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Abstract: Alternate bearing in citrus trees has been extensively studied as a key feature for citrus
growers. Although the genetic and the biochemical process occurring during alternate bearing
has been studied extensively, there is a lack of information identifying the presence of metabolic
indicators during “on” and “off” years. In citrus plants, leaves play a central role in the metabolic
pathway triggering the flowering induction process. To investigate the changes during this transition,
a liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis of the leaf
profiles of 20 compounds (17 polyphenols, two limonoids, and one furanocoumarin), in bearing
and non-bearing branches arising from four different mandarin genotypes, was performed. The
same metabolites were found in all the genotypes at both stages: both limonoids and 11 polyphenols.
Using these compounds, the chemotaxonomic differentiation between cultivars was assessed. The
levels of flavanones and limonoids showed differences in both bearing stages and the transition from
vegetative to flowering could be shown by the activation of the polyphenol biosynthetic pathway,
from precursors like naringenin to metabolic end-points such as narirutin and polymethoxyflavones.
Narirutin levels showed significant differences between both stages, suggesting it as a possible
marker of the physiological status of the branch.
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1. Introduction

Citrus is one of the main fruit crops worldwide with more than 143 million tons
produced in 2019 [1]. Alternate bearing in Citrus is one of the major limiting factors
affecting production profits and, thus, tackling the maximal potential benefits for the
global citrus industry is essential. Therefore, the genetic, biochemical, and metabolic
determinations of alternate bearing have been widely studied, aiming to gain knowledge
about the regulatory process in the transition from bearing to non-bearing trees. However,
the mechanism by which the developing crop influences blooming and fruit yield the
forthcoming year has not been fully understood yet. One hypothesis holds that return
bloom and yield are related to tree carbohydrate status and, thus, lack of carbohydrate
in the “on” year directly or indirectly reduces flowering the following year [2]. Other
authors claim that developing fruit produces an inhibitor that directly or indirectly reduces
flowering in the spring following the “on” crop [2,3]. Although extensive research has
been conducted to unravel the hormonal and genetic regulation of flowering induction in
Citrus [4,5], there is still a lack of information describing metabolites” changes (in terms of
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quality and quantity) occurring during “on” and “oft” years as putative markers depicting
this transition.

Flowering represents a transition phase from vegetative to reproductive growth and,
thus, it is one of the most important events in the plant life cycle. During vegetative to
reproductive transition, citrus undergoes metabolic regulations that have been extensively
reported [6].

Flowering is regulated by endogenous and exogenous factors. The first one has been
mainly attributed to the genetic and hormonal modulation of the LFY gen and Gibberellins
metabolic pathway [7-9], identifying the fruit-mediated inhibition of flowering as the main
cause of alternate bearing in citrus [10]. Similarly, carbon metabolism has also been reported
to be involved in flower induction mediated by fruit presence in citrus [2]. Exogenous
regulation of flowering has been mainly attributed to environmental stress factors including
light intensity and wavelength, temperature, mineral and carbon nutrition, drought, low
oxygen, crowding, root removal, and mechanical stimulation, as well as biotic stress factors
such as infection by pests and pathogens [11-13].

A possible approach to find the metabolic changes involved in the process of alternate
bearing is the study of the metabolome of the leaves in both stages. In this way, polyphenols
and limonoids fulfill definite biological and ecological properties in plants [14]. As an
example, when the carbon/nutrient ratio is high, photosynthesis is primarily diverted to
the production of carbon-based metabolites such as phenolics [15,16] and, thus, high levels
of phenolics are associated with in-excess accumulation of leaf carbohydrates. In this way;,
phenyl-propanoid biosynthesis serves as an ‘energy overflow” mechanism by diverting
photosynthate and cellular reducing power into stable product pools [17], preventing fur-
ther oxidative damage during photoinhibition caused by high carbohydrates accumulation
in leaves [18].

Polyphenols are a remarkably diverse group of secondary products with a vast array
of biological functions. They protect plants from different biotic and abiotic stress and act
as unique UV filters, signal molecules, allopathic compounds, phytoalexins, detoxifying
agents and antimicrobial defensive molecules [19]. They are classified in to two major
classes: flavonoids and nonflavonoids. The latter include structurally simple molecules
such as phenolic acids (hydroxybenzoic acids and hydroxycinnamic acids) and stilbenes,
along with highly complex molecules such as stilbene oligomers, tannins, and lignans [20].
The former is the most studied class of polyphenols, sharing the same general C6-C3-C6
structure. The most abundant have a flavan nucleus, consisting of two aromatic rings (A
and B) linked by a pyran ring (C). Differences in the location of the B-ring to C-ring linkage
make it possible to distinguish between flavonoids (2-phenylbenzopyrans), isoflavonoids
(3-phenylbenzopyrans), and neoflavonoids (4-phenylbenzopyrans). The first one is by far
the most abundant group and may be further divided into 3-hydroxyflavonoids (flavonols,
flavanols, anthocyanidins, and dihydroflavonols), and flavonoids without substituent at
C3 (flavanones and flavones). The flavonoids may be among the most important aromatic
compounds. In this regard, they are the most ancient and widespread of the polyphenols,
synthesized even in mosses and ferns, and have a wide range of potent physiological
activities [21].

Citrus limonoids (CLs) are a crowded family of polycyclic secondary metabolites
found mostly in seeds, fruits, and peel tissues of citrus fruits, including lemons, limes,
oranges (both sour and sweet), pummels, grapefruits, bergamots, and mandarins [22].
CLs are highly oxygenated and modified triterpenes classified as tetranotriterpenoids,
found as both free aglycones and their corresponding 3-D-glycosides. Up to date, about
55 limonoid aglycones and 18 limonoid glycosides were identified in Citrus. Limonin is the
most abundant aglycone in most citrus species followed by Nomilin, and limonin glycoside
is the most representative limonoid glycoside [23]. CLs possess a wide array of biological
activities [23], and have been acknowledged as high anti-insect activity compounds, both
by their toxicity and antifeedant properties [22,24-28]. They probably protect leaflets
from insects during bud development, justifying their abundancy in young leaves and
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fruit [29]. The first studies of CLs originate on the attempt to find bitter compounds in
citrus fruit [30-32], but few reports on the occurrence of CLs in citrus tree leaves are found.

Metabolomic research strategies can be faced by two distinct approaches, untargeted
and targeted, each with their own inherent advantages and disadvantages. Untargeted
metabolomics is the comprehensive analysis of all measurable analytes in a sample. Al-
though it offers the opportunity for novel target compounds discovery, the importance of
rare molecules can be underestimated [33]. In contrast, the targeted approach is the precise
and quantitative measurement of the concentrations of a defined group of chemically
characterized metabolites. Hypothesis-driven targeted experiments can go together with
the risk of losing the real natural products that are responsible for an observed biological
property. For targeted analysis, sample preparation is optimized for obtaining a defined
group of natural products.

Seeking the identification of possible representative phytomarkers of the transition
from “on” to “off” bearing, the profiling of polyphenols and limonoids in leaves from
bearing and non-bearing branches was studied using a targeted metabolomic approach.

2. Materials and Methods
2.1. Plant Material

The study was carried out at the National Agricultural Research Institute (INIA) of
Uruguay, in Salto Province (31°16" S; 57°53' W, altitude: 47 m), on adult trees from cv.
‘Ellendale’ (Citrus reticulata Blanco), cv. ‘Satsuma’ (Citrus unshiu Marc.), cv. “Willowleaf’
(Citrus deliciosa Ten.), and cv. ‘Page’ (Citrus reticulata Blanco x Citrus paradisi Macf.) grafted
onto Poncirus trifoliata (L.) Raf. rootstock, under accurate horticulture cares (irrigation and
pest management). From each variety, five bearing and five non-bearing trees were sampled.
Adult leaves between 6 and 12 months old (5 leaves/branch; 10 branches sampled) were
collected from bearing (B) and non-bearing (NB) branches. In bearing branches, leaves
were collected immediately below the fruits (5-20 cm from the peduncle) during full
fruit color stage, whereas in non-bearing branches, leaves were selected to have the same
characteristics and position as in bearing branches. All trees were located in the same
orchard and growing conditions. Therefore, the differences in the composition between the
varieties could not be ascribed to changes in the tree environment, but due to the genetic
background and physiological state of each tree. In all the branches for sampling, leaves
were taken randomly all around the outer part of the tree canopy, exposed to full sunlight,
and immediately stored at —20 °C until extraction.

2.1.1. Reagents and Equipment

All mobile phases were prepared using High Performance Liquid Chromatography-
grade solvents, supplied by Merck KGaA (Darmstadt, Germany), as well as analytical
grade solvents used for extraction. Ultrapure water (Millipore Milli-Q® Ultrapure Water So-
lutions Type 1 by Merckmillipore, Molsheim, France) was used for the extraction and HPLC
analysis. All standards were selected based on previous studies of flavonoid content in man-
darins [34] and purchased from PhytoLab GmbH & Co.KG (Vestenbergsgreuth, Germany).

Polyphenols and limonoids were analyzed in an Agilent 1200 LC system (Agilent
Technologies, Palo Alto, CA, USA) coupled to a 4000 QTRAP® LC-MS/MS System from AB
SCIEX™ (Framingham, MA, USA). LC-Separation was performed on a Gold Aq-Hypersil
(5 um 150 x 4.6 mm) column from Thermo Scientific™ (USA). The injection volume was
5 pL. MS/MS detection was performed in the multiple reaction monitoring (MRM) mode
using an electrospray ionization (ESI) interface in both positive and negative ion mode.

2.1.2. Standard Solutions Preparation

Individual standard solutions of the target compounds were prepared and stored at
—20 °C. Each standard was weighed to approximately 20 mg and dissolved in 10.00 mL of
HPLC-grade methanol, to obtain a 2000 mg/L stock solution. A working solution mix of all
targeted compounds (20 mg/L) was prepared by appropriate dilution of the stock solutions
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in acetonitrile and used for the calibration curve construction. The selected concentrations
for the curve were 10, 50, 100, 200, 400, 600, 800, 1000, and 1500 pg/L.

2.1.3. Sample Preparation

The extraction procedure for mandarin leaves was performed using an Ultrasound-
assisted extraction (UAE) adapted from Safdar M.N. et al. [35]. A total of 50 g of freeze-dried
leaves was pool together and ground using a cut mill for each variety. Then, 1 g of the
powdered leaf samples was extracted with methanol 80% in a sample/solvent ratio 1:10
for 15 min in an Ultrasound bath (Transsonic 460; ElIma, Wetzikon, Switzerland) at 35 kHz
frequency. This procedure was repeated twice using fresh solvent. The extracts were
combined and subjected to bulk filtration, solvent vacuum evaporation, and lyophilization,
followed by redissolution in 80% methanol HPLC grade and filtration through 0.22 um
Polyvinylidene fluoride (PVDF) filters.

2.1.4. Chromatographic and MS/MS Conditions

The mobile phase was ultrapure water with 0.1% formic acid (A) and acetonitrile (B),
with the subsequent gradient: 0-23 min 5% to 50% B, 23-26 min 50% to 100% B, 26-31 100%
B, 31-33 min 100% to 5% B, 33-38 5% B, at 600 uL/min. The ionization voltage was 5000 V,
the nebulizer and the curtain gases were nitrogen at 50 psi each. The solvent evaporation
in the source was assisted by a drying gas (heated nitrogen at 500 °C per 50 psi).

A multiple reaction monitoring (MRM) mode method was used for quantification.
The optimal MRM transitions, collision energies (CE), and declustering potentials (DP) for
each investigated compound were determined infusing the standard solutions directly into
the instrument at a constant flow, using a syringe.

2.1.5. Data Treatment

The statistical treatment was performed using Metaboanalyst 5.0 [36] and R-Studio
software package (version 1.1.463). Each of the studied compounds were considered as
a single variable and were included in all the treatments. Data were normalized using
pareto scaling. ANOVA, Wilcoxon/Mann-Whitney, and multiple comparisons test using
a Bonferroni correction were performed. Principal component analysis (PCA) and the
supervised test partial least squares discriminant analysis (PLS-DA) were used for the
classification of the varieties. The latter was validated to avoid overfitting using cross-
validation and permutation test. Heatmap based on Student’s t-test was also performed.

3. Results and Discussion
3.1. Optimization of MS/MS Parameters of the Target Compounds

The acquisition method was ESI positive for limonoids and polymethoxyflavones,
and negative for flavanones, flavone, and flavonols (Table 1). The chromatogram of the
optimized compounds is shown in Supplementary Materials.

3.2. Identification and Quantification of Phytochemicals in Leaves

A total of 11 polyphenols were identified and quantified among the four genotypes,
together with two limonoids. The identified phytochemicals were the flavanones didymin,
eriocitrin, naringenin, hesperidin, and narirutin; two polimethoxyflavones, tangeretin and
nobiletin; a flavonol, quercitrin, and the flavone luteolin, as well as the hydroxycinnamic
acids chlorogenic and caffeic acid and the limonoids limonin and nomilin (Figure 1). The
chromatogram of the identified compounds is shown in Supplementary Materials.
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Table 1. Results of optimization parameters for each evaluated compound.
Analyte [M-H]- [M-H]~ — m/z DW DP EP CE CXP Rt (min)
Protocatechuic acid 153 108.8 150 —40 —-10 —22 -15 9.4
90.7 150 —40 —-10 —42 -1
Chlorogenic acid 353.7 190.8 150 —50 —-10 —24 -31 11.1
84.7 150 —50 —10 —68 -9
Caffeic acid 179 133.3 150 —45 —-10 —40.7 —21.1 12.7
88.7 150 —45 —-10 —48 —14.1
Eriocitrin 595.2 286.6 150 —80 —10 —38 -9 14.5
134.6 150 —80 —-10 —90 -19
Narirutin 579.2 150.5 150 —95 —-10 —75 —20.3 15.9
270.8 150 —95 —10 —39.9 -84
Naringin 579.2 270.8 150 —105 —-10 —54 -7 16.3
150.7 150 —122.03 —-10 —75.03 —21
Quercitrin 4471 300.5 150 —90 —10 —36 —-11 16.3
270.8 150 —90 —-10 —66 —41
Hesperidin 609.2 300.8 150 -85 —-10 —46 —49 16.5
285.8 150 -85 —10 —70 —41
163.5 150 -85 —-10 —88 —25
Neohesperidin 609.2 300.7 150 —115 —-10 —56 —9.32 16.9
285.7 150 —115 —10 —72.89 —42.3
150.5 150 —115 —10 —100 —21
Didymin 593.2 284.8 150 —100 —-10 —48 —45 19.8
164 150 —100 —10 -92 -27
Poncirin 593.3 284.8 150 —120 —10 —54 -9 20.0
163.4 150 —120 —-10 -92 -23
Luteolin 285 150.6 150 -85 —10 —41.6 —20.9 20.5
132.9 150 —85 —10 —54 —17
Quercetin 301 150.8 150 —-75 —-10 -36 —21 20.7
178.7 150 —75 —10 —28 -27
120.8 150 —75 -10 —44 —16.3
Kaempferol 2849 929 150 —80 —-10 —51.4 —14.1 23.1
116.88 150 —80 —-10 —67 —18.8
Naringenin 271 150.7 150 —60 -10 —28.87 —23.14 23.2
118.7 150 —60 —-10 —40.9 -16.7
106.6 150 —60 —-10 —37.8 —16.9
Analyte [M-H]* [M-H]* — m/z DW DP EP CE CXP Rt (min)
Bergapten 217.2 202 150 64.1 10 30.9 10.9 25.8
174.3 150 64.1 10 414 6.1
90.1 150 64.1 10 57.9 3.1
Limonin 471.2 4253 150 71 10 28.6 22 26.7
161.1 150 71 10 37.7 12.7
Nobiletin 403.1 373.1 150 61 10 41 14 26.7
388.1 150 61 10 31 16
Nomilin 515.2 469.3 150 449 10 20.18 11.4 27.9
161.1 150 449 10 35.1 11.2
Tangeretin 372.97 343 150 71 10 39 26 284
297.1 150 71 10 47 10
211.1 150 71 10 60.87 7.3

M, molecular weight; m/z, selected ions monitored; DW, dwell time in msec; DP, declustering potential; EP,

entrance potential; CE, collision energy; CXP, collision cell exit potential; and Rt, retention time.
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Figure 1. Structure and classification of polyphenols quantified in commercial varieties of mandarin
leaves. Polymethoxyflavones, tangeretin (a) and nobiletin (b); hydroxycinnamic acids, caffeic acid
(c) and chlorogenic acid (d); flavanones, naringenin (e), didymin (f), narirutin (g), eriocitrin (i), and
hesperidin (k); flavone, luteolin (h); flavonol, quercitrin (j); and limonoids, limonin (m) and nomilin (n).

3.3. Chemotaxonomic Characterization of Bearing Branches

Leaves from bearing branches of the four studied genotypes contained high concen-
trations of hesperidin (2824.43 ug/g *), followed by nobiletin (583.71 ug/g *), tangeretin
(326.60 pug/g *), narirutin (63.22 pg/g *), and eriocitrin (37.23 ug/g *). Meanwhile, the most
abundant limonoid was limonin (0.69 ug/g *). The phytochemical concentration of each
variety is displayed in Table 2. * Average of the four genotypes.

Table 2. Identified phytochemicals in bearing leaf of ‘Ellendale’ (B-END), ‘Willowleaf” (B-WL), ‘Page’
(B-PG), and ‘Satsuma’ (B-SAT) and their concentration expressed in pug/g of dried leaf.

B-SAT B-END B-WL B-PG
Compound
(ugl/g) *
Chlorogenic Acid 3.88° 4+ 0.40 3530 4+ 0.37 6.702 +0.78 5.04° 4+ 1.39
Caffeic Acid 3870 +0.21 43420 4023 5.382 4+ 1.05 5.182 + 0.51
Didymin 1057 + 1.11 20.192 £ 3.27 3.30°¢ + 0.43 21.172 +£3.76
Hesperidin 3008.58 @ + 151.89 2512.39b 4+ 182.61 2624310 4+ 114.09 3152.43 2 + 298.13
Eriocitrin 47932 + 6.42 13.90 € + 1.19 29.850 +2.44 57.242 4+ 8.02
Luteolin 1.452 4+ 0.05 1.212 4+ 0.08 1.812 +0.28 2312 +126
Naringenin 0.38° +0.02 0.572 £ 0.01 0.34° 4+ 0.01 0.632 +£0.15
Narirutin 87.03 2 + 12.68 50.08 + 7.58 17.58 € 4+ 7.58 98.202 + 14.35
Quercitrin 2.29b +0.07 243b+013 2983 + (.55 3.692 +0.61
Nobiletin 258.17 € + 16.48 1121.36 @ + 34.94 74715 4+ 55.16 208.17 ¢+ 13.63
Tangeretin 64.96 ¢ + 6.15 731.28 @ 4+ 30.15 475.84° + 56.24 34.34¢ + 501
Limonin 0.45 ¢ + 0.04 0.882 + 0.08 0.72b +0.12 0.76 2> 4+ 0.08
Nomilin 042 +0.03 0.622 + 0.08 0573 +0.13 0.523b + 0.04

* In each row, means (5 replicates) & SD followed by the same letter do not differ significantly using significance
t-test with Bonferroni correction, p < 0.05.



Agronomy 2022, 12,121

7 of 14

A PCA was performed to check the grouping of the samples and detect similarities
and differences between the four varieties. Figure 2a shows the 2D plot of the PCA, where
PC1 and PC2 explain 97.7% of the total data variance. It shows a good classification of
all genotypes, with ‘Page” and ‘Satsuma’ being the ones that have the most similarities
between each other.

Scores Plot
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B-PG VY
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Figure 2. (a) PCA plot of the four varieties of mandarin leaf at a bearing stage ‘Ellendale” (B-END),
‘Willowleaf” (B-WL), ‘Page’ (B-PG), and ‘Satsuma’ (B-SAT); (b) VIP scores of the PLS-DA performed
over the four varieties of bearing mandarin leaves.
After performing a PLS-DA, the top three scores of the Variables Importance in the
Projection (VIP) are nobiletin for the differentiation of END-PG, tangeretin for END-PG,
and didymin for PG-WL (Figure 2b).
3.4. Chemotaxonomic Characterization of Non-Bearing Branches
The same polyphenols and limonoids found in bearing branches were found in the
non-bearing branches’ leaves but with different concentrations (Table 3). Narirutin was the
principal flavonoid with the highest concentration for non-bearing ‘Page’ and ‘Willowleaf’
(42198.36 ng/g in NB-PG and 10049.66 ng/g in NB-WL, respectively). Hesperidin is the
most abundant flavonoid for the non-bearing ‘Satsuma’ and “Ellendale’ (2591.54 pug/g in
NB-SAT and 2433.21 pg/g in NB-END, respectively), as shown also in bearing branches.
Table 3. Identified phytochemicals in non-bearing leaves of ‘Ellendale’ (NB-END), ‘Willowleaf’ (NB-WL),
‘Page’ (NB-PG), and ‘Satsuma’ (NB-SAT) and their concentration expressed in pug/g of dried leaf.
NB-SAT NB-END NB-WL NB-PG
Compound
(ug/g) *
Chlorogenic Acid 126.022 + 6.40 11.31° + 0.62 675" +1.41 635 £ 1.50
Caffeic Acid 2322 +£0.12 2.00° +0.09 0.12 € £+ 0.04 0.04 € £ 0.02
Didymin 6.44 ¢ +0.47 17402 £ 297 5.03 ¢ £ 256 14.072> +8.77
Hesperidin 2591.54 " + 55.63 2433.21° +179.79 4224.72 @ £+ 450.98 4270.21 @ + 400.09
Eriocitrin 132.39 2 £15.01 17.099 £ 1.82 39.62 ¢ £5.34 69.98° +17.91
Luteolin 3.16 € £ 0.60 213°£0.15 2659.07 @ 4 267.40 2023.38 + 121.10
Naringenin 0.32° £ 0.02 0.68° £0.12 509.61 @ = 100.14 574.03 @ +101.15
Narirutin 97.45° £+ 8.08 62.85° £ 5.04 10049.66 P + 1005.64 42198.36 @ £ 3700.22
Quercitrin 2.80° £ 021 2.44° +£0.16 350.39 @ + 122.31 362.45 2 + 50.83
Nobiletin 290.48 € +24.07 1257.23* £ 87.18 1028.88  + 151.80 228.71° £12.86
Tangeretin 99.89 € £+ 10.05 517.972 +78.41 347.23° 4+ 82.59 33.27 ¢ £5.98
Limonin 3402 +0.44 0.77 € £ 0.05 1.30° +0.09 1.28% +0.03
Nomilin 0.6 £ 0.01 054° +0.05 0.197 +0.14 0.66 % +0.03

* In each row, means (5 replicates) & SD followed by the same letter do not differ significantly using significance
t-test with Bonferroni correction, p < 0.05.
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Non-bearing branches of ‘Page” were characterized by the highest luteolin, narirutin,
and quercitrin levels, a situation which was also observed in ‘Willowleaf’. In ‘Satsuma’,
eriocitrin and chlorogenic acid were characteristic of this genotype, whereas in ‘Ellendale’,
the polymethoxyflavones tangeretin and nobiletin were the metabolites that characterize
the leaves of non-bearing branches.

In the PCA plot, it can be seen that the four genotypes are well classified from each
other. PC1 and PC2 accounted for the 97.3% of the observed variance (Figure 3a). “Wil-
lowleaf” and ‘Page’ showed more dispersion compared to the other two varieties due to
the variability in the levels of some flavonoids.

a b
Scores Plot
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§ ] NB-WL Luteolin o HOOM
o Hesperidin ° EECD
Naringenin ° Ommo
i o -
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Figure 3. (a) PCA plot of the four varieties of mandarin leaf in their non-bearing stage: ‘Ellendale’
(NB-END), ‘Willowleaf’ (NB-WL), ‘Page” (NB-PG), and ‘Satsuma’ (NB-SAT); (b) PLS-DA VIP scores.

The concentration of both polymethoxyflavones were different, being highest to lowest:
NB-END, NB-WL, NB-SAT, and NB-PG. The flavanone hesperidin was highest for the duad
WL-PG; the same behavior was observed for flavanones naringin and naringenin, flavonols,
and flavones. Didymin had high concentration values in NB-END and NB-PG, but not in
NB-WL and NB-SAT. Hydroxycinnamic acids are present in the highest concentration in
NB-SAT variety (Figure 3a, Tables 2 and 3).

The most important compounds according to VIP scores include luteolin, hesperidin,
and naringenin. (Figure 3b). ‘Willowleaf” has the highest concentration of luteolin, and
‘Page’ of hesperidin and naringenin.

3.5. Metobolites” Profile Comparison between Leaves from Bearing and Non-Bearing Branches

The chemotaxonomic characterization of the four genotypes in both bearing stages
(“on” and “off”) allowed the identification of characteristic compounds that could differ-
entiate between bearing stages. In order to determine if there is a significant difference
between the means of these two groups, a Wilcoxon/Mann-Whitney test for each com-
pound between bearing and non-bearing leaves was performed for each genotype. Figure 4
shows that nobiletin is not useful in differentiating between bearing and non-bearing stages,
for any genotype. Hesperidin, luteolin, naringenin, narirutin, and quercitrin are the com-
pounds that could differentiate between stages; however, it depends on the genotype
considered. For example, narirutin is useful for differentiating all the genotypes except for
‘Satsuma’. Using this test, a set of compounds could not be selected to classify both stages
for all the varieties, due to their high variability. Instead, a pairwise study of the “on”—"oft”
physiological situations of each cultivar showed significant differences between them.
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These facts could be ascribed to the different genetic origins of each genotype. Interestingly,
there were significant differences in eriocitrin levels between both physiological stages for
three of the genotypes excepting ‘Satsuma’.

END PG SAT WL

MNobiletin

Tangeretin

MNomilin

Chlorogenic acid

Caffeic acid !!

Didymin

Hesperidin !!

Eriocitrin

Luteolin

Naringenin
Marirutin --

Quercitrin

Figure 4. Visual representation of Wilcoxon test for determination of significant differences between

bearing and non-bearing stages, for each compound and each variety. References: ‘Ellendale’ (END),
‘Page’ (PG), ‘Satsuma’ (SAT), ‘Willowleaf” (WL), bearing stage (B), non-bearing stage (NB), means

does not differ significantly using Wilcoxon test, p < 0.05, and . means differs significantly using
Wilcoxon test, p < 0.05.

In order to identify the compounds responsible for the differentiation of stages in
all the genotypes, other statistical approaches were performed and, thus, a Heatmap
based on a Student’s t-test was developed and shown in Figure 5a. Narirutin, hesperidin,
luteolin, naringenin, and quercitrin could be used to differentiate both stages in ‘Page’
and ‘Willowleaf’, as the non-bearing samples have the highest concentration of these
compounds. Interestingly, caffeic acid is a common marker for the bearing branches of the
other varieties. In Figure 5b, the VIP scores of the PLS-DA performed are shown. This
analysis allowed the identification of the compounds responsible for the classification of
the “on” an “off” bearing stages. Narirutin and luteolin are the variables with the highest
VIP scores, and could be identified as candidate markers of alternate bearing.

‘Willowleaf” and ‘Page’ showed clear differences in the concentration level of some
metabolites between “on” and “oft” phases, that could easily distinguish both bearing
stages. Quercitrin presented two orders of magnitude higher concentration in “off” than
in “on” phase. The ratio hesperidin/narirutin could be indicative of the bearing stage of
‘Willowleaf” and ‘Page’, when it is <1 the tree is in the non-bearing phase, whereas when
the quotient is >10, the tree is at the bearing stage.
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Figure 5. (a) Heatmap of bearing and non-bearing leaf samples of the four varieties of mandarin:
“Ellendale’ (END), “Willowleaf’ (WL), ‘Page’ (PG), and ‘Satsuma’ (SAT); (b) VIP scores of the PLS-DA
performed to identify the metabolites that differentiate between both bearing stages.

Some differences in the metabolites’ profile detected between “on” and “off” mandarin
branches are due to the position of the biosynthetic pathways of the prevailing metabolites
found in them. For instance, nomilin is the biosynthetic precursor of Limonin [37,38].
Limonoids have not been studied as markers of alternate bearing in mandarin trees. In the
case of the limonoid biosynthetic pathway the sequence Nomilin-Limonin reaches higher
concentration levels during the non-bearing phase, indicating the possibility that the tree is
preparing to protect itself against pest and insects before the flowering stage. Naringenin,
which is the first polycyclic flavonoid skeleton, is found in trace amounts in leaves arising
from non-bearing branches of cvs. ‘Satsuma’ and ‘Ellendale’, but in significant levels in
‘Page” and “Willowleaf’ cultivars. In bearing branches naringenin was found in very low
quantities in all four varieties. In the former case, the biosynthetic pathway to flavanones
is favored by 7-O-glycosylation with hesperoside, a disaccharide [1—6]glucose-rhamnose
producing narirutin, which is the prevailing flavanone in non-bearing leaves of ‘Page’ and
“Willowleaf” [39,40].

From naringenin, hesperidin and narirutin are formed. Narirutin seems to be a marker
of non-bearing trees, as it showed significant differences between bearing and non-bearing
samples, particularly in ‘Page” and ‘Willowleaf’. The biosynthesis of both hesperosides
(Figure 6) goes through the 7-O-glycosidation of naringenin, which is then specifically
glycosidated in the position 6-O of the sugar moiety by a rhamonsyl residue. In the
non-bearing phase, when the tree is recovering after the energy sink caused by fruiting,
the glycosidation reaction yielded higher levels of the naringenin glycosides. When the
fruit is developing, the metabolism is fully expressed and active, and all the naringenin is
driven through the oxydation-methylation pathway to hesperidin, the most ubiquitous
citrus flavonoid.
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Naringenin

Eridictyol Hesperetin
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Narnmtin

Prunin

Figure 6. Biosynthetic pathway from naringenin to hesperidin through eriodictyol and hesperitin.
The aglycone is then glycosidated with glucose and rhamnose. In a similar sequence, intact naringenin
is glycosidated two times; first, to form prunin, which is later glycosidated by the 6-O-rhamnosyl
transferase to form narirutin.

Interestingly Mou et al. [41], in an attempt to decipher the flavonoid biosynthetic
pathway in C. reticulata, did not describe the pathway leading to narirutin, but they
described the naringenin-naringin route. The mandarin species studied produce the
tasteless narirutin instead of the bitter naringin. The difference between both compounds
is the union between the rhamnose and the glucose moiety, in narirutin the link is (1—6)
(rutinoside), whereas in naringin the link is (1—2) (neohesperoside).

Another route downstream of the flavonoid biosynthesis in mandarin trees leads to
the polymethoxyflavones (PMF), suggested as markers of bearing stages [42,43]. Luteolin,
an acknowledged precursor of PMF is also distinctive polyphenol of the non-bearing phase.

The general trend discussed above, allowed the assessment of qualitative and quanti-
tative differences between the four genotypes, depending on the physiological status of the
branch. Flavonoid biosynthesis in citrus is regulated by a combination of environmental,
genetic, and hormonal factors. As the former is the same for all the individuals in this study,
the two latter variables are the ones responsible for the observed differences. It has been
accepted that in “off” branches, buds are directed to morph to leaves instead of flowers,
enhancing primary and secondary metabolism, which confirms the general trend identified
by Shalom et al. [2], that flavonoid biosynthesis is enhanced during the “off” phase in
‘Murcott’ mandarins. They found that the expression of all the enzymes of the flavonoid
pathway were significatively higher in “off” branches, as well as the expression of mRNA
from FT, AP1, and LFY related genes, which was correlated with the up-regulation effect of
these genes in the “off” phase. The obtained results of our study in four different mandarin
cultivars are in accordance with the expression of the genes described by Shalom [2]. More-
over, high levels of abscisic acid, which is high in buds, leaves, and fruits during autumn
in ‘Murcott’ (“on” phase) and other alternating citrus varieties, have been shown to up
regulate the flavonoid biosynthesis in another non-climateric fruits, such as blueberries
and tomatoes [44,45].



Agronomy 2022, 12,121

12 of 14

Furthermore, Narirutin is identified as a possible marker of the “on/off” phase as it
presents statistically different levels in all varieties during both stages. The only exception is
‘Satsuma’, a variety that does not present the typical alternate bearing behavior as exhibited
by the rest of the studied varieties.

4. Conclusions

A specific analytical protocol using LC-MS-(QqQ)-MS, applying different acquisition
modes, permitted the unambiguous determination of 13 secondary metabolites in leaves
of mandarin trees. A chemosystematic study of the profile of these metabolites in leaves
from non-bearing (“off”) and bearing (“on”) mandarin branches belonging to four different
genotypes was performed. The different genotypes could be chemotaxonomically distin-
guished from each other at both developmental stages using multivariate data analysis
and the representative metabolites were identified.

This study allowed the differentiation between leaves from non-bearing and bearing
branches. Leaves from both physiological stages accumulated limonin, but nomilin showed
an increased leaf concentration in non-bearing branches compared to bearing ones. “On”
and “off” “Willowleaf” and ‘Page’ mandarin trees can be distinguished due to the high
narirutin content in leaves of non-bearing branches, and an easy relationship has been
proposed to define each phase. One of the most important observations found is the
increase of Narirutin content in non-bearing leaves for genotypes that show a typical
alternate bearing behavior which could lead to the use of this compound as a biomarker of
the stage of the branch. The presence of flavonoids as markers of the different physiological
stages of mandarin trees also hints to possible new ways of crop management. Future
studies should be performed following the developed methodology to control the levels of
these compounds, specially Narirutin, during the ontogeny of mandarin branches along
the plant growth.

The results reported in the present research can contribute towards a useful technology
for growers and scientists to determine the physiological stage of a tree depicting the
transition from “off” to “on” phase in Citrus.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy12010121/s1, Table S1: Target compounds selected for the analysis, Figure S1:
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positive 46 (Bottom) mode, and Figure S2: Chromatograms of ‘Willowleaf’ genotype at non-bearing
(“off”) stage (A) and at a bearing (“on”) stage (B) in negative acquisition mode.
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