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Abstract

Millions of citrus products are wasted every year due to postharvest fungal infections. To minimize
fungal infections, packhouses utilize aqueous applications of fungicides to prevent infections

that occur during harvest. The most prominent fungal pathogens of citrus fruit are commonly
treated with imazalil sulfate (IMZ) due to its efficacy for controlling these pathogens at low

cost and ease of handling. However, little is known on how it alters the tissues in the citrus

fruit physiology. In this study, a nuclear magnetic resonance (NMR)-based metabolomics study is
utilized to investigate the role of IMZ treatment in the juice, albedo, and flavedo tissues of two
citrus commodities (navels and clementines). The experimental design consists of (a) fresh fruits
at harvest, (b) raw fruits stored at 4 °C for 10 days, and (c) raw fruits treated with IMZ and stored
at 4 °C for 10 days. Twenty-seven metabolites were identified, and several changes of metabolite
composition due to either cold storage or IMZ treatment for both the spatial (albedo, flavedo, or
juice) and temporal levels (days and storage) were found. The results show a notable difference
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between metabolomics profiles across the types and tissues, particularly significant changes on the
albedo tissues of clementine. Furthermore, the pathways derived from the metabolomics profiles
of the cold storage and the IMZ treatment are complementary to each other. Thus, the utility

of metabolomics as a quality control tool in the citrus industry has the potential for broader
applications to understand fruit growth and development.
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1. INTRODUCTION

The citrus industry is a major contributor to the agricultural economy. It has been reported
that nearly 100 million tons of citrus are produced annually throughout the world, with
oranges and mandarins at the highest consumption rate.> Unfortunately, the citrus industry
is susceptible to many threats that can drastically reduce citrus production every year.
These threats include preharvest diseases such as Diplodia natalensis and Phomopsis citri,
postharvest disease including Penicillium digitatum and Penicillium italicum, overmature
fruit, insect damage, and a variety of physiological disorders.? The citrus season typically
lasts from early winter to late spring for most varieties in both hemispheres; therefore, both
have to rely on importing products during the off-season and exporting products during
the season to keep the citrus products in the market. Exporting fruit overseas takes a
considerable amount of time, so the products must maintain shelf life. Therefore, adequate
chemical application prior to shipping is crucial for the process.

There are many preharvest and postharvest pathogens, most of which can be controlled

with fungicides. P, digitatumand P, italicum are the most abundant postharvest diseases.

P, digitatum is the more virulent of the two and is predicted to contribute nearly 50% of

total postharvest losses.3 P, digitatum, also referred to as green mold, is the most prevalent
postharvest pathogen for citrus fruit that is capable of infecting any citrus species in wounds
inflicted during harvest. Wounds also occur as fruit enters the packhouse as it is processed
to be distributed to the market.# Not only does the fruit provides nutrients that allow 2
digitatum to thrive, but the rind of the fruit also contains aromatics that induce germination.®
P, italicum, also known as blue mold, is similar to 2 digitatum in many regards. To

reduce product loss due to P, digitatumand £ italicum infections, packhouses utilize
aqueous fungicide applications to prevent and reduce infections that occur during harvest.
Imazalil, also known as enilconazole (1-[2-(2,4-dichlorophenyl)-2(2-propenyloxy)ethyl]-1 -
imidazole, IMZ), is the most often used fungicide to treat £, digitatumand P, italicum
infections due to its low cost, efficacy, and ease of application.

The noninvasive nature of nuclear magnetic resonance (NMR) has been applied to study
many aspects of citrus metabolomics at varying experimental conditions.-11 This work
focuses on the effect of fungicide treatment on the metabolomics alterations in citrus fruits.
Although imazalil sulfate (IMZ) is a widely utilized fungicide in the citrus industry, little
is known about how it alters the chemical composition of the tissues or juice of the citrus
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fruit. This study aims to identify how IMZ treatment alters metabolites and induces or
prevents biochemical pathways in the flavedo, albedo, and juice of Fukumoto navel oranges
and clementine mandarins. According to the Environmental Protection Agency (EPA), IMZ
is likely to be a human carcinogen (moderately hazardous). Therefore, understanding the
metabolomics profiles of its effect on the citrus assists in both quality control of the
packhouse fruit processing and the development of better and greener alternative fungicides.

2. MATERIALS AND METHODS

2.1. Experimental Design.

Twenty-four Fukumoto navel oranges and 60 clementine mandarin fruits were harvested
from California State University Orchards in November 2020. Each commodity was
randomized and equally divided into three treatment groups: a control, fruit to be kept

in cold storage, and fruit treated with IMZ and kept in cold storage. The tissues from the
control groups were isolated on the day of harvest. The cold storage group was placed in a
cold room at 4 °C (~40 °F), 10 days before tissue isolation. The final group was dipped in
a 500 ppm IMZ solution for 30 s and then placed in a cold room at 4 °C for 10 days before
tissue isolation. The time spent in cold storage after harvest can vary depending on market
conditions, the amount of product in inventory, or even the quality of the product. Ten days
in storage represent ideal conditions in which fruit is processed and sent to the market with
minimal delays. The concentration used for the experiment was based on the maximum label
rate, 500 ppm, which is commonly used in the industry.

2.2. Sample Preparation.

All chemical reagents were purchased from Fisher Scientific except for the Fungaflor 75
WSG, IMZ, which was donated by JBT Corporation in Visalia, CA.

Tissue isolation was performed by randomly dividing fruit into five replicates from each
treatment group. One gram of flavedo and albedo tissues was collected from all of the fruit
in each replicate. Each tissue was homogenized and ground in a mortar and pestle with the
aid of liquid nitrogen. Two hundred and forty milligrams of each tissue from each replicate
was collected in a 5 mL Eppendorf tube to be further processed for metabolite identification
and quantification. Fifty milliliters of juice was collected from all fruit in one replicate to be
further processed for metabolite identification and quantification.

Tissue sample preparation was adapted from methods established by Slisz and Kim with
some slight modifications.12:13 A total of 3 mL of methanol were aliquoted into the 5 mL
Eppendorf tubes containing the tissue. The samples containing the methanol were sonicated
for 15 min. The samples were centrifuged at 18 000g for 20 min. The supernatant was
transferred to a clean 5 mL Eppendorf tube with two 1 mm holes drilled on the cap to serve
as a means of solvent evaporation during lyophilization. Samples were snap-frozen using
liquid nitrogen and lyophilized for 48 h.

Juice sample preparation was adapted by methods established by Slisz with some slight
modifications.13 Fifty milliliters of the juice was centrifuged at 14 000g and ~4 °C for 20
min. Four milliliters of supernatant were transferred to 3000 kDa molecular weight cutoff
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filters. The samples were centrifuged at 5000g and ~4 °C for 10 min. One milliliter of the
filtrate was transferred to clean 1.5 mL Eppendorf tubes with a 1 mm hole drilled on the cap
to serve as a means for solvent evaporation during lyophilization. Samples were frozen and
lyophilized for 48 h.

After lyophilization, all of the samples were resuspended in 650 L of a solution containing
90 mM KH,PQy, 0.2 mM imidazole, and 0.05 mM sodium trimethylsilyl [2,2,3,3-d4]
propionate (TSP) D50 solution with the pH adjusted to 6.8. Samples were vortexed for 20 s
and were centrifuged at 18 000g for 20 min. Finally, 600 gL of supernatant was transferred
to clean, 5 mm prelabeled NMR tubes. All control samples were prepared on the same day;
the treated samples were prepared over 2 days, and samples were subsequently stored at 4
°C before the NMR experiments.

2.3. NMR Experiments.

Samples were analyzed using a 400 MHz Varian-Agilent NMR spectrometer equipped

with double-resonance (one-NMR) and Z-axis pulsed field gradients. Each spectrum was
collected using a one-dimensional experiment, with a 70° pulse width, an acquisition time of
1.64 s per transient, over 1024 transients, and a recycling delay of 2 s between the transients.
All of the NMR experiments were performed at 30 °C.

Metabolites were identified and quantified using Chenomx NMR Suite 8.1 software
(Chenomx Inc., 2014). Each spectrum was zero-filled once with an exponential apodization
of 0.5 Hz prior to Fourier transformation. All of the spectra were phase-corrected and
baseline-corrected. The spectral data were further calibrated for the pH of the sample with
reference to imidazole and chemical shift and concentration calibrated with respect to the
TSP peak. Metabolites were identified by comparing the spectra to the Chenomx library,
utilizing the list of metabolites identified from the literature.

2.4, Statistical Analysis of NMR Spectroscopy Data Sets.

A multivariate statistical analysis approach was employed to identify differentially altered
metabolites under the experimental design described previously. These statistical methods
were based on established protocols within the R-statistical methods and were applied
previously for metabolomics and other analyses.14-16 A brief description is given below.

Using linear modeling (within the LIMMA package), metabolites differentially altered
between the groups are determined. The control group consists of the albedo, flavedo, and
the juice of the two commodities soon after the harvest, and the other groups consist of the
same tissues and juice stored at a cold temperature for 10 days with or without the treatment
of IMZ. Using a two-step process, the differentially altered metabolites within a single
feature (e.g., control albedo vs cold storage albedo of the navel) selected were combined
with other comparisons combined. The combined set was used to detect metabolites

that were differentially altered using an F-test, and the p-values were transformed for
multiple comparisons using the Benjamini-Hochberg procedure for false-discovery rate
(FDR) adjustment. Metabolites are considered significant within a given comparison if they
pass the threshold of both fold-change (>1.5) and FDR-adjusted p-value (<0.05). All of the
analyses and the plots were performed using the R-statistical environment.1’
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3. RESULTS

3.1. Overview on the Detection of Metabolites.

Twenty-seven metabolites were identified and quantified using the experimental data
collected at 400 MHz. The supporting figure (Figure S1) shows the representative example
of metabolite identification. The metabolites fall under the broader classification with 4
sugar molecules, 10 amino acids, 7 organic acids, and 6 other metabolites. Supporting tables
list the concentration of the metabolites for all of the detected metabolites for albedo tissues
(Table S1), flavedo tissues (Table S2), and juice (Table S3) for both the clementine and
navel oranges under various experimental conditions. Though most of the metabolites were
detected across the two types of citrus and under the various experimental conditions, some
exceptions were noted due to detection limits. Asparagine was not detected in the albedo

or juice samples, aspartate and 2-phosphoglycerate were not detected in albedo and flavedo
tissues, while 4-aminobutyrate and malate were not detected in the juice samples, in either
navel or clementine varieties.

The overall distribution of metabolite concentrations across the experimental conditions

is depicted in Figure 1. The hierarchical clustering (Euclidean distant metrics) across the
experimental conditions of the samples (horizontal labels) and all of the metabolites (vertical
labels) are shown. The sample types are clusters together in the navel oranges (Figure 1A)
and clementine mandarins (Figure 1B). The similarities include sugars (glucose, fructose,
sucrose, and myo-inositol) from the major cluster in the juice samples. Similarly, asparagine,
4-amino-butyrate, and malate are relatively low (or not detected) in the juice samples. The
concentration levels of the sugars in the juice have a high dynamic range compared to those
of albedo and flavedo tissues. The juice of both commaodities contains a higher concentration
of many amino acids, including arginine, aspartate, leucine, isoleucine, and valine. The
composition of citrate is the highest in the juice of both commodities as well. There are
some notable differences of some metabolites in the tissues between the two commodities.
Synephrine is more abundant in the albedo and flavedo tissues in clementine compared

to the navel. Phenylalanine is more abundant in the albedo and flavedo tissues in navels
compared to clementine.

The discriminations between the different treatment conditions (control, cold storage for 10
days, and cold storage with fungicide treatment) using a partial least-squares discrimination
analysis (PLS-DA) are shown in Figure 2. The control sample (fresh after harvesting)

group has more considerable discrimination (red symbols) from either cold storage (green
symbols) or cold storage with IMZ treatment (blue symbols) in most cases. The cold storage
and cold storage with IMZ treatment tend to group close to each other in most of the
conditions. The fresh albedo samples of clementine mandarins show one of the largest
variations within the replicates (green symbols, Figure 2B). Most of the samples have more
than 20% discrimination along with either of the first two components of the PLS-DA
classification.
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3.2. Effect of Cold Storage on the Metabolomics Profiles.

With general discriminations identified by the PLS-DA (Figures 1 and 2), specific
metabolites altered due to changes in the experimental conditions for the different tissues/
juice are determined using multivariate statistics. Metabolites are considered significant if
the statistical measures fit the criteria that the [fold-change| (>1.5) and FDR-adjusted p-value
(<0.05). Twelve different metabolites are differentially altered in the flavedo or albedo
tissues in either the navel oranges or the clementine mandarins. Figure 3 shows the box—
whisker plots of the concentrations of these metabolites, and Table S4a lists them. Suppose
any of these metabolites are considered significant (FC > 1.5 and p-value < 0.05), the
respective conditions are marked in the plots with a horizontal bar between the conditions. In
general, the metabolite levels are downregulated in cold storage. The effect of cold storage
shows a relatively more significant number of metabolites altered in clementine mandarins
than in the navel oranges. Eight metabolites are differentially altered in either albedo or
flavedo tissues of clementine mandarins (sucrose, synephrine, phenylalanine, isoleucine,
valine, arginine, formate, and trigonelline). In comparison, five metabolites are differentially
altered (choline, leucine, malate, citrate, and isoleucine) in the navel orange. Cold storage
reduces the level of leucine in both the albedo (FC = —1.5) and flavedo (FC = -1.8) tissues
of the navel oranges. Within the albedo tissues, isoleucine shows an increase (FC = 1.5) in
navel oranges and a decrease (FC = —1.9) in the clementine due to cold storage.

The concentration changes due to the cold storage of juice samples for the navel oranges and
the clementine mandarins are in Figure 4, with the fold changes listed in Table S4 (panel

a). Cold storage has an almost negligible effect on the metabolomics levels of the juice. No
metabolites are significantly altered in the clementine mandarins, while adenosine (FC =
1.6), malonate (FC = 1.84), and proline (FC = 1.54) are altered in the navel oranges (Table
S4a).

3.3. Effect of IMZ Treatment on the Metabolomics Profiles.

The IMZ-treated fruits were stored in the cold room. Therefore, to eliminate the effect

of cold storage on the metabolomics profiles, a comparison between the fruits stored

in the cold room with or without fungicide treatment is considered. Figure 5 shows the
metabolite changes exclusively due to IMZ, and Table S4b lists the fold changes of all of
the metabolites. Under the same criterion for significance ([fold-change| > 1.5 and p-value <
0.05), three metabolites show differential changes: alanine, valine, and succinate. Succinate
shows an increase of 1.78 times due to the treatment in the flavedo tissues of navel oranges,
while alanine and valine show FC of 1.66 and 1.79, respectively, in the albedo tissues of
clementine mandarins. Most of the metabolites measured in the juice do not show any
significant changes, except for succinate, which is upregulated in the navel oranges.

When the fold-change definition of metabolites that are altered is relaxed |FC| > 1.35

(with p-value < 0.05), additional metabolites are found to be significant (Table S4b). These
include proline betaine (navel flavedo, FC = 1.38), adenosine (clementine, albedo, FC =
1.36), leucine (clementine, albedo, FC = 1.39), phenylalanine (clementine, albedo, FC =
1.38), synephrine (clementine, albedo, FC = 1.38), myo-inositol (clementine, albedo, FC =
1.44), and arginine (clementine, flavedo, FC = 1.44). The metabolites altered due to IMZ
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treatment are uniquely different from those altered due to cold storage. No metabolites are
altered with a significant measure of |fold-change| > 1.5 and p-value < 0.05. However,
arginine is upregulated by 1.44 times in clementine mandarin juice samples (data not
shown).

3.4. Metabolomics Profiles of Cold Storage and IMZ Treatment in Cold Storage Differ.

Metabolomics analysis of navel oranges and clementine mandarins at postharvest conditions
of cold storage or IMZ treatment in the cold storage showed similarities between

the two varieties (Figure 1) and differences due to treatment (Figure 2). Multivariate
analysis identified several potential metabolites (Figures 3-5) under different experimental
conditions. Under the condition of significance (|fold-change| > 1.5 and p-value < 0.05), 16
metabolites were identified to be affected by either cold storage or IMZ treatment in cold
storage. Under the slightly relaxed condition of significance ([fold-change| > 1.35 and p-
value < 0.05), 22 metabolites were found to be differentially altered under either of the same
conditions (Figures 3-5). The 12 metabolites that are altered due to cold storage in either

of the two varieties at either albedo, flavedo, or juice have sugar (sucrose), amino acids
(isoleucine, leucine, phenylalanine, valine, arginine, and proline), organic acids (malate,
citrate, and formate), and other metabolites (choline and trigonelline). In comparison, the
three metabolites altered due to cold storage treatment consist of the amino acid proline,
organic acid malonate, and adenosine. The 10 metabolites altered due to cold storage and
IMZ treatment are the sugar (myo-inositol), amino acids (leucine, phenylalanine, valine,
arginine, and alanine), organic acid (succinate), and others (proline betaine, synephrine, and
adenosine).

Under the cold storage conditions, 12 metabolites are differentially altered with respect

to the control samples in the clementine mandarins (in albedo, flavedo, or juice) and 9
metabolites in navel oranges, 2 metabolites that are common between them (sucrose and
isoleucine). With IMZ treatment of the 10 metabolites that are differentially expressed,
two are in the navel oranges and eight in the clementine mandarins, with no common
metabolites. Taken together, 12 metabolites are altered uniquely due to cold storage
conditions, 7 metabolites change in both cold storage and IMZ treatment, while 3
metabolites are altered only due to IMZ treatment. Figure 6 shows the summary of the
functional enrichment analysis of these select metabolites using the citrus clementine

as the model system available at the CitrusCyc.18:19 The pathway enrichment plots

show three major pathways, biosynthesis, energy metabolism, and degradation, that have
distinct differences between metabolites’ subsets. In general, the 10 metabolites that are
differentially altered due to IMZ treatment (Figure 7, red and orange bars) and the 12
metabolites that respond to cold storage (blue bars) are opposite to each other (based

on the fold changes). Biosynthesis of amino acids (AA Syn), nucleosides (Nucleo Syn),
cell-structure (Cell-Struct Syn), and cofactors (Cofactor Syn) are upregulated due to cold
storage and downregulated due to IMZ treatment. In contrast, amine/polyamine biosynthesis
(Amine Syn) has an opposite trend (Figure 7). The secondary metabolites (Sec Metab Syn)
and metabolic regulator (Metab Reg Syn) biosynthesis are altered only due to cold storage.
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Cold storage and IMZ treatment have opposite trends within the energy metabolism
pathways, particularly involving unique metabolites. TCA cycle, fermentation, and
anaerobic respiration (Anaer Resp) pathways are upregulated due to cold storage but
downregulated due to IMZ treatment, while aerobic respiration (Aer Resp) is downregulated
in both (Figure 7). The degradation pathways all do show a downregulation when IMZ
treatment is considered, with additional upregulation of degradation of amino acids (AA
Deg) and carbohydrate (Carbo Deg) during the cold storage (Figure 7). Other pathways
(data not shown) that have a similar trend include C1 compound (CO> fixation, as well as
pathways for utilization of carbon monoxide, formaldehyde, and methanol), utilization and
assimilation (upregulated only in cold storage), non-carbon nutrients and macromolecule-
modification (upregulated in cold storage and downregulated in IMZ treatment), and
detoxification (upregulated in both cold storage and IMZ treatment).

Notably, the metabolomics pathways differentiate between the major experimental
conditions, cold storage, and IMZ treatment, even though the fruits are stored at a cold
temperature under treatment. Besides, most of the three categories’ pathways due to IMZ
treatment are downregulated regarding the respective controls, while the cold storage
upregulates the metabolites in the same pathway categories.

4. DISCUSSION

In the last decade, several notable applications of metabolomics to the citrus industry have
been published under a specific combination of experimental conditions that employ one

of the three popular techniques, NMR, gas chromatography-mass spectroscopy (GCMS),

or high-performance liquid chromatography-mass spectroscopy (HPLC-MS).11.20-32 |

the NMR-based metabolomics applications, Slupsky’s group has presented many studies
ranging from nutrient composition to extended multiomics studies on graft inoculated

with Candidatus L iberibacter asiaticus.}320.21.30.31.33 v/j|la—Ruano et al. have presented

a comprehensive study on the citrus juices produced in Veracruz, Mexico, including
lemons, tangerines, oranges, and grapefruits.1! Several other studies on the NMR-based
metabolomics on the juice samples have also been published, which include the degradation
of fresh orange juice,3* nonthermal processing of orange juice,® and profiles of Argentine
citrus (orange) juice.19 While most studies focused on solution-phase metabolomics studies,
high-resolution magic angle spinning (HR-MAS) NMR spectroscopy on semisolid samples
has also been presented.6.35:36

In general, MS-based methods identify much more metabolites than the NMR-based
approaches. Collectively, both the techniques have identified 155 metabolites, of which
MS-based methods uniquely identified 96 metabolites, 22 metabolites by NMR, and the rest
of 27 metabolites were shared between them.22:23.25-27.37-39 Figyre 7 shows a matrix-based
visualization of interacting sets (similar to a Venn diagram) of the distribution of the various
metabolites across the variety of citrus fruits using the UpSetR (R-package).4? The largest
number of metabolites were found in navel oranges (>100); perhaps, it is the most studied
variety. The nine metabolites shared across all of the eight varieties of the citrus fall under
the class of amino acids (alanine, asparagine, isoleucine, leucine, phenylalanine, proline,
threonine, and valine) along with sugar and sucrose.
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In our study, we have identified all of the metabolites in at least one of the conditions. The
analysis also revealed that the mandarins and valencia (oranges) have a unique set of 5 and
12 metabolites, respectively. The five unique metabolites of mandarins are 2-ketoglutaric
acid, galacturonic acid, ornithine, scyllo-inositol, and xylose, and none of them were
identified in this study. Under the broad classification of the identified metabolites, 42 of
them fall under the category of organic acids, followed by 23 in the amino acids, with 9 in
the flavonoids and 6 in the terpene categories. All of the metabolites presented in the study
are a subset of the NMR-identified metabolites.

Based on the results presented here (Figure 1-5 and Tables S1-S4), there were considerable
commonalities and differences between Fukumoto navel oranges and the clementine
mandarins. There is a clustering of the four sugars identified for both species, but fructose
and glucose are more abundant in the albedo and flavedo of navel oranges as opposed

to clementine (Figure 1). Both commaodities have a similar composition of organic acids
within a respective tissue, excluding malonate and 4-aminobutyrate. Malonate concentration
is higher in all clementine tissues than that in navel tissues, while 4-aminobutyrate is more
abundant in the albedo and flavedo of the navel than in clementine (Figures 3, 4 and Tables
S1-S4). Amino acid levels had similar compositions in their respective tissues between

the two commodities, with some notable exceptions. Arginine, phenylalanine, threonine,
and valine were more prevalent in all navel tissues as compared to clementine. Asparagine
levels are higher in navel flavedo compared to those in clementine flavedo. Other notable
metabolites that were distinct between the commaodities include synephrine and trigonelline.
Synephrine composition was higher in the albedo and flavedo tissues for the navel, but the
clementine juice had a higher composition than navel juice. Trigonelline was detected in all
clementine tissue but only detected in navel juice.

The study also finds that clementine mandarins, particularly the albedo tissues, have a
relatively large number of metabolites downregulated due to cold storage and IMZ treatment
in cold storage (Table S4). It is interesting to note that albedo tissues are more influenced

by either the cold storage or the IMZ treatment (in terms of the number of differentially
altered metabolites) than the flavedo tissues on the outer layer of the fruit. Cabras et al.

have studied the factors such as the concentration, temperature, and length of the treatment
of IMZ on its uptake and persistence in citrus.*! The results suggest that in addition to

the dependence on treatment duration, treatments at higher temperatures (50 °C) tend to
increase the deposition significantly (~8 times) than those close to room temperature (20
°C). Further studies suggest that experimental conditions such as storage, concentration,

and temperatures may lead to differential permeation of IMZ through the rind to albedo
tissues.*243 Analysis of the IMZ distribution using laser-ablation electrospray ionization
(LAESI) mass spectrometry imaging (MSI) in supermarket-bought citrus fruits indicates that
the penetration depth of IMZ into the peel has a significant local variation.** Matrix-assisted
laser desorption ionization (MALDI) imaging studies on IMZ-treated apples indicate that

it can penetrate at a rate of ~1 mm/day.*®> Although the manual separation of albedo from
the flavedo part could also lead to variations, PLS-DA analysis between the flavedo and
albedo tissues of the fruits is discriminated (Figure S2). The half-life of IMZ is between

15 and 18 days at cold storage and under the standard industrial treatment of IMZ (~500
ppm).#8 Furthermore, the relative changes in the levels of measured metabolites are more
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(both in the number of metabolites and in the differential effect) on the albedo tissues

of clementine mandarins than those on the navel oranges (Tables S1-S4). Taken together,
these observations strongly suggest that measured metabolomics are tissue-specific, with the
albedo tissues being much more sensitive to the IMZ treatment.

IMZ is a highly effective fungicide as it functions by inhibiting the synthesis of the fungal
cell wall. Therefore, it is the most utilized fungicide used widely in a postharvest stage in
fruits and vegetables to increase the shelf life of produce. The substantial use of fungicides
affects human health, particularly for workers coming in close contact at both pre- and
postharvest processing. In mice and other experimental model systems, many toxic effects
of IMZ have been reported.4’~4 The biological effects of IMZ may also include the
potential to affect the endocrine system by interacting with steroidogenesis, cytochrome
P450 isoforms, antiandrogenic activity, and severe eye irritation in animals.50-53

IMZ treatment affecting the energy metabolism pathway primarily, but not the cold storage,
is perhaps indicative of its effect in citrus (Figure 7). Use of citrus peels in food preparation
(e.g., marmalade or cakes) tends to increase the relative concentration of IMZ in humans®
and that extensive washing of the fruits removes only a moderate amount (~30%) of the
IMZ from the peels.?® Because of these factors, alternatives to IMZ treatments, such as

the deployment of fludioxonil (FLU), a synthetic analogue of the bacterial metabolite of
pyrrolnitrin, as well as other strategies and their efficacies could be made fruitful 56

There are many opportunities for growth regarding citrus metabolomics. IMZ is a widely
used fungicide in the citrus industry, but it is only one of many fungicides that are also

used, all of which have the potential to investigate further. Investigating fruit inoculated with
other plant pathogens such as P, jtalicum and Geotrichum candidum can identify common or
distinct biomarkers within these diseases.

5. CONCLUSIONS

This work demonstrates a viable metabolomics approach to assessing the quality of

citrus fruit. Although quality control standards are established within the industry, the

results are often subjective or ambiguous. Utilizing a metabolomics approach as a quality
control practice enables companies to identify all detectable metabolites within their
product, objectively quantify those metabolites, and perhaps even target critical metabolites
associated with specific interest criteria. This work demonstrates that the metabolome of the
two commodities and their respected tissues are distinct in many regards. The majority of the
literature regarding citrus metabolomics studies is observational, with no treatment effects
added. This work demonstrates that the two treatments, cold storage fruit and IMZ-treated
cold storage fruit, altered the metabolome of the citrus tissues.

Although many chemicals are applied to citrus products to prevent certain diseases or
combat pests, there is little literature available regarding how these treatments alter the
physiology of the fruit. Typically, packhouses only analyze the level of treatments on their
products. There is a little phenotypic distinction between chemically processed and treated
fruit, excluding wax treatments. Metabolomics provides a tool to enable citrus companies to

ACS Agric Sci Technol. Author manuscript; available in PMC 2024 October 24.
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assess how their products respond at the molecular level. This work provided 11 metabolites
significantly altered due to IMZ treatment that can serve as quality indices.

Furthermore, each treatment had a distinct effect on the metabolome of the citrus tissues.
Many metabolites were identified that could potentially serve as indices that can be used
for prediction or verification. Potential metabolic pathways were also identified with altered
metabolites in the fruit treated with IMZ, providing insight into how IMZ influences fruit
quality. These identified pathways can provide support in the development of future citrus
fungicides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Distribution of detected metabolite concentrations. Hierarchical clustering of the metabolites

shown as a heatmap for the (A) navel oranges and (B) clementine mandarins. Both the

metabolites and experimental conditions are clustered on a Euclidean distance metric, and
the final concentrations (mM) are scaled for visual presentation. The samples are juice (jui),
flavedo (flv), and albedo (alb), and experimental conditions are control, fresh after harvest
(ct), cold storage for 10 days (cs), and cold storage for 10 days with IMZ treatment (im).
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Classification of metabolomics profiles. Partial least-squares discrimination analysis (PLS-

DA\) of the navel oranges (left panels) and clementine mandarins (right panels) for the

albedo (A, B), flavedo (C, D) tissues, and juice (E, F). The control samples are in red, cold
storage samples are in green, and cold storage with IMZ treatment are in blue. The shaded
ellipses show the 90% confidence region on the classification. The percentage component of
discrimination along the first two dimensions is given below each panel.

ACS Agric Sci Technol. Author manuscript; available in PMC 2024 October 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Montgomery et al.

Page 17

Cold Storage on Tissues
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Figure 3.

Metabolites altered in the albedo and flavedo tissues due to cold storage. Box—whisker plots
of the metabolites significantly altered in at least one of the tissues (albedo or flavedo) in
either navel oranges or clementine mandarins. The metabolites are identified at the top of
each panel, and the horizontal bar indicates a significant change in both |fold-change| (>1.5)
and p-value (<0.05)—control: ct, cold storage: cs.
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Cold Storage on Juice
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Figure 4.
Metabolites altered in the juice due to cold storage. Box—whisker plots of the metabolites

that are significantly in the juice sample of navel oranges or clementine mandarins. The
metabolites are identified at the top of each panel, and the horizontal bar indicates a
significant change in both [fold-change| (>1.5) and p-value (<0.05).
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Imazalil Sulfate treatment on Tissues
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Figure 5.

Metabolites altered in the albedo and flavedo tissues due to IMZ treatment. Box—whisker
plots of the metabolites significantly altered in at least one of the tissues (albedo or flavedo)
in either navel oranges or clementine mandarins. The metabolites are identified at the top
of each panel, and the horizontal bar indicates a significant change in both |fold-change|
(>1.5) and p-value (<0.05). Horizontal bars (dotted lines, red) show the metabolites with
[fold-change| (>1.3) and p-value (<0.05). Cold storage: cs, IMZ treatment in cold storage:

m.
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Figure 6.

Pathway enrichment due to metabolomics changes. Three major pathways related to citrus
clementine were plotted based on the relative changes in the metabolomics due to either cold
storage (CS, blue), IMZ treatment (IMZ, orange), or common between both CS and IMZ
(CS/IMZ, red). Pathway enrichment for three major pathways, biosynthesis, energy, and
degradation, was plotted along with bar plots highlighting the more specific pathways. The
y-axis of the plots are the relative fold-change in each experimental condition, with the error
bars’ relative representation generated by the CitrusCyc database. Biosynthesis pathways
include amino acid synthesis (AA Syn), nucleotide synthesis (Nucleo Syn), amine synthesis
(Amine Syn), secondary metabolite synthesis (Sec Metab Syn), cofactor synthesis (Cofactor
Syn), cell-structure synthesis (Cell-Struct Syn), metabolite regulation synthesis (Metab Reg
Syn), and others. Energy metabolism pathways include tricarboxylic acid cycle (TCA cycle),
fermentation, aerobic respiration (Aer Resp), anaerobic respiration (Anaer Resp), and others.
Degradation pathways include amino acid degradation (AA Deg), nucleotide degradation
(Nucleo Deg), amine degradation (Amine Deg), carbohydrate degradation (Carbo Deg),
aromatic degradation (Aromatic Deg), and polymer degradation (Polymer Deg).
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Figure 7.
Venn diagram of metabolite distribution among the citrus variety. The horizontal bars (blue)

show the number of metabolites identified in each variety of the citrus listed, vertical red
lines/circles show the number of overlapping metabolites across the different varieties, and
the bar graph (black) shows the total counts in each. Nine metabolites overlap across all of
the varieties (leftmost bar), while five metabolites are uniquely identified in mandarins.
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