reflectance spectrum of 2331 showed a decrease
in reflectance at 540-560 nm and an increase in reflectance at 640—700 nm
(red wavelength region) compared to KAMI. These results are consistent with
the absorption characteristics of cyanidin, suggesting that the presence of
cyanidin contributes to the dark green appearance of the leaves. Additionally,
in Zikui Tea (Camellia sinensis cv. Zikui), it has been reported that the
interaction between anthocyanins and chlorophyll results in a dark green
appearance rather than a pure purple color, which aligns with the findings of
this study (Jin et al., 2024). Anthocyanins have been reported to accumulate
in response to environmental stress, mitigating its effects by scavenging
excess reactive oxygen species (Naing and Kim, 2021). Similarly, in the case

of 2331, it is considered that the accumulation of cyanidin in response to
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environmental stress may have influenced the development of a darker green
color. This study identified three distinct green color patterns: "green", which
adapts to stress responses through osmotic adjustment; "gray green", which
indicates the accumulation of redox-related and phenolic compounds; and
"dark green," which is associated with anthocyanin accumulation. These
differences are closely related to drought stress responses and hold great
potential for agricultural applications. Future research should further
elucidate the effects of drought stress and utilize these findings to develop

drought-tolerant cultivars.

Construction of Prediction Models for Pigment Compounds Using

Machine Learning

The validation results of the model using LOOCV showed that the R?
for chlorophyll @ was 0.78, indicating high predictive accuracy. On the other
hand, the R? value for B-carotene was 0.60, revealing some challenges in
predictive accuracy (Table 9). For other pigment compounds, it was not
possible to construct high-accuracy models (Table 9). Victor and Pozzobon
(Victor and Camarena-Bernard, 2023) reported that measuring absorbance at
I nm intervals within a wavelength range of 340-800 nm using a
spectrophotometer enabled highly accurate prediction of chlorophyll a,
chlorophyll b, B-carotene, and lutein. These findings suggest that utilizing
broader wavelength ranges, high-resolution spectral data, and their

derivatives could lead to the development of more accurate predictive models.
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Furthermore, the concentrations of carotenoids and chlorophyll provide
essential information about the level of stress experienced by plants and their
ability to tolerate it (Strzatka et al., 2003). Therefore, highly accurate
regression models for pigment compounds not only hold significance for
developing selection markers for dark green traits but also suggest their
potential as stress indicators. In this study, we constructed a method to rapidly
and simply estimate chlorophyll a by utilizing spectral reflectance data.
Moving forward, improving the accuracy for other pigment compounds is
expected to further enhance practical applicability in agricultural fields and
enable the use of these models as indicators for monitoring environmental
stress and optimizing cultivation management. This study highlights the
potential of combining physiological measurements, metabolomic analyses,
and machine learning to improve our understanding of green coloration

patterns and stress responses in bunching onions.

Building on these findings, several promising avenues for future
research and applications can be pursued. Future work should focus on
increasing sample size and incorporating high-resolution spectral reflectance
data, such as absorbance measured at 1 nm intervals across a broader
wavelength range. This approach, as suggested by Victor and Pozzobon
(Victor and Camarena-Bernard, 2023), could refine prediction models by
capturing subtle absorption characteristics and interactions among pigments,
leading to more accurate and robust estimations of pigment compounds. To
further understand the biochemical and genetic regulation of green coloration

patterns, future studies could integrate genomics, transcriptomics, and
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metabolomics. This would provide deeper insights into the molecular
mechanisms driving pigment biosynthesis, and drought stress responses.
Investigating how varying environmental conditions, such as different
drought intensities, light spectra, and temperature fluctuations, affect pigment
metabolism and green coloration will enhance the applicability of these
findings to diverse agricultural settings. These directions underscore the
importance of integrating advanced technologies with applied agricultural
research to develop innovative strategies for crop improvement under

challenging environmental conditions.
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Chapter 5: GENERAL DISCUSSION

In this study, we analyzed metabolite and gene expression levels
associated with dark green coloration and environmental stress responses in
bunching onions by integrating wide targeted metabolome analysis,
quantification of pigment compounds, and spectral reflectance measurements.
As a result, we identified key metabolites and pigment compounds related to
leaf tipburn incidence and dark green coloration and further identified genes
involved in ABA accumulation. Therefore, this discussion will

comprehensively examine the findings from each chapter.

(1) Role of Sulfur Compounds in Abiotic Stress

Drought and heat are major abiotic stresses that reduce crop
productivity and weaken global food security, especially given the current
and growing impacts of climate change and increases in the occurrence and
severity of both stress factors. Plants have developed dynamic responses at
the morphological, physiological, and biochemical levels, allowing them to
escape and/or adapt to unfavorable environmental conditions (Lamaoui et al.,
2018). In recent years, it has become increasingly clear that sulfur compounds
play a crucial role in plant stress responses. Sulfur exists as biologically
active molecules—such as amino acids (cysteine and methionine), glutathione,

and hydrogen sulfide—and is involved in oxidative stress responses and

102



signal transduction (Bekturova and Sagi, 2024). The results in Chapter 3
revealed that individuals with a higher incidence of leaf tipburn actively
progressed in alliin biosynthesis, while those with a lower incidence
accumulated sulfur compounds outside the alliin pathway. This suggests that
differences in the incidence of leaf tipburn may influence the branching of
the sulfur metabolism. Sulfur compounds are thought to contribute to
oxidative stress reduction by being converted into glutathione. Additionally,
hydrogen sulfide has been reported to activate signal transduction related to
ABA biosynthesis and stomatal closure, as well as to induce the synthesis of
heat shock proteins, thereby improving heat tolerance (Li et al., 2024b).
Therefore, sulfur compounds play a crucial role in abiotic stress responses.
In Chapter 2, FF+1A was reported to exhibit high 4BAI expression and
significant ABA accumulation under drought stress conditions. However, as
ABAI is not located on the first chromosomes of either shallots or bunching
onions, it is presumed that alternative regulatory factors promoting ABAI
expression exist on the first chromosome of shallot. In wheat, exogenous
hydrogen sulfide has been shown to upregulate 4BA/ and other enzymes
involved in ABA biosynthesis (Ma et al., 2016). Thus, it is possible that a
gene located on the first chromosome of shallot promotes the production of
hydrogen sulfide, which in turn enhances 4BA 1 expression and increases ABA
accumulation. In the next studies, it will be necessary to investigate the
dynamics of sulfur compounds under drought stress conditions and clarify

their relationship with ABA.
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(2) Breeding value for ‘2331’ with Both Dark Green Leaf Color and

Abiotic Stress Tolerance

Recent breeding objectives include increasing yield, enhancing
environmental stress tolerance, improving resistance to pests and diseases,
and refining quality. Among these, because bunching onions are cultivated
year-round, strengthening environmental stress tolerance is particularly
important, especially during the summer, when they are exposed to harsh
conditions such as high temperatures and drought. Furthermore, leaf color is
a key quality indicator that significantly influences the market value of
bunching onions. In general, varieties with darker green leaves tend to be
regarded as higher quality. Dark green leaves not only enhance visual appeal
but also serve as an indicator of nutritional value, making them an important
trait for both consumers and producers. In Chapter 3, it was revealed that, in
addition to organic sulfur compounds, the anthocyanin cyanidin was
abundantly accumulated in samples with lower leaf tipburn incidence. This
suggests that cyanidin may contribute to suppressing leaf tipburn by
enhancing antioxidant activity and stress tolerance. In Arabidopsis thaliana,
it has been reported that the excessive accumulation of flavonoids alleviates
drought and oxidative stress, with anthocyanins exhibiting particularly strong
antioxidant activity (Nakabayashi et al., 2014). This finding is consistent with
the results of Chapter 3 and suggests that cyanidin plays a crucial role in plant
adaptation to environmental conditions. Furthermore, Chapter 4 reported that
the dark green group ‘2331’ accumulates high levels of cyanidin, which

significantly contributes to its dark green leaf coloration. These findings
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indicate that the dark green group ‘2331’ not only exhibits strong resistance
to leaf tipburn but also has an excellent dark green appearance. These
characteristics indicate that this line holds significant potential for future
breeding programs and stable production, as it can adapt to evolving

cultivation environments and meet market demands.

(3) Application of Visible Light Spectral Reflectance for Pigment

Compound Content Prediction and Environmental Stress Assessment

Visible and near-infrared spectroscopy is a widely used spectral
analysis technique for inspecting the quality and safety of plants (Farber et
al., 2019). Plants develop various physiological defense mechanisms to adapt
to adverse abiotic environmental conditions. These mechanisms influence the
absorption and reflectance properties of light through changes in pigment
composition and leaf structure (Lichtenthaler et al., 1998). Therefore, by
utilizing Vis-NIR spectroscopy, these changes associated with plant stress
responses can be detected non-destructively, facilitating early diagnosis and
the implementation of appropriate protective measures (Sanaeifar et al., 2022).
In Chapter 4, in addition to the classification of dark green coloration, the
construction of predictive models for pigment compound contents using
visible light spectral reflectance was attempted. While an estimation model
for chlorophyll a content was developed with high accuracy, achieving an R?
value of 0.78 in leave-one-out cross-validation, the B-carotene estimation

model, with an R? value of 0.60, has not yet reached sufficient precision.
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However, it shows considerable potential for improvement. Since B-carotene
is a vital pigment involved in photosynthesis and antioxidant activity,
accurately estimating its content could greatly contribute to understanding
the physiological state and stress responses of plants. The results in Chapter
3 confirmed a moderate correlation between P-carotene content and abscisic
acid content. ABA is a key hormone in plant defense responses to
environmental stresses such as drought and salt damage, and fluctuations in
its content are closely related to plant stress tolerance. In Arabidopsis
thaliana, it has been reported that ABA content increases with the
accumulation of B-carotene (Sun et al., 2023). This suggests that B-carotene
content may also be useful for predicting ABA levels. The effectiveness of
growth monitoring using chlorophyll and carotenoid content as indicators in
the leaves of wheat and tea (Camellia sinensis L.) has been reported (Shah et
al., 2019; Wang et al., 2019b). By incorporating ABA into this analysis, it
will be possible to gain a more comprehensive understanding of the effects of

environmental stress and achieve more advanced cultivation management.

(4) Future Research Challenges

This study has provided insights into the metabolites involved in
abiotic stress tolerance and dark green pigment accumulation in bunching
onions. However, the behavior and interactions of these related metabolites
remain unclear. Moving forward, it is necessary to further elucidate the

biochemical mechanisms underlying stress responses and pigment formation
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in bunching onions by measuring volatile sulfur compounds and lipid-related
metabolites using gas chromatography—mass spectrometry and liquid
chromatography—mass spectrometry. Additionally, focusing on ‘2331,” which
was identified in this study as exhibiting a high accumulation of cyanidin
associated with a low incidence of leaf tipburn and dark green coloration, we
aim to investigate leaf tipburn rates under various growth conditions. By
evaluating its abiotic stress tolerance, we intend to further explore its
potential as a cultivar and advance our research. For enhancing the efficiency
of future breeding programs and promoting the dissemination of heat-tolerant
varieties, the development of DNA markers for the efficient selection of these

associated compounds is expected to be beneficial.

In relation to pigment compound estimation models, we aim to improve
accuracy by increasing the number of samples, optimizing the data sampling
methods used in machine learning, and expanding the measurement range of
reflectance to the ultraviolet and near-infrared regions while enhancing the
resolution to 1 nm. Moreover, in addition to B-carotene and ABA, we plan to
estimate zeaxanthin and violaxanthin, which are involved in the xanthophyll
cycle, and apply these estimations for simplified monitoring of the growth
conditions of bunching onions and environmental stress. This approach will
enable a more precise understanding of pigment synthesis dynamics in
response to light stress and temperature fluctuations in the cultivation
environment of bunching onions, thereby improving stress tolerance. By
leveraging these data to optimize cultivation conditions, this research is

expected to contribute to the stabilization of yield and quality.
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Moving forward, the knowledge gained from this research is expected
to contribute to the development of environmentally adaptive varieties and
the optimization of cultivation management techniques, ultimately ensuring

stable agricultural production and a secure food supply.
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SUMMARY

Abiotic stresses, which have been increasing due to global warming
and drought caused by climate change, have made the development of heat-
and drought-tolerant varieties of bunching onion (A/lium fistulosum L.,
genomes FF) a critical challenge. Leaf tipburn, a physiological disorder
caused by abiotic stresses, significantly reduces the commercial value of the
bunching onion. On the other hand, a dark green color is considered a trait
that enhances commercial value and is also in demand from producers. In this
study, the characteristics of heat- and drought-tolerant bunching onion
varieties were elucidated to facilitate their breeding. For this purpose, a series
of bunching onion—shallot addition lines (FF+1A to FF+8A), each containing
a single alien chromosome derived from a stress-tolerant shallot (4. cepa L.
Aggregatum group, AA), and heat-tolerant varieties were used. Functional
analyses were conducted to investigate adaptive responses to abiotic stress
and changes in metabolites, as well as their relationship to the expression of

various agronomic traits.

(1) Effects of Drought Stress on Abscisic Acid Content and Its Related

Transcripts in Allium fistulosum—A. cepa Monosomic Addition Lines

A series of bunching onion—shallot addition lines were subjected to
drought treatment, and the contents of abscisic acid (ABA), a key hormone
related to drought stress, and its precursor, f-carotene, were measured.

Additionally, gene expression analyses were conducted on genes involved in
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ABA biosynthesis, catabolism, and signaling responses to examine the effects
of adding alien chromosomes on the drought-stress response in the bunching
onion. As a result, in FF+1A under drought treatment, the contents of -
carotene and ABA were significantly higher at the 5% level than those in FF
under the same conditions. Multiple genes involved in ABA biosynthesis were
also markedly upregulated. In contrast, the gene expression profile of FF+6A,
which had ABA and B-carotene contents comparable to those of FF, differed
significantly from that of FF+1A. Notably, zeaxanthin epoxidase (ABAI)
exhibited high expression in FF+1A, while showing low expression in FF+6A.
ABAI is known to directly participate in the rate-limiting step of ABA
biosynthesis. The introduction of the first chromosome from shallot into the
bunching onion was suggested to enhance the expression of this gene, leading
to an increase in ABA content. Consequently, stomatal closure may be

promoted, potentially improving the drought tolerance of the plant.

(2) Metabolite Profiling and Association Analysis of Leaf Tipburn in

Heat-Tolerant Bunching Onion Varieties

As plant materials, leaf blades from 8 heat-tolerant varieties and lines
of bunching onion, obtained through six patterns of summer cultivation with
different sowing and harvesting dates (6 experimental groups X 8
varieties/lines X 3 biological replicates = 144 samples) were used. For all
samples, absolute quantification data of six pigment compounds and three
functional components, relative quantification data of 267 metabolites, and

leaf tipburn rates were obtained.
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Statistical analyses using the absolute quantification data revealed that
varieties and lines with notably darker leaf blade colors generally had higher
contents of chlorophyll and carotenoids. In particular, 'YamakouOl,'
"Yamakou03," and 'YSGI1' accumulated higher amounts of these pigment
compounds in their leaf blades, suggesting that these compounds are the main
contributors to dark green leaf blade coloration. Additionally, machine
learning was used to analyze the relationship between the relative
quantification data of metabolites from all samples and the same phenotypic
traits. As a result, gamma-Glu PRENCSO, an organosulfur compound, and
several flavonoids were identified as metabolites associated with leaf tipburn.
These metabolites are suggested to suppress leaf tipburn by utilizing the redox
reactions of glutathione, which plays a crucial role in the synthesis of sulfur

compounds, as well as their antioxidant activities.

(3) Metabolome Profiling and Predictive Modeling of Dark Green Trait in

Heat-Tolerant Bunching Onions

Seven heat-tolerant varieties and lines of bunching onion were
cultivated during the summer season to measure pigment compounds,
metabolome, and spectral reflectance in the 400-700 nm range at 20 nm
intervals. Based on these measurements, a system of classification of dark
green types and predictive models for pigment compound contents were
developed. Principal component analysis (PCA) of the spectral reflectance
data revealed that the green coloration of heat-tolerant varieties could be
categorized into three groups: "green" (high reflectance at 540-560 nm),

"dark green" (low reflectance at 540-560 nm), and "gray green" (high
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reflectance across all wavelengths). Metabolome analysis using
representative varieties and lines from these three groups revealed an increase
in cyanidin derivatives in the "dark green" group and an increase in sinapinic
acid in the "gray green" group. Furthermore, using absolute pigment
compound data and spectral reflectance values, a predictive model was
constructed via random forest regression. For chlorophyll a content, the
regression model achieved high accuracy with an R? value of 0.88 in the test
dataset and 0.78 in leave-one-out cross-validation. This study elucidated the
effects of adding shallot chromosomes on the drought stress response in the
bunching onion, as well as the metabolites involved in leaf tipburn and dark
green coloration. In addition, for the first time in the A//ium genus, a novel
method was successfully developed to construct a highly accurate regression
model for predicting the total chlorophyll content using spectral reflectance
data. By integrating genetic and physiological-ecological approaches, a
method combining metabolite analysis with simplified pigment measurement
was developed, providing foundational knowledge for the development of
cultivation techniques for drought-tolerant bunching onions. In subsequent
research, the insights gained from this research are expected to contribute to
the development of bunching onion varieties suitable for cultivation under

adverse environmental conditions.
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JAPANESE SUMMARY

THE, EZHIZ L 2ERESLRMA R DR EOIFAEAY A L
ADEEMEE, ERX (411ium fistulosum L., 77/ LKERK FF) O
MEZECT B EZmO L I ENEERFELE 2> T D, EXF T,
[FEREAEN ] EFFEN2ABEBEEN LD DODUTMERINATE Y, Eafl
BEEZELLETFTSIELI2ERER>TWVDS. 7=, FEEILITEREZ
FOoOmMBEORBENBRIKRO LN TWD . KIFFE CI1E, MEtE L Oz
XX ORMMBHEZOFREICAT T, BEA M- AMEEZHET L
¥ v b (A cepa L. Aggregatum group, AA) ([ZHKT 2 8 fEIEOH
—RERLREERETZENETNRMLIEFFTRZM (RF-T vy FRMEH)
» ) —RX (FF+1A~FF+8A) B X O &M mEL AV, JEEMI A F L
AFHERBEISCEB I ORE W EICE D D HMEEMIT 2 £/ L THEE
(EFREORERB L OBELEEBE L -,

MWMWEBRA P LABRRXFE-VYyry NRIIRKEOT 7TV UVBEERB X
CZDHEEELCFEERICRTITHE

ZX-vy oy MEMBZHR YV — X TR AFE T, BEARL R
CREEOH LT TV B (ABA) L EORIBETH L p-In T v DOFE
BEXHELLZ. SHIZ, BBAOGK - BB I OV 7 FASEIZED D
BIRTORBEMT 2TV, BEEAQERBMD XX OBEBEA KL RARE
WCRIETEEELRIEL. TOMKE, FRIHIA CHEBRALAERX TFTIZBWT
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B~ T U BELUABADEENLBELEEX O FF XV & 5% KETHRE
@<, ABAOEGHRICEDLIEHOBREFVRHFUEAHERL TND 2L
NHERENTZ. —F, ABA & B~ T DOEEN FF L R%Tho 1=
FF+6A I B 2 BIR TR B OEMIT FF+1A L T RE < B2V, FFICHTE
THRFAENE N > /= zeaxanthin epoxidase (ABAI) O FHN# 3 TE 3
B L TW/e., ABAI 1T ABA OB EEBICEEEE T2 LM bh
TEY, Yyuy FOFIREEEXFIZHEATLIZ L TRKERLRTFD
BN EHEESI, ABAEENEMT 52 & TRILVHEL THED K
DHLIEMEN S E D REME N RIB I LT,

(2) MEEXXRBECBIL2EBAEMNORB I 774V U ITRBLT
BE 3 R AT

EWMELE LT, BRELINEORII AR D 6 37— OEFHEIC
FOVBONTMEERT 8 Ml - RFEOESH (6 HERIX X8 HfE - R
TXAEMFHKE SEER=144 YT N) 2ZhETNHAVWE, 207
MZRWT, 6 MEOAHRLLEHE 3 BMEOMEMR S OB &ET —
4, 267 MBEONRBEDOMMET — X BLOELENELZRE L.
MR ET — 2 2 AV HEAEICEY, BONCBVWESEEZ L DM
AT szuen ot haT /A FEOEENRBRLETELI AR,
Bl iz 017, ‘iz 037 BLW YSGL BT IFEHEIC EEEAFLLE
MR <ERBLTEREY, ThbFEFRFAICHEEST S EE(LEMT
HHZLENRBENT, 72, @Y FILORBEMHESET — % & H
W E I LY RARBEAEE OBEMIT 2T o7, TORBR, EE
BMHUICEETL2R#WE L THEEMHBNLLEY TH D gamma—Glu
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PRENCSO E D7 T8 /4 FENFEIN, 2o 0REY D EAL
EMOERRB CEEREEA2FE SNV A F L U OBILETLRIGER D
WCHBALERZR A L TELEFENLZME L TV DR EMENRIE I 1L

) INEERXXFICBITI2BRAEEBEOA IR —b T a7 r L) T
EFHETNLVDOEE

MEERF7HE - R EACCTERICRKEZITY, BFRLED, A
AR E— 5LV 400~700nm O 5K EE (20nm ) ZHE L, B
REOEBEARICEDEOHET T VEBE L. SARKHET
— 2 EHNTERD DT AT T/R, WEELTEDOK AT, 540~
560nm O H RN E Y [green), 540~560nm 28 {&\ ldark green), %
DD E T ~THE Tgray green] D 3D HEI N, ZhHD
BODITN—TEHNRKRTHHHE - FHREHNT AL AT — A& E
fi L7- & 2 A, ldark green] TlE> 7 =Y 8N, £72, lgray green]
THEHYFTEVERZENLZNAEML TSI ERHALNIR-T. &5
2, BELEMEEEDHERFEORET -2 2HNTT X L7
F VA MERICEDETNVERZRAATMER, Zun 700 a &I
DWTT A NTF— X% TIX RPRMEN 0.88, Leave-One-Out Cross-

Validation IZ XA R*MEMN 0.78 . BHEELREEETT AR ELNT-.

PLEOZERIZED, Yy y PEBIEKOIRMPER T OREBERA KL X
JCEICHEZHE, o WNICELEMNNERFAMEICEE T 2RHY N
FTNENHLEN /o=, Eb, Z7un a4 ag B S RBEICHE
TOHEBET NNV ET — XY OFHICLVEET LHFEEL2 XX
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R D BRIt 2w U C, B E W AT O 5 B R R A 15 A
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