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Low temperatures during winter are one of the main constraints for citrus crop. Polyploid
rootstocks can be used for improving tolerance to abiotic stresses, such as cold stress.
Because the produced fruit are seedless, using triploid scions is one of the most
promising approaches to satisfy consumer expectations. In this study, we evaluated
how the triploidy of new citrus varieties influences their sensitivity to natural chilling
temperatures. We compared their behavior to that of diploid citrus, their parents (Fortune
mandarin and Ellendale tangor), and one diploid clementine tree, as reference, focusing
on photosynthesis parameters, oxidative metabolism, and volatile organic compounds
(VOCQ) in leaves. Triploid varieties appeared to be more tolerant than diploid ones
to natural low temperatures, as evidenced by better photosynthetic properties (Pret,
9s, Rv/Fm, ETR/Pnet ratio), without relying on a better antioxidant system. The VOC
levels were not influenced by chilling temperatures; however, they were affected by the
ploidy level and atypical chemotypes were found in triploid varieties, with the highest
proportions of E-B-ocimene and linalool. Such compounds may contribute to better
stress adaptation.

Keywords: polyploidy, photosynthesis, chlorophyll fluorescence, oxidative metabolism, volatile organic
compounds, cold stress

INTRODUCTION

Citrus is one of the main fruit crops in the world and it has nutritional, economic, and medicinal
importance. The Mediterranean region is the largest exporter of fresh market citrus fruits (FAO,
2017). This market is highly competitive, with a large volume of clementines and oranges produced
in Spain, Morocco, or Italy, with a marked seasonality. In order to develop market opportunities,
citrus breeding programs have focused mainly on innovative small citrus which produce seedless
fruit with a different maturity period and interesting pomological, agronomical, and organoleptic
traits. Alongside these new consumer preferences, climate changes have triggered the development
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of new varieties and highlighted the need to assess plant
adaptation to abiotic constraints. Abiotic stresses, like drought
or extremes temperatures, adversely affect the quality of citrus
production, yield, and growth. In this context, the selection
of new citrus varieties, with traits that improve adaptation to
abiotic stresses, can contribute significantly to the development
of the citrus fresh fruit market. Among Mediterranean countries,
France stands out for its clementine production, with 97%
produced in Corsica (30,000 tons per year). The Corsican
production is characterized by endemic products with a great
organoleptic quality thanks to the island producers and climate,
resulting in it being given protected geographical indication
(PGI). The Corsican clementine is mainly produced from
October to January while Corsican pomelo production begins
from April to June. Thus, it would be beneficial to boost the citrus
fresh fruit market by extending the production period with small
innovative seedless citrus from January to April.

Triploidy could play an important role in the coming decades
by improving fruit traits, biomass, and abiotic stress tolerance
resulting in commercial benefits (Esen and Soost, 1971; Aleza
et al., 2010; Costa et al., 2019). Most citrus species are diploid,
with a basic chromosome number x = 9 (2x = 18) (Krug,
1943). However, spontaneous autotetraploid have been found
among citrus cultivars, while a single triploid formation has
occurred in ‘Tahiti’ lime (Lee, 1988). Triploidy in citrus can
occur by sexual hybridization between diploid parents (Esen and
Soost, 1971) or between diploid and tetraploid parents (Esen
et al., 1978). Triploid hybrids arising from diploid x diploid
hybridizations are produced through the formation of unreduced
gametes, usually by the female parent, with a relatively low
frequency which varies among different genotypes. For example,
Navarro et al. (2015) showed that the ‘Fortune mandarin -
when used as a female parent - produced a greater frequency
of triploid hybrids per fruit than clementines. In citrus cultivars,
triploid hybrids have been successfully used to produce seedless
fruits (Aleza et al., 2012; Rouiss et al., 2018). Despite their
desirable characteristics, such as larger fruit and higher yield
(Hoshino et al., 2011), triploid plants are unusual because of
their inviable seeds. Triploid citrus are heterozygous and each
hybrid is unique in specific allelic combination. Thus, phenotypic
traits of triploid hybrids compared to diploid hybrids may be
conferred by the expression of specific alleles from parents or
by ploidy. This can lead to high gene dosage, gene expression
pattern ranging from additive expression from each allele to
expression dominance by a single allele, to biases toward a
specific parental genome (Madlung, 2013). Polyploidy in citrus
is associated with an increase in stomata size and decrease in
density (Allario et al., 2011). Although maximal gas exchange had
been related to low stomatal size and high density (Franks and
Beerling, 2009), some authors concluded that polyploidy per se
may not necessarily have a reduced gas exchange capacity and
can also increase adaptive response to stressful environmental
conditions (Ramsey, 2011; Madlung, 2013). Moreover, it has been
suggested that hybridization results in great genomic changes that
contribute to better and faster adaptation to a novel environment
(Wang et al., 2006; Chen, 2007). To our knowledge, no study has
been conducted on triploid tolerance to adverse environmental

conditions. Yet, the use of tetraploidy, and more generally
polyploidy, appears to be a relevant alternative pathway for
developing plants that are more tolerant to biotic and abiotic
stresses, without impacting fruit yield and quality (Aleza et al,,
2012). Several studies revealed that citrus tetraploid seedlings, or
used when grafted, were more tolerant to abiotic stresses (salt
stress, water deficiency, nutrient disruption, and chilling stress)
than diploid ones (Saleh et al., 2008; Allario et al., 2013; Ruiz et al.,
2016; Vieira et al., 2016; Oustric et al., 2019).

Among abiotic stresses, chilling stress is a critical factor
for citrus fruit production. Chilling stress decreases the CO,
assimilation and the stomatal conductance leading to disruption
of photosynthesis and electron transport through the thylakoid
membrane, resulting in cellular damage (Allen and Ort, 2001;
Hussain et al,, 2018). Indeed, the decline in photosynthesis
leads to excess energy in photosystem II and I (PSII and
PSI) and, consequently, to photoinhibition (Baker, 2008). The
excess energy, which is not safely dissipated, can induce the
overproduction of reactive oxygen species (ROS), like superoxide
anion, hydroxyl radical, or hydrogen peroxide, leading to severe
oxidative damage (Gill and Tuteja, 2010). Chilling stress causes
a disruption in cell membrane structure that can lead to
cellular electrolyte leakage (Oustric et al, 2017; Wang et al,
2017). Plants have developed a complex defense system that
includes enzymes and antioxidant molecules to avoid or reduce
chilling injuries. The key role of these antioxidant mechanisms
that provide plants with their cold tolerance has been largely
described (Santini et al., 2013; Oustric et al., 2017; Agurla
et al., 2018; Hussain et al., 2018). Abiotic stresses also modify
the biosynthesis and emission of volatile organic compounds
(VOCs) (Loreto and Schnitzler, 2010; Pefuelas and Staudt, 2010;
Vieira et al., 2016). VOCs include a wide variety of chemical
compounds, with terpenes being the largest and most diverse
family (Tholl, 2015). Metabolic pathways and emissions of
VOCs were assumed to be temperature-dependent (Copolovici
et al., 2012) but their emission significantly increases in stressed
plants (Guenther et al, 2006). Some studies revealed that
VOCs (sabinene, E-f-ocimene, linalool) are involved in biotic
and abiotic stress responses including huanglongbing-associated
bacterium, Candidatus liberibacter asiaticus (Hijaz et al., 2016),
drought stress (Vieira et al., 2016), winter flooding, and salinity
(Velikova et al., 2012). Some authors argued that terpenes may
act as signal molecules and antioxidants (Pefiuelas and Staudt,
2010; Possell and Loreto, 2013). Vickers et al. (2009) reported that
terpenes can also act indirectly as membrane stabilizers reducing
lipid peroxidation and, thus, the cell’s oxidative state. However,
to our knowledge, no study has examined the impact of ploidy
combined with temperature variations on the VOC profile.

VOCs have been widely studied in several citrus species during
the chemical make-up of leaf essential oils (EO) (Lota et al., 2001;
Fanciullino et al., 2006; Espina et al., 2011; Santos et al., 2015).
Considering all the aspects mentioned previously, triploidy could
be a promising way to both improve abiotic stress tolerance
and produce seedless fruits. To take into account consumer
expectations, hybridization between the Fortune mandarin and
the Ellendale tangor was performed several years ago and the
generated hybrids were grown in an experimental orchard on
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the island of Corsica. The Fortune mandarin parent was selected
for its pomological traits and, used as a female, it results in a
high proportion of triploid hybrids, while the Ellendale tangor
parent was chosen for its organoleptic quality and its later fruit
production (April).

The first aim of our study was to assess triploid varieties
for the tolerance of their photosynthetic activities to chilling
stress, in comparison with diploid ones obtained from the
same cross. Then, we analyzed the biochemical responses of
the different lines under chilling conditions in order to identify
markers related to this tolerance in 3x varieties. We compared
triploid and diploid hybrid citrus behavior with both parents
and the diploid clementine tree. To evaluate the response of
the selected varieties between a cold period and a warm one,
we analyzed some properties related to their photosynthesis
activity [net photosynthesis (Ppe), stomatal conductance (gs),
electron transpiration rate (ETR), maximal quantum efficiency of
PSII within dark-adapted leaves (Fy/Fp,), and effective quantum
efficiency of PSII within light-adapted leaves (®psyy)], their
oxidative metabolism (hydrogen peroxide, malondialdehyde and
antioxidant enzymes and compounds) and their changes in
leaf VOC levels.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The experiment was carried out on 16-year-old diploid (2x)
and triploid (3x) hybrid citrus trees. Scion hybrids were the
result of hybridization between the Fortune mandarin (Citrus
reticulata Blanco) and the Ellendale tangor [Citrus reticulata
Blanco x Citrus sinensis (L) Osb.]. Diploid and triploid scions
were grafted onto C-35 Citrange rootstocks (Citrus sinensis ‘Ruby
Blood’ x Poncirus trifoliata). C-35 was chosen for its tolerance to
biotic (Tristeza, phytophtora) and abiotic (cold, drought) stress.
C-35 seedlings used for the experiment were strictly chosen
in the nursery to eliminate off-types. All trees were grown
in an experimental orchard with the same South orientation
and a similar height above ground. The orchard is located in
San Giuliano (INRA-CIRAD), Corsica, France (42°17'05" N,
9°31'26" E) and is composed of 40 triploid hybrids and 40 diploid
hybrids. In order to select genotypes with contrasting behavior
within this population, these 80 genotypes were screened first
using malondialdehyde (MDA) as a marker of stress tolerance in
leaves sampled in September 2017 (see Supplementary Figure
S1) in which the minimal and maximal mean temperatures of
the month were 17.6°C and 26.6°C, respectively. Based on this

screen, 2x and 3x hybrids with the highest MDA values (D1-2x,
T1-3x, and T3-3x) and others with the lowest values (D39-2x,
T38-3x, and T40-3x) were selected for further experiments. In
addition, both parents (Fortune mandarin and Ellendale tangor)
and a common clementine (Citrus clementina Hort. Ex Tan;
SRA 92) were included in the experimental plot. Using the nine
selected genotypes, physiological measurements and samplings
were carried out in February 2018 (cold period) and in September
2018 (warm period) to decipher the impact of cold on trait
tolerance. To that aim, we focused on the coldest and the hottest
sunny days during these two periods. Meteorological data were
collected throughout the sampling period (Table 1).

Gas Exchange and Chlorophyll

Fluorescence Measurements

The main photosynthetic traits were measured on the same
leaves. Twelve fully expanded mature leaves per tree were
used (12 independent biological replicates). Fully expanded
leaves were selected on 1-year old branches subjected to the
same light exposure (South). Each parameter was measured
between 9 am and 11 am.

Net photosynthesis rate (Ppet) and stomatal conductance (g;)
were measured using an LC-PRO-SD portable infra-red gas
analyzer (ADC, BioScientific Ltd., Hoddeston, United Kingdom).
During the experiment, photosynthetically active radiation (PAR)
was applied at the leaf surface and fixed at 1400 wmol.m~2.s~!
(Santini et al.,, 2013; Oustric et al., 2017; Ruiz et al., 2018).
Leaf temperature was set at 25°C and ambient carbon dioxide
concentration (CO,) was used (390 pumol. mol™1).

The maximum quantum efficiency of PSII (F,/Fp), the
effective quantum yield of PSII (®pgyr), and the electron
transport rate (ETR) were monitored using an OS1p chlorophyll
fluorimeter (Opti-Sciences, Inc. Hudson, United States). F,/Fp,
was monitored on dark-adapted leaves using clips through the
thylakoid membrane for 30 min (Oustric et al., 2017). For
the fluorescence measurements in the light, the fluorimeter
was equipped with an open leaf-clip suitable for measurements
on light-adapted leaves. ®pgy; was evaluated as described by
Genty et al. (1989) and ETR (also known as J) was expressed
according to Krall and Edwards (1992).

Biochemical Assays

Four samples were collected for each genotype and for each
period (four independent biological replicates). Each biochemical
sample was obtained by pooling 15 fully expanded leaves
selected from one individual tree for each variety and for each

TABLE 1 | Meteorological data of cold and warm periods at the experimental plot.

Sampling period Sampling day

Sampling month

Maximal
temperature (°C)

Minimum
temperature (°C)

Mean
Temperature (°C)

Mean
temperature (°C)

Maximal
temperature (°C)

Minimum
temperature (°C)

Cold period 0.1 7.0 2.3
25.0

Warm period 21.6 30.5

5.7 12.8 7.3
19.8 28.5 24.2
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period. Harvested samples were immediately immersed in liquid
nitrogen, ground to a fine powder, and then stored at —80°C.

Malondialdehyde content was assayed according to Hodges
etal. (1999) and adapted to citrus samples as described by Santini
etal. (2013). Eighty milligrams of leaf powder were homogenized
in 2 mL of 80% ethanol (v/v). Homogenates were centrifuged at
3000 x g at 4°C for 10 min. Absorbance was determined at 440,
535, and 600 nm against a blank.

Measurements of hydrogen peroxide content were carried
out using a PeroxiDetect Kit (Sigma Aldrich, St. Louis, MO,
United States) according to Jiang et al. (1991). The reaction is
based on the oxidization of Fe?* to Fe3™ ions by hydrogen
peroxide in aqueous solutions with an acidic pH. Leaf powder
(150 mg) was homogenized in 300 L of distilled water and
centrifuged at 21,000 x g for 15 min at 4°C. Twenty nL of
homogenates were added to each well of a 96-well microplate.
A working color reagent was prepared by mixing 1 volume
of 25 mM ammonium sulfate in 2.5 M sulfuric acid with
100 volumes of 125 pM xylenol orange (Sigma-Aldrich) in
100 mM sorbitol. A sample of 200 pnL of the working color
reagent was added to each well, and then the microplate was
incubated for 1 h at room temperature. Absorbance was read at
560 nm with a microplate reader (MULTISKAN FC™, Thermo
Scientific, Waltham, MA, United States). The hydrogen peroxide
concentration was determined from a standard curve.

Ascorbic acid content was determined as described by Stevens
et al. (2008). Leaf powder (150 mg) was homogenized in 600 pL
of 6% ice-cold trichloroacetic acid (w/v). Homogenates were
centrifuged at 13,000 x g at 4°C for 15 min. Absorbance
was read at 550 nm with a microplate reader (MULTISKAN
FC™ Thermo Scientific, Waltham, MA, United States). Total
and reduced ascorbic acid content were determined using
a standard curve.

Proline content was assayed according to Carillo and Gibon
(2011). Forty milligrams of leaf powder were homogenized in
70% ethanol (v/v). Homogenates were centrifuged at 15,000 x g
at 4°C for 15 min. The absorbance was read at 520 nm with
a microplate reader (MULTISKAN FC™, Thermo Scientific,
Waltham, MA, United States). Proline content was determined
using a standard curve.

For antioxidant enzymatic activities, leaf powder (54 mg) was
homogenized in 2 mL of extraction buffer (0.1 M potassium
phosphate, pH 7.5) and the homogenates were centrifuged
at 13,000 x g for 30 min at 4°C. The supernatant was
collected and was used for all enzymatic assays and for protein
determination (Bradford, 1976). Superoxide dismutase, catalase,
ascorbate peroxidase, and dehydroascorbate reductase assays
were performed as described by Santini et al. (2013). Time-course
measurements were monitored using a V-630 spectrophotometer
(Jasco Inc., Tokyo, Japan).

Leaf Essential Oils Extraction and

Terpenes Analysis

One hundred grams of fully expanded leaves per genotype
(three independent biological replicates) with the same
southern exposure were harvested on each sampling day and

then quickly hydrodistilled. EOs were extracted from fresh
leaves by hydrodistillation and then were analyzed using gas
chromatography with flame ionization detector (GC-FID) and
gas chromatography/mass spectrometry (GC/MS).

Gas chromatography analysis was performed on a
PerkinElmer Clarus 500 gas chromatograph (FID) equipped with
two fused silica gel capillary columns (50 m x 0.22 mm, film
thickness 0.25 pm), BP-1 (polydimethylsiloxane), and BP-20
(polyethylene glycol). The oven temperature was programmed
to increase from 60 to 220°C at 2°C/min and then held at 220°C
for 20 min. Injector temperature and detector temperature
were set at 250°C with split of 1/60. Hydrogen (0.8 mL/min)
was used as carrier gas. The relative proportions of the oil
constituents were expressed as percentages obtained by peak
area normalization, without using correcting factors. Retention
indices (RIs) were determined relative to the retention times of a
series of n-alkanes with linear interpolation (“Target Compounds’
software from PerkinElmer).

For mass spectrometry, the EOs were analyzed with a
PerkinElmer TurboMass detector (quadrupole), directly coupled
to a PerkinElmer Autosystem XL, equipped with a fused silica
gel capillary column (50 m x 0.22 mm id., film thickness
0.25 pm), BP-1 (dimethylpolysiloxane). The oven temperature
was programmed to increase from 60 to 220°C at 2°C/min
and then held at 220°C for 20 min. Injector temperature and
detector temperature were set at 250°C with split of 1/60. Helium
(0.8 mL/min) was used as carrier gas. The ion source temperature
of the mass spectrometer was set at 250°C with an ionization
energy of 70 eV. Electron jonization mass spectra were acquired
over the mass range 40-400 Da.

Statistical Analysis

Data were expressed as mean values = SE and analyzed with
R statistical software'. Two-way ANOVAs and multiple mean
comparisons were carried out with the least significant difference
(LSD) test at P < 0.05. Data were normalized and used in
principal component analysis (PCA) and hierarchical clustering
classification using FactomineR package (Le et al., 2008). PCA
was conducted to define a relationship between physiological,
biochemical, and chemical parameters and genotypes during
the cold and warm period. PCA and hierarchical clustering
classification helps us to better understand the similarity between
variables and individuals. For chemical data, cluster analysis
was conducted using Ward’s method in normalized data to
obtain a hierarchical distribution of varieties and optimal
number of clusters.

RESULTS

Warm Period vs. Cold Period

Principal component analysis was performed with the parameters
collected during cold and warm periods for the nine selected
varieties to highlight the potential differences between both
periods (Figure 1). The first two components explained 49.83%

'http://www.R-project.org
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FIGURE 1 | Biplot obtained from PCA performed on leaves of nine citrus varieties during cold and warm period. (A) Repartition of varieties on the two first axes and
(B) contribution of investigated parameters to the two first axes of PCA. (PSIl: ®pgj).

of the total variance of the population. Component 1 was
positively correlated with oxidative metabolism parameters
(Asa/DHA, DHAR, APX, MDA, and H;0;) and negatively
correlated with photosynthesis parameters (Fy/Fp, g and
Phet) and proline content. Component 2 was positively
correlated with ®pg;, ETR, SOD, sabinene, and terpinen-4-
ol, and negatively correlated with linalool and E-B-ocimene.
Interestingly, the oxidative markers (H,O, and MDA) were

negatively correlated with proline content. PCA clearly splits
varieties into two distinct groups according to the cold
and warm period.

Changes in Photosynthetic Parameters
During the warm period, all varieties had very high net
photosynthesis  rates (Pner) and stomatal conductance

(gs) (Figure 2).
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FIGURE 2 | Comparison of (A) net photosynthetic rate (Pnet), (B) stomatal conductance (gs) between nine Citrus varieties during warm period (black point) and cold
period (white point). All data are mean values (£SE) of 12 independent biological replicates for each genotype (n = 12). Data were analyzed using ANOVA and Fisher
LSD tests (P < 0.05). Different lowercase letters indicate significant differences between the varieties and the sampling periods.

During the cold period, all varieties had lower values of Ppet,
gs» and Fy/Fr,, although the triploid varieties were less affected
by chilling conditions than the diploid ones (Figures 2, 3A). T2-
3x had high rates of Py and g; during the cold period while the
lowest values were found in the diploid varieties (D2-2x, D39-
2x and parents), except for clementine. The highest values of
F,/Fy, (Figure 3A) were also found in T2-3x while the diploid
hybrids had the lowest values. No significant difference was found
between clementine, both parents, and some triploid varieties
(T1-3x and T38-3x).

During the cold period, the highest values of ®pgyy were found
in T1-3x and some diploid varieties (D1-2x, D39-2x) (Figure 3B).
ETR was lower in some triploid varieties (T2-3x, T38-3x, and
T40-3x) during the cold period (Figure 3C). The highest value
was found in Ellendale tangor, no matter the period. During the
cold period, clementine had the lowest value for ®pg; and ETR.

As a whole during the cold period, triploid varieties,
except T38-3x, and clementine had the lowest ETR/Ppe; values
(~4) (Figure 3D).

Differences in Oxidative Metabolism

H;0; and MDA contents were higher during the cold period
in all varieties (Figure 4). Significant differences were found
between diploid and triploid varieties, but there were also
contrasting values in triploid varieties. T38-3x had the lowest
values for both parameters during the cold period.

During the cold period, total ascorbate (tAsa) was increased
in all varieties except for DI1-2x (Figure 5A). The content
was high in Fortune mandarin, clementine, and T38-3x while
no significant difference was found between the other diploid
and triploid varieties. Increased values of Asa/DHA ratio were
observed during the cold period (Figure 5B).

Low temperatures induced a significant decrease in proline
content except for Ellendale tangor, in which no significant
variation was observed between both periods (Figure 5C).

Overall, low temperatures increased the activity of antioxidant
enzymes in all genotypes (Figure 6). No clear difference was
found between triploid and other genotypes, whereas significant
differences were found between some lines. The components of
antioxidant systems were highly variable between the different
varieties. Diploid and triploid lines could not be distinguished on
these parameters.

PCA in Leaves of Citrus Varieties Under

Chilling Temperatures

To understand the differences between diploid and triploid
lines during the cold period, PCA was performed with all
parameters analyzed under this stressful condition (Figure 7).
The first two principal components described 54.93% of the
total variance in the population. Genotypes had clear differences
in response to natural low temperatures. Antioxidant enzymes
(SOD) and chlorophyll fluorescence parameters (ETR and
®pgr1) were the main parameters included in component 1.
This component was also positively correlated with antioxidant
molecules (Asa/DHA ratio and proline) and negatively correlated
with Pper and tAsa content. Component 2 was positively
correlated with oxidative markers (MDA and H,0,) while
it was negatively correlated with APX and g; (Figure 7B).
Four clusters were clearly identified (Figure 7A). Component
1 separated cluster 1 (Fortune mandarin, T1-3X, T2-3X, T38-
3x, and T40-3x) from cluster 2 (Ellendale tangor and D39-2x)
and 3 (D1-2x), while component 2 separated cluster 1 and 2
from cluster 3 and 4 (clementine). Thus, Fortune mandarin
and the four triploid hybrids were differentiated from diploid
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FIGURE 3 | Comparison of (A) chlorophyll fluorescence (F/Frm), (B) quantum yield of electron transfer at PSII (®pgy), (C) electron transport rate (ETR), and
(D) ETR/Pret ratio between nine citrus varieties during warm period (black point) and cold period (white point). All data are mean values (+=SE) of 12 independent
biological replicates for each genotype (n = 12). Data were analyzed using ANOVA and Fisher LSD tests (P < 0.05). Different lowercase letters indicate significant
difference between the varieties and the sampling periods.

varieties by their enhanced photosynthetic capacities (high Ppet,
gs and F,/Fp, ratio). Triploid hybrids were also characterized
by enhanced antioxidant enzymatic defenses (APX, DHAR and
CAT) and higher tAsa content than diploid hybrids (clusters 2
and 3). Interestingly, D1-2x (cluster 3) was differentiated from
Clementine (cluster 4) by higher SOD activity, ETR, and ®pgjy,
while both clusters had increased oxidative marker accumulation.

Differences in Leaf EO Composition in

Citrus Varieties

Oil samples were submitted to GC-FID and GC/MS analyses.
In total, 59 compounds were identified (Supplementary Table
S1), including various monoterpenes accounting for 97.2-100%
of the total EO chemical composition. Samples from the nine
varieties harvested in both periods were submitted to statistical
analyses along with 15 terpenes that exhibited a mean value
higher than 0.1%. The data obtained for the EO chemical
composition was submitted to a centered and scaled PCA. The

coordinates of the individuals were analyzed by discriminant
analysis in order to identify a structure among the genotypes
based on their chemical composition. Hierarchical clustering
dendrogram (Figure 8A) suggested the existence of two major
groups (Supplementary Figure S2). These two main groups can
each be subdivided into two sub-groups resulting in a total of four
clusters based on the number of major components (Figure 8).
Group I was characterized by 3x varieties except T1-3x while
group II contained both parents, 2x varieties, clementine, and T1-
3x variety.

To confirm the cluster analysis, the major compounds found
in the varieties were included in a PCA analysis associated to
the cluster analysis (Figure 8A). Four compounds were identified
as being the most discriminant based on their contribution on
the two discriminant axes: linalool, E-f-ocimene, sabinene, and
terpinen-4-ol. Thus, PCA analysis representing 81.28% of the
data variance showed four discriminant clusters (Figure 8A).
The first axis separated the two principal groups defined by the
hierarchical clustering: group 1 (composed of clusters 1 and 2)

Frontiers in Plant Science | www.frontiersin.org

April 2020 | Volume 11 | Article 330


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Lourkisti et al.

Triploid Tolerance to Natural Chilling Stress

25—
e~ A B
=< 600 a a E
[N . = a
S - =4 20 F'.DD
"‘-m 500 rp e
S bc b g
g 400 e {115 ¢
£ 1T e : a ¢, ]%%
- ° - -
+ 300 de e Q <
. eff - = e 9]
f‘ci fgh ghi g oe c _ cd| 19 g
c 200 | [ o o [ ] e © o
8 hi ghi ghi L4 ° f f o ® S
= | hi ° g . fgh 15 [a)
o 100 ° ] ® ghi d hi
D, i i =
T J J
0 0
I A £ 588882 I KX E 5688882
o 8 W 4 A 0 BE 4 8 WA N o B
el = c el c [
[a) pd e 3 L L R g o o 3 L g
€ W w € w @
y © (@] w © O
2 g 2 3
£ o g 9
g u S w
FIGURE 4 | Comparison of (A) hydrogen peroxide (HoO5) and (B) malondialdehyde (MDA) contents between nine citrus varieties during warm period (black point)
and cold period (white point). All data are mean values (+SE) of 4 independent biological replicates for each genotype (n = 4) obtained by pooling 15 fully expanded
leaves. Data were analyzed using ANOVA and Fisher LSD tests (P < 0.05). Different lowercase letters indicate significant differences between the varieties and the
sampling period.

from group 2 (composed of clusters 3 and 4). The second axis
separated the two principal groups into two sub-groups (cluster 1
vs. 2 and 3 vs. 4, respectively). No clear differences were observed
between cold and warm periods, but discriminant analysis
revealed differences between varieties. Cluster 1 was composed of
only one triploid hybrid (T40-3x) and was characterized by an E-
B-ocimene/linalool chemotype, exhibiting the highest amount of
linalool (54.7%) and the lowest amount of sabinene (1.3%) which
distinguished it from other clusters (Figure 8B). Cluster 2 was
characterized by a linalool/sabinene chemotype while clusters
3 and 4 were characterized by a sabinene/linalool chemotype.
No specific compounds discriminated the other clusters, but
their overall chemical profiles differed with the proportion of
major compounds. Cluster 2 contained T2-3x and T38-3x (warm
period) and was characterized by a high amount of linalool
(40.5%). A greater proportion of sabinene was found in clusters 3
and 4 (39.4 and 49.4% respectively). These clusters contained 2x
varieties, both parents. T1-3x and T38-3x (cold period) were also
found in these clusters.

DISCUSSION

Comparison of Photosynthetic
Responses to Natural Chilling Conditions

Between 3x and 2x Varieties

The cold period was characterized by high levels of oxidative
stress, antioxidant defenses, and lower photosynthetic activity. It
has been reported that stomatal closure, illustrated by the decline
in g, was the first step followed by a decrease in Rubisco activity
and then reduction of photosynthetic rate (Baker et al., 2007;
Chaves etal., 2009). The higher values of Pyt and g in 3x varieties

argue for their lower sensitivity to low temperatures than 2x
varieties. Polyploidization is known to increase stomatal size and
decrease stomatal density (Masterson, 1994). Although Franks
and Beerling (2009) showed that great density and small stomata
were the only way to obtain the highest g¢ maximum values,
our results suggested that polyploidy may not necessarily induce
reduced gas exchange and could be a good alternative to limiting
the decrease in gas exchange, and thus, enhance tolerance to
abiotic stresses. The chlorophyll fluorescence parameters provide
insights on the photosynthesis properties under environmental
constraints. Under optimal conditions, the F,/Fp, ratio reaches
values about 0.83 in most C3 plants, as do our citrus trees during
the warm period (Urban et al., 2017). The decrease in F,/Fp, we
observed during the cold period is usually interpreted as being
related to photo-inhibition (Genty et al., 1989). However, this
decrease can also be due to the development of slowly relaxing
quenching process, also known as non-photochemical quenching
(Baker and Rosenqvist, 2004). Adams et al. (1995) also argue that
induction of the photoprotective energy dissipation process can
quite possibly account for the photoinhibition observed during
winter stress. Thus, a decrease in F,/Fy, could be also interpreted
in terms of a mechanism of photoprotection (Urban et al., 2017).
Recently, several studies have monitored other indicators of
photosynthetic performance, such as ®pgyy or electron transport
rate (ETR), providing rapid information on PSII operating
efficiency. Indeed, these parameters depend both on the efficiency
of the absorbed energy donated to reaction centers and the rate
of open reaction centers undergoing charge separation (Krall
and Edwards, 1992; Baker et al., 2007). The natural chilling
conditions (Figure 3A) seem to induce photo-inhibition of the
photosynthetic apparatus (Baker et al., 2007), as expected (Allen
and Ort, 2001; Santini et al., 2013; Oustric et al., 2017), but
the 3x varieties would be less affected. Unfortunately, there is
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FIGURE 5 | Comparison of (A) total ascorbate content (tAsa), (B) redox
status (Asa/DHA) and (C) proline content between nine citrus varieties during
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values (+SE) of 4 independent biological replicates for each genotype (n = 4)
obtained by pooling 15 fully expanded leaves. Data were analyzed using
ANOVA and Fisher LSD tests. Different lowercase letters indicate significant
differences between the varieties and the sampling periods.

little information regarding the adaptation of 3x genotypes to
abiotic stresses (Lu et al., 2009) while the better tolerance of
tetraploid genotypes has often been observed, particularly among
Citrus species (Hussain et al., 2012; Ruiz et al., 2016; Vieira et al.,

2016; Qustric et al., 2019). Oustric et al. (2017) reported that the
common clementine grafted on tetraploid rootstock had better
photosynthetic capacity during natural chilling stress. Allario
et al. (2013) concluded that tetraploid Rangpur lime rootstock
conferred increased photosynthetic capacity to the diploid sweet
orange scion when subjected to water deficit. In our study, 3x
hybrids and clementine had different photochemical behaviors
in response to low temperatures. The slow decline in ®pg; and
ETR associated with a weaker photo-inhibition suggests that
electron flux through PSII was probably less affected. Triploid
hybrids (except T1-3x) and clementine lose their excess energy
as heat instead of being used to drive photosynthesis (Ribeiro
et al., 2009). The consistent ETR/Py.; ratio (close to the reference
value ~4) in 3x hybrids may suggest photoprotective energy
dissipation activity by heat associated to NPQ (Yamori, 2016).
Moreover, Azzabi et al. (2012) reported that thermal dissipation
within photosystems acts as a safety strategy for cutting down on
excess light energy and limiting ROS generation. Machado et al.
(2013) also argued that NPQ increase was effective at preventing
excessive energy pressure at PSII in Valencia sweet orange
grafted on Swingle citrumelo subjected to night-time chilling
temperatures. Some studies reported a negative correlation
between ®pg;p and NPQ. Thus, a decrease in ®@pgp could mean
an increase in thermal dissipation (Maxwell and Johnson, 2000;
Ribeiro et al., 2009). The NPQ mechanism is characterized by
the pH-dependent xanthophyll cycle which provides effective
protection of reaction centers at low temperatures and high light
(Baker et al., 2007). High values of ®pg;; and ETR associated
with the sharp decline in Fy/Fy in 2x hybrids suggest an
involvement of electron sinks other than CO;. ETR/P,et has been
largely recognized as an indicator of increased photorespiration
(Flexas et al., 1999; Ribeiro et al., 2009; Machado et al., 2013).
The high values of ETR/Pyer (more than the theoretical value
~4) for 2x hybrids support the contribution of alternative
pathways. According to Baker et al. (2007), the proportion of
electrons driven to the alternative pathway increases under stress
conditions. Thus, photorespiration and the Mehler reaction are
the main alternative sinks during environmental constraints
(Fryer et al., 1998; Allen and Ort, 2001). Since photorespiration
is sensitive to low temperatures, the Mehler reaction would be
the main way to dissipate excess energy (Fryer et al., 1998; Flexas
et al,, 1999). Increases in alternative electron sinks have already
been reported in 2x citrus (Medina et al., 2002; Ribeiro et al.,
2009; Machado et al., 2010; Santos et al., 2011). Machado et al.
(2013) have found a decline in photosynthetic parameters (Ppet,
gs» Ppsin) associated with an increase in ETR/ Py ratio in Valencia
sweet orange scion, under cold conditions. The alternative
pathways would not be sufficient for preventing photo-inhibition
in 2x hybrids. The involvement of O,-consuming processes
induced ROS production, followed by a higher up-regulation of
antioxidant mechanisms.

Relevant Traits Discriminating 2x and 3x
Varieties for Chilling Sensitivity

The 3x varieties and their parent Fortune mandarin appear to
have less marked photo-inhibition, as supported by their great

Frontiers in Plant Science | www.frontiersin.org

April 2020 | Volume 11 | Article 330


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Lourkisti et al.

Triploid Tolerance to Natural Chilling Stress

20 A B .
. a 4 4 .qE)
g = 18 r b b b ? "? ©°
. & ) > =
s = T I
o 2 bcde bed b% 138 =
o 216 (@ O . ® o
£ a bcd% fcdef e?g ; dee.defg b c c g P
S efg © cd {2 % -
U g C 2 94
ey o de " ofg  def 2
o2 h hi *© ® A o ’ [ €
o= & Lo ® 2 - 11 <3
n 12 ¢ v hi def = def def @ @ o2
ghi Yy fgh ghi ghi =
10 0
C D =
—~ o018 - 2 a ab c
< ‘ bc bc z 2
_‘? 9 0.16 | T cde - a a 4 0.16 =)
> 2 014 efg ° @ - ab abc ~ be g o
5 a cd h h cd 0 - ©
O e 8 ol -
o< 012 de ( . 0.12 o
o ° - o def - efg . £
e E 0.1 hi B ) fgh - .f . fghl ° 8 £
g7 008 g ® hi hi el o o b acleh® 00837
f'é 0.06 | ] l o b BN i < E
o o 0.04 - 4 004 ©
< g k (S
3 0.02 =
0 0
X X o L 00X X X X x X X X X X
N § £ 589 @@ c A A 5 Q88 G c
s sefrfrgeEagserege
© 9] c 7]
[a) g - = = £ (a) © & = =
€ o K € ) Q
~ © (@] b — (@]
v 3 ¢ 3
c & 5 T
2 9 £ o
g @ 2 &
FIGURE 6 | Comparison of antioxidant activities between the nine citrus varieties during warm period (black point) and cold period (white point). The specific
activities were assayed for (A) SOD, (B) CAT, (C) APX, and (D) DHAR. Data are mean values =+ (SE) of 4 independent biological replicates for each genotype (n = 4)
obtained by pooling 15 fully expanded leaves. Data were analyzed using ANOVA and Fisher LSD testes (P < 0.05). Different lowercase letters indicate significant
differences between the varieties and the sampling periods.

photosynthetic parameters (Ppet, g and Fy/Fr,) (Figure 7B). The
ROS induced by photoprotective processes can be scavenged by
effective antioxidant defenses. In our study, specific activities
of SOD, APX, and DHAR were enhanced at low temperatures,
indicating that an effective antioxidant response is implemented
to limit oxidative damage (Figure 6). The greater SOD and
APX activities under low temperatures contribute to protecting
the cells by removing superoxide anion and H,O, (Mittler,
2002). High SOD and APX specific activities were also found
in clementine grafted in tetraploid citrus seedlings under
natural chilling stress (Oustric et al,, 2019) and in citrumelo
and Rangpur lime citrus rootstock grafted with sweet orange
during low temperatures (Machado et al., 2013). The increased
DHAR activity may be helpful for ascorbate regeneration
resulting from an increase in the Asa/DHA ratio in response to
low temperatures. The differences in antioxidants between 3x
varieties suggest different responses between the lines and may
be related to the subcellular location of the enzymes. Identifying
the respective enzyme isoforms will provide information on
their location and, thus, on the antioxidant mechanism. The
high total ascorbate (tAsa) content in certain triploid lines,

mandarin Fortune, and clementine (Figure 5A) evidence de novo
ascorbate synthesis under natural low temperatures, in addition
to the regeneration of reduced ascorbate by DHAR. Previous
studies have reported that ascorbate can play a significant role
in thermal dissipation of excess energy, acting as a co-factor for
violaxanthin de-epoxidase to produce zeaxanthin (Saga et al.,
2010; Smirnoff, 2018). Jahns et al. (2009) also argued that
the increase in ascorbate results in an increase in NPQ and
zeaxanthin formation. Therefore, the ascorbate would help in
heat dissipation and, thus, in limiting excess electron flux at PSII
in 3x lines (Figures 3B,D).

Cluster 2 contained D39-2x and its parent Ellendale tangor
while the DI1-2x variety belonged to cluster 3. Both clusters
were differentiated from the other clusters mainly by ETR and
Dpgyy. Associated with low values in photosynthetic parameters,
it suggests the involvement of an alternative electron sink leading
to ROS generation, such as superoxide anion (Genty et al.,
1989; Baker, 2008). Consistent with these data, low temperatures
induced accumulation of H,O, (Figure 4A) and increased SOD
activity (Figure 6A). Cluster 3 was also differentiated from cluster
2 by high oxidative damage (Figure 7), indicating that D1-2x
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was more sensitive to chilling temperatures than D39-2x. These
findings were consistent with the previous ranking by MDA levels
(Supplementary Figure S1).

Clementine (cluster 4) exhibited contrasting behaviors
compared to the other varieties. It was differentiated by

higher oxidative marker accumulation (H,O, and MDA) than
clusters 1 and 2 (Figure 7A). Despite the higher photosynthetic
rate and CAT and DHAR activities, it appeared to be more
sensitive to low temperatures than 3x hybrids (Figure 4).
Some studies have already reported that cold temperatures
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disturb photosynthesis performance and increase oxidative
damage (Machado et al., 2013; Santini et al., 2013; Oustric et al.,
2019). Proline accumulates in cell plants in response to many
environmental stresses, like osmotic stress and drought. Some
studies have reported that proline accumulation was associated
with H,O,, MDA decline, or lipid peroxidation (de Campos
et al, 2011). This negative correlation was also observed in our
study (Figure 1). Our results showed that triploidy enhance
photosynthetic activities likely by limiting photo-inhibition,
whereas the oxidative metabolism would not be sufficient to
clearly discriminate triploid from diploid lines under stressful
conditions. The complexity of oxidative metabolism and its
cellular compartmentalization hinders the understanding of its
contribution under stress conditions.

Citrus species are a major source of VOCs and their variations
are mostly temperature dependent (Fares et al., 2012). However,
in our orchard conditions, the chemical composition of the
varieties was not significantly different between the study periods.
In plants, VOCs are involved in various functions, such as defense
and reproduction. Few studies reported changes in VOC content
in Citrus varieties as a consequence of environmental stresses.
Some terpenes (sabinene, linalool, E-B-ocimene) were shown
to be involved in plant adaptation to drought (Vieira et al.,
2016), winter flooding, and salinity (Velikova et al., 2012). Loreto
et al. (1998) described the protective roles of VOCs, especially
mono- and sesquiterpenes (sabinene, E-B-ocimene), under heat
stress. Thus, while B-ocimene appeared to be insensitive to high
temperatures, increased emission in other monoterpenes such
as sabinene were reported in response to high temperatures.
The authors also suggested a relationship between monoterpene
emission, photosynthetic performance, and oxidative stress.
It was discovered that monoterpene fumigation stimulates
photosynthesis and decreases ROS levels and cell damage
(Loreto and Schnitzler, 2010). Monoterpene emission had been
observed to vary under other abiotic stresses. For example,
inhibition of linalool emission was reported during drought stress
(Gouinguené and Turlings, 2002).

The chemical composition of leaf EOs have already been
studied in several citrus species, underlying a great variability
among the citrus cultivars (Lota et al., 2001; Fanciullino et al.,
2006; Espina et al., 2011; Santos et al., 2015). The most common
chemotypes were sabinene/linalool and vy-terpinene/linalool
(Lota et al., 2001). The varieties we studied can be distinguished
into four clusters for leaf EO (Figure 8A). It is interesting to note
the T40-3x variety had the greatest proportion of E-B-ocimene
among all leaf EOs of the Citrus species studied (Lota et al., 2001),
confirming the wide diversity of VOCs profiles among Citrus
species. Chen et al. (2008) revealed that B-ocimene emission
was also stimulated under oxidative stress induced by nitrogen
deficiency. Even if no variation of E-p-ocimene was found for
the T40-3x variety between warm and cold periods, we assume
that its high content could help to limit oxidative stress as
indicated by the low cellular damage in this variety (Figure 4).
The large linalool proportion found in 3x varieties (Figure 8B)
was previously found in mandarin leaf EOs from Citrus reticulata
Blanco (Lota et al., 2001). Overall, our results suggested the VOC
profile was mainly influenced by the ploidy level.

More globally, it is interesting to note that up or
downregulation of interest genes that occur only in polyploid
lines could be beneficial for its stress tolerance. For example, Del
Pozo and Ramirez-Parra (2014) found that gene expression of
some transcription factors (TFs) are over-represented between
the tetraploidy target genes such as WRKY, DREB, and ERF
transcription factors, which appear to play a crucial role in
tolerance to cold, drought, and salt stress (Chen et al., 2012;
Wang et al., 2017). Higher expression of transcripts of genes
encoding antioxidant enzymes (CAT, APX and glutathione
reductase) had also been reported in tetraploid lines under water
deficit, compared to the diploid counterparts (Yan et al., 2019).

CONCLUSION

This study was the first to look at the impact of natural
chilling temperatures combined with triploidy level in
new citrus species. Our analysis suggested that triploidy
may improve photosynthetic performances under chilling
temperatures. The small decrease in PSII photochemistry and
the maintenance of ETR/Ppe ratio indicated effective photo-
protective mechanisms to counteract toxic effects induced by
low temperatures, suggesting 3x varieties have a high tolerance
to low temperatures. The antioxidant response does not allow
us to discriminate triploid varieties from others and explain
enhanced photosynthetic performances in 3x varieties. Chemical
analysis uncovered atypical leaf VOC profiles that can be related
to ploidy level. Triploid varieties had the highest proportions of
E-B-ocimene, linalool, and terpenes involved in oxidative stress
protection. To deepen our study, it would be interesting to collect
biomass data, including investigation on fruit yield and nutrient
uptake behavior. The use of triploidy appear to be a relevant
breeding strategy to improve the fresh citrus fruit market and
to develop new seedless citrus commercial varieties that have
enhanced abiotic stress tolerance.
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