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Abstract: Citrus trees are a very important crops that are cultivated worldwide, but not much
knowledge is known about the ecophysiological responses to climatic changes in trees under natural
conditions. The aim of this study was to investigate their adaptive capacity in response to seasonal
phenological and environmental changes. The trial included Citrus trees (sweet orange, bitter orange,
lemon, mandarin) growing under non-regular cropping conditions in a Monumental Charterhouse in
Tuscany, in a subtropical Mediterranean climate with hot summer conditions. During a 1-year field
trial, we determined the variations in chlorophyll fluorescence parameters and leaf biochemical traits
(content of chlorophylls and carotenoids, total phenolic content (TPC), total antioxidant capacity
(TAC), and total non-structural carbohydrates). In all Citrus spp., interspecific mean values of
photochemical efficiency peaked during the summer, while a marked photoinhibition occurred in the
winter in concomitance with higher interspecific mean values of leaf TPC, TAC, and non-structural
carbohydrates. The trees showed the pivotal role played by photosynthetic acclimation as a survival
strategy to tolerate abiotic stress in the climate change hotspot of Mediterranean environment. This
study is included in a wider project aimed at a new valorization of Citrus trees as genetic resource
and its by-products with added-value applications for innovative functional foods.

Keywords: non-regular cropping; chlorophyll fluorescence; photosynthetic pigments; non-structural
carbohydrates; polyphenols; antioxidant activity

1. Introduction

The Citrus genus belongs to the order of Sapindales, the Rutaceae family, and includes
140 genera and 1300 species [1]. This genus originated in a wide area of the Eastern world
and the domestication of the edible types began several thousand years ago [2]. Recent
studies identified citron (C. medica L.), pummelo (C. maxima (Burm.) Merrill), and mandarin
(C. reticulata Blanco) as the three biological Citrus taxa from which sweet orange (C. sinensis
L. Osb.), bitter orange (C. aurantium L.), lemon (C. limon (L.) Burm.), and other species
originated by hybridization [2,3]. Citrus spp. are very important fruit crops worldwide for
providing essential sources of vitamin C and nutraceutical compounds as juice or fresh
fruits: the global production of orange in 2019 exceeded 47 million metric tons [4], and
sweet orange is one of the most produced and processed fruits globally [5]. Alongside
essential vitamins C, E, B, and provitamin A, Citrus fruits (peel, pulp, oil, juice, and whole
fruit) present high contents of bioactive secondary metabolites, i.e., flavonoids, carotenoids,
limonoids, polyphenols, and essential oils, largely contributing to the dietary supply of
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antioxidative and anticarcinogenic substances, preventing cardiovascular and degenerative
diseases [6-9].

Climatic conditions (temperature and water supply) determined the distribution of
Citrus. Temperature is the main limiting abiotic environmental factor, and areas with
high temperatures and low freezing frequency allow the cultivation of both early and late
varieties [10]. Irrigation is always necessary in arid, semi-arid, and even humid regions,
and water supply must be regularly distributed from late winter to autumn to enhance
flowering, fruit yield, and quality [11]. Citrus plants are sensitive to low temperatures and
wind, which damage the species with large fruits, e.g., sweet orange and lemon. Sweet
orange, which prefers sunny locations and mild winters, must be sheltered from cold winds
and late frosts to protect flowers and buds [10]. Low temperatures in sweet orange induce
imbalances in metabolic processes and impair the photosynthetic apparatus, decreasing leaf
stomatal conductance, transpiration, chlorophyll content, and net CO, exchange rate [11].
Soil is another abiotic factor that affects fruit quality in Citrus: the optimal is deep, clay-
calcareous, drained, and fertilized; the optimization of nitrogen use efficiency plays a major
role in Citrus management [12]. Sandy soils, if fertilized and irrigated, are used for early
varieties; clay-loam soils are mainly used for late varieties [10].

Despite their global importance as fruit crops, few ecophysiological studies on Citrus
spp. are available in literature for plants grown in natural conditions [13-15] and specific
aspects, such as the variability of photosynthetic efficiency during the year of cultivation
and the influence of environmental conditions on photosynthesis, which need to be further
explored. In the Monumental Charterhouse of Calci (Pisa, Italy), various Citrus species are
present. The building is a wide historical complex founded in 1366 by Carthusian monks.
For centuries (until 1972), they lived in single monastic cells, each one with its walled
garden called “hortus conclusus”, where vegetables, herbs, and fruit trees (Citrus above
all) were cultivated for food and medicinal purposes. Currently, the Charterhouse is part
of the Natural History Museum of the University of Pisa, and the old Citrus trees are still
productive even though unmanaged, untreated, and seldom pruned.

The present study was part of an EU-project aimed to valorize the traditional Citrus
species widely present in the entire region of Tuscany, as cultivated or ornamental plants
typical of the Mediterranean territory. Attention was focused on the characterization
of physiological properties of Citrus trees, which offers the opportunity to develop and
valorize sustainable by-products, acquiring a great potential as sources of valuable bio-
compounds and raw materials due to their wide biomass, as already reported [8,16,17]. The
specific aim was to investigate the physiological and biochemical adaptations in four Citrus
spp- (sweet orange, bitter orange, lemon, mandarin) grown under non-regular cropping
conditions. During the seasonal climatic changes, the variations of chlorophyll fluorescence
parameters (potential efficiency of PSII photochemistry, Fv/Fm; actual photon yield of PSII
photochemistry, ®pg;; non-photochemical quenching, NPQ) and leaf biochemical traits
(pigments, non-structural carbohydrates, total polyphenols content, and total antioxidant
capacity) were determined in concomitance with the main phenological stages to investigate
the adaptive capacity of these Citrus species to typical environmental restraints of the
Mediterranean climate in the absence of chemical inputs (fertilizers, pesticides) and other
regular crop management practices.

2. Materials and Methods
2.1. Site Description and Plant Materials

The study was conducted at the Monumental Charterhouse of Calci (Pisa, Italy)
(43°43/19” N, 10°31'22” E, 50 m a.s.L.). The climatic conditions corresponded to a Mediter-
ranean climate with a hot, dry summer and a relatively mild, wet winter, classified as
Csa subtype according to Koppen-Geiger [18-20]. Edaphic properties of soil were de-
termined (77.8% sand; 16.8% silt; 5.4% clay; pH = 8.2; EC = 1034.5 puS cm L C = 2.27%;
N = 0.28%). The trial was carried out in 2018 and 2019 on four different species of Citrus
grown in the monastic gardens: Citrus sinensis L. Osbeck (sweet orange), Citrus aurantium
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L. (bitter orange), Citrus reticulata Blanco (mandarin orange), and Citrus limon L. Osbeck
(lemon). Plants were grown under unmanaged conditions: not fertilized, treated with
pesticides, irrigated, or pruned. Environmental conditions of macroclimate (monthly
mean air temperature, T,j,; monthly minimum air temperature, Tpyi,; monthly maxi-
mum air temperature, Tax; monthly mean relative humidity, RH; mean daily air tem-
perature on sampling dates, T, 4) were collected from web databases of meteorologi-
cal data recorded by local weather stations (S. Giusto, Pisa) throughout the whole trial
(https:/ /www.ilmeteo.it/portale/archivio-meteo/Calci; accessed on 14 March 2022); all
meteorological measurements were recorded at 15-min intervals on a data logger Davis
Vantage Pro 2 (Tables 1 and 2). Mean annual temperatures and annual precipitations were
15.6 °C and 1032.9 mm in 2018, 15.2 °C and 857 mm in 2019, respectively. Mean winter
temperatures (December-March) were 7.9 °C and 8 °C in 2018 and 2019, respectively, while
the mean summer temperature was 22.8 °C in both years. January 2019 was the coldest
month (5.3 °C), while the hottest was July 2018 (24.2 °C).

Table 1. Environmental conditions during the experimental period between June 2018 and May 2019.
Meteorological data recorded with an automatic weather station: monthly mean air temperature
(Tair); maximum (Tmax) and minimum (Tpyi,) monthly air temperatures; monthly mean relative
humidity (RH); wind speed, number of rain days and monthly mean precipitations (mm).

Wind Speed  Precipitations Monthly Mean

Months Tair °C) Tmin ©) Tmax (°C) RH (%) (km/h) Days Precipitations (mm)
June 21.3 15.8 26.2 75.8 11 7 37.4
July 242 18.7 29.2 79 10.3 8 31
October 18.1 13.4 23.6 76.1 12.3 12 80
January 5.3 0.8 10.6 78.7 10.2 10 56.8
May 14.2 10.2 18.1 81.3 11.5 14 173.1
Table 2. Daily temperatures on leaf sampling dates during the experimental period (27 June 2018-15
May 2019). Meteorological data recorded with automatic weather station: mean daily air temperature
(Tair); maximum (Tmax) and minimum (Ty,) daily air temperatures; mean daily relative humidity
(RH), wind speed and daily precipitations (mm).
Date of Leaf Daily Mean Tmin Tmax RH Wind Speed Daily Precipitations
Samplings Tair (°C) °Q) (@) (%) (km/h) (mm)
27 June 2018 21.0 14.0 26.0 71.0 12 0.4
26 July 2018 25.0 19.0 31.0 81.0 9 0.0
24 October 2018 15.0 8.0 22.0 88.0 8 0.0
9 January 2019 -2.0 10.0 86.0 6 0.2
15 May 2019 12.0 9.0 15.0 59.0 16 0.0

2.2. Experimental Design

Leaves were sampled between June 2018 and May 2019, during the main phenolog-
ical stages of Citrus fruit development, namely in May (flowering), June (early fruitlets),
July (rapid growth period), October (fruit maturity), and January (ripening) [21]. Leaf
samplings were carried out collecting 3-5 fully expanded and sun exposed mature leaves
from five plants of each species, during the morning in full sun and used for fluorescence
measurements and biochemical analyses. Fresh leaf samples were directly analyzed for
relative water content (RWC) without washing; for biochemical analysis, fresh leaf samples
were gently washed with deionized water, wiped with filter paper, and refrigerated until
further analysis (pigments and RWC). For carbohydrates and total phenolic content, leaf
samples were oven dried in an electric dryer (T 80 VN, Tecnovetro, Monza, Italy) at 60 °C
until constant dry weight and stored in closed vials at 20 °C until processed.
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2.3. Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence measurements were performed on five fully expanded and
exposed leaves of five plants per species by means of a miniaturized pulse amplitude-
modulated fluorometer (Mini-PAM, Heinz Walz GmbH, Effeltrich, Germany). Actual
photon yield of PSII photochemistry (®pgr), non-photochemical quenching (NPQ), and
potential efficiency of PSII photochemistry (Fy /Fn) (ratio of variable fluorescence to max-
imum chlorophyll fluorescence of PSII in dark adapted leaves) were measured in the
morning between 10 a.m. and 12 a.m. local time. Measurements of F, /Fy, were performed
after 30 min of acclimation in the dark. The actual photon yield of PSII photochemistry
was determined as ®pg; = (Fm’ — Fs)/Fp, at steady state [22], where Fy, is the maximum
fluorescence yield (with PSII reaction centers in reduced state imposing a saturating flash
during exposition to actinic light) and F; is the fluorescence at the actual state of PSII reac-
tion centers during actinic light. Non-photochemical quenching was determined according
to the Stern-Volmer equation as

NPQ = (Fm/Fm/) -1, (1)

where Fp, is the maximum fluorescence yield in the dark, as reported in [23]. Data reported
are means (£SE) of three analytical replications of five independent samples for each
species (n = 15).

2.4. Leaf Structural and Biochemical Traits

Relative water content (RWC) was determined in three fresh leaf discs (14 mm-
diameter) from five plants of each species (two duplicates, with triplicate analysis). After
fresh weighting, leaf discs were immersed in deionized water for 24 h, excess water wiped
with tissue paper, then weighted at full turgor. Dry weight was measured after oven drying
leaf discs at 60 °C for 48 h. RWC was calculated as

RWC (%) = [(fresh weight — dry weight)/(turgor weight — dry weight)] x 100.  (2)

For the determination of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll
(Chl tot), and total carotenoids (Car), three fresh leaf discs of 14 mm-diameter (from five
plants of each species, two duplicates) were homogenously sampled from the mid-lamina
area of internerval regions, added with 5 mL of 100% MeOH and stored at 4-5 °C in the dark
for 24 h. The absorbance of the extracts was measured at 665, 652, and 470 nm with a UV-VIS
spectrophotometer (Shimadzu UV-1800, Shimadzu Corporation, Kyoto, Japan), as described
in [24]. Leaf contents of chlorophylls and carotenoids were expressed as pg cm 2. Total
soluble sugars and starch were determined as reported in [25] with minor modifications.
Dried leaves (1 g DW each sample, from five different plants of each species, triplicate
analysis) were added with 80% EtOH, incubated at 60 °C for 15 min, and centrifuged,
and supernatants were used to determine soluble sugars. Pellets were extracted with
52% perchloric acid and centrifuged, and supernatants used for starch analysis. Aliquots
of 0.2 mL were added to 0.8 mL of 0.2% (w/v) anthrone solution, incubated at 90 °C
for 8 min and cooled. The Abs at 630 nm was read with a UV-1800 spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). Contents of total soluble sugars and starch were
obtained by comparing Abs with a standard curve of d-glucose and expressed as mg
glucose g DW~!. For the detection of total phenolic content (TPC) and antioxidant activity,
dried leaves (0.5 g FW of each sample, from five different plants of each species, triplicate
analysis) were ground in a mortar, extracted with 2 mL of 70% MeOH, mixed at 4 °C for
30 min in the dark, thus centrifuged at 14.000x g for 20 min, and pellets were discarded.
Aliquots of the soluble extract (0.05 mL) were used for the determination of TPC with Folin-
Ciocalteau’s phenol reagent, as described in [26]. The Abs of each sample was measured
at 725 nm with a UV-VIS spectrophotometer, and TPC was expressed as mg of gallic acid
equivalents per g DW (mg GAE g DW~!). Total antioxidant capacity (TAC) of leaf extracts
was evaluated by the DPPH method [27] with minor modifications [26]. Leaf extracts
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(0.05 mL) were added to 0.25 mL of methanolic DPPH solution (0.1 mM) and volume
adjusted to 1 mL. After incubation in the dark (30 min), Abs was measured at 517 nm with
a UV-VIS spectrophotometer. TAC was expressed as umol of Trolox equivalents per g DW
(umol Trolox g DW1). Data reported for leaf biochemical traits were means (£SE) of three
replications of five independent samples for each species (1 = 15).

2.5. Statistical Analysis

Statistical analysis was performed by ANOVA using the STATISTICA software pack-
age (StatSoft for Windows, 1998, Tulsa, OK, USA). The seasonal variation of structural
(RWC), physiological (Fy /Fm, ®psy;, NPQ), and biochemical (pigments, TPC, TAC) parame-
ters were analyzed by two-way ANOVA to test main and interactive effects of month and
species. When F test was significant, separation of means was performed by Fisher’s least
significance difference (LSD) test with p < 0.05.

3. Results
3.1. Chlorophyll Fluorescence Measurements

All the photosynthetic parameters (Fy/Fm, ®psi;, NPQ) measured in Citrus leaves
were characterized by a similar sinusoidal pattern with a minimum in January (Figure 1).
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Figure 1. Seasonal variation of (a) potential efficiency of PSII photochemistry (Fy /Fn), (b) actual
photon yield of PSII photochemistry (®pgr), and (¢) non-photochemical quenching (NPQ) in Citrus
spp. leaves. Data are means + standard error (1 = 5). A two-way ANOVA was applied; the
significance levels (p) for plant species and month factors and their interactions are shown in Table 3.
When the interaction between factors was significant (b), the Fisher LSD-test (p < 0.05) was applied,
and the separation of means was evidenced by different lowercase letters. When the interaction
species X month was not significant (a,c), one-way ANOVA was applied and significant differences
among months were reported with different uppercase letters (Fisher’s LSD test, p < 0.05).

Table 3. Summary two-way ANOVA table for differences in relative water content (RWC), chlorophyll
a (Chl a), chlorophyll b (Chl b), total chlorophylls (Chl tot), chlorophyll a/b ratio (Chl a/b), total
carotenoids (Car), total carotenoids/total chlorophylls ratio (Car/Chl tot), potential efficiency of PSII
photochemistry (Fy/Fn), actual photon yield of PSII photochemistry (®psyr), non-photochemical
quenching (NPQ), total phenolic content (TPC), total antioxidant capacity (TAC), soluble sugars and
starch due to species, month, and interaction of species and month.

Measurements Species Month Species x Month
p p p

RWC 0.002 <0.001 <0.001
Chla 0.408 <0.001 0.611
Chl b 0.762 <0.001 0.816
Chl tot 0.453 <0.001 0.585
Chla/b 0.570 <0.001 0.107
Car 0.291 <0.001 0.739
Car/Chl tot 0.602 <0.001 0.429
Fv/Fm 0.987 <0.001 0.998
Dpgy <0.001 <0.001 0.001
NPQ 0.849 <0.001 0.820
TPC 0.197 <0.001 0.013
TAC <0.001 <0.001 <0.001
Soluble sugars 0.002 <0.001 0.149

Starch 0.139 0.003 0.987
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The highest interspecific mean Fy /Fy, occurred in July (0.814) and the lowest in January
(0.507), before raising in May (0.651). During the summer-autumn period, from June to
October, Fy /Fr, showed a stable mean value of 0.798. The statistically significant variable
resulting from ANOVA analysis for F, /Fy was the month, although June, July, and October
did not differ from each other. No significant variability among species was found (Table 3).

All the variables in two-way ANOVA analysis of variance for ®pgy resulted as signifi-
cant, as reported in Table 3. ®pgy; was significantly affected by species, months, and their
interaction. Interspecific mean ®pg;; was the maximum in July (0.141) and minimum in
January (0.080). Intraspecific values of ®pgy were the highest in lemon and sweet orange
in July (0.177 and 0.156, respectively), while in October, sweet orange showed the highest
@pgr (0.153). In January, quantum yield of PSII was the lowest in all species. During the
whole trial, ®pgyj ranged less in mandarin and bitter orange, with respect to the other
Citrus species. Regarding NPQ, two-way ANOVA results (Table 3) evidenced that species
were not significantly different, and the significant variable was the month (albeit July and
October did not statistically differ). Starting with an interspecific mean of 3.45 in June,
NPQ peaked in July and October (4.16 and 4.03, respectively) and was minimum in January
(1.52), before a slight increase in May (2.05).

3.2. Leaf Structural and Biochemical Traits

In two-way ANOVA analysis, mean RWC values were characterized by a significant
interaction species X month (p < 0.001), as well as a significant interspecific variability
(Table 3). The interspecific mean value of RWC (Figure 2) was minimum in July in all the
species (46.70%), especially in bitter orange (36.10%).
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Figure 2. Seasonal variation of the relative water content (RWC %) in Citrus spp. leaves. Data are
means £ standard error (1 = 5). Statistics as in Figure 1. Different lowercase letters indicate significant
differences among means (p < 0.05, Fisher’s LSD).

From October to May, mean RWC was high (75.60%), although in lemon the intraspe-
cific mean was slightly lower in October (65.07%). Among the species, RWC peaked in
lemon (82.90% in June). Moreover, bitter orange had the lowest RWC during the whole
trial (except in October) and tended to show more stable values.

Data on leaf chlorophylls (Chl 4, Chl b, Chl tot) were subjected to two-way ANOVA
analysis of variance to determine the interaction between months and species; the signifi-
cant variable was the month, and differences among species were not statistically significant
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(Table 3). During the whole trial, leaf contents of Chl a, Chl b, and Chl tot in all the Citrus
spp. showed the same pattern (peaking in July, gradually decreasing in October, and
reaching lower values in the other months), although no statistical difference was observed
among species (Figure 3).
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Figure 3. Seasonal variation of leaf content (g cm~2) of (a) chlorophyll a (Chl a), (b) chlorophyll
b (Chl b), (c) total chlorophylls (Chl tot), and (d) total carotenoids (Car) in Citrus spp. leaves. Data
are means =+ standard error (n = 5). Statistics as in Figure 1. Different uppercase letters indicate
significant differences among months (p < 0.05, Fisher’s LSD).

The interspecific mean contents of Chl a, Chl b, and Chl fot were the highest in
July, followed by October, while in other months, markedly lower values were found.
Compared to July, interspecific means of Chl tot averagely decreased about one-half in
October, reaching the minimum in January (57.16, 29.98 and 19.45 pg cm ™2, respectively).
The highest intraspecific content of Chl fot was found in lemon in July (67.70 g cm~?2).

For leaf carotenoids, the significant variable in two-way ANOVA analysis of variance
was the month, and species were not statistically different for their carotenoid content
(Table 3). Total carotenoids (Figure 3d) presented an accumulation pattern like chloro-
phylls: interspecific mean values were maximum in July (9.70 pg cm~2) and minimum in
January and May (4.93 and 3.76 g cm 2, respectively). Mandarin in July had the highest
carotenoid content among species (10.30 g cm~2). The interspecific mean value of the
total carotenoids/total chlorophyll ratio (total Car/Chl; data not shown) was minimum in
July (0.187) and higher in June, October, and January (0.25, on average).

Regarding non-structural carbohydrates, leaf contents of soluble sugars and starch
(Figure 4) were determined in July and January in all Citrus spp.
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Figure 4. Leaf content of non-structural carbohydrates (mg g DW 1) in Citrus spp. in January and
July: (a) soluble sugars; (b) starch. Data are means + standard error (n = 5). Statistics as in Figure 1.
Different lowercase (a) and uppercase (a,b) letters indicate significant differences among species and
months, respectively (p < 0.05, Fisher’s LSD).

Non-structural carbohydrates showed a significant variability among species and months,
as evidenced by two-way ANOVA analysis of variance (Table 3). The content of leaf carbo-
hydrates was higher in January compared to July (soluble sugars +179.5%; starch +36%, on
average). The interspecific mean content of soluble sugars (Figure 4a) was 127.61 mg g DW~!
in July and 356.76 mg g DW ! in January, while starch was 98.40 and 133.85 mg g DW ! in
July and January, respectively. Soluble sugars (Figure 4a) ranged from 94.17 mg g DW~! in
mandarin (July) to 414.48 mg ¢ DW ™! in lemon (January) during the whole trial. Intraspecific
ranges of soluble sugars (mg g DW 1) were 148.61-351.14 in bitter orange, 144.01-414.48 in
lemon, 123.66-387.47 in sweet orange, and 94.17-273.95 in mandarin. Among the species,
lemon had the highest content of soluble sugars during the trial (414.48 mg ¢ DW ! in Jan-
uary). Starch content (Figure 4b) varied from 80.63 mg g DW~! in sweet orange (July) to
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148.02 mg g DW ! in lemon (January). Intraspecific ranges of starch (mg g DW 1) resulted
in 101.81-138.29 in bitter orange, 115.50-148.02 in lemon, 80.63-112.32 in sweet orange, and
95.68-136.77 in mandarin. Among the species, lemon showed the highest starch content
during the whole trial (148.02 mg g DW ! in January). Starch resulted in lower than soluble
sugars both in January and July (-62.48% and —22.80%, respectively).

For TPC and TAC, all the variables resulted in statistically significant two-way ANOVA
analysis of variance, as reported in Table 3. Interspecific mean values of leaf TPC (Figure 5a)
showed a minimum in July and a peak of accumulation in January (8.03 and 13.02 mg GAE
g DW ™!, respectively), with an average increase by 62%.

20
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Figure 5. Leaf content of (a) total phenolic compounds (TPC, mg GAE g DW~1) and (b) total
antioxidant capacity (TAC, umol Trolox g DW_l) in Citrus spp. in January and July. Data are means
=+ standard error (n = 5). Statistics as in Figure 1. Different lowercase letters indicate significant
differences among means (p < 0.05, Fisher’s LSD).
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Leaf TPC exhibited a significant variability among species and months, as evidenced by
two-way ANOVA. TPC ranged from 6.96 mg GAE g DW ! in bitter orange (July) to 14.22 mg
GAE g DW~! in sweet orange (January). Ranges of TPC (mg GAE g DW~!) were 6.96-13.33
in bitter orange, 7.04-13.24 in lemon, 9.04-14.22 in sweet orange, and 9.07-11.31 in mandarin.
Among the species, sweet orange showed the highest TPC during the whole trial (January).
Leaf TAC displayed a pattern similar to TPC (Figure 5b). The interspecific mean value of
TAC was 23.63 umol Trolox g DW ™! in July, averagely increasing by 22.40% up to 28.94 umol
Trolox g DW~! in January. Among the species, TAC was the highest in lemon in January and
lowest in sweet orange in July (34.14 and 20.19 pmol Trolox g DW !, respectively).

4. Discussion
4.1. Seasonal Variation of Chlorophyll Fluorescence Parameters

Citrus spp. are perennial evergreen plants of tropical origin with C3 metabolism, thus
subjected to large seasonal variation of climatic parameters throughout the annual cycle
and establishing a complex interaction with the environment [13]. Nevertheless, the infor-
mation about their physiological responses to climatic changes under natural conditions,
especially in the northern hemisphere, is still lacking up to now. The Italian peninsula
falls within the Mediterranean region, characterized by a typical climatic seasonality with
hot-dry summers and cold-rainy winters [28]. In our test site, classified as a hot-summer
Mediterranean climate (Csa), according to Koppen-Geiger [18,20], plants grow without
regular crop management practices, thus offering a unique opportunity to study the adap-
tation of Citrus species to seasonal climatic changes under non-regular cropping conditions
in the Mediterranean environment.

Climactic factors play a pivotal role in regulating photosynthesis, although the vari-
ability of photosynthetic efficiency in response to seasonal climatic changes in Citrus spp.
still need to be fully investigated. Most studies on Citrus photosynthesis were carried
out in controlled or semi-controlled trials in subtropical areas [29-34], and only a few of
them were carried out in the Mediterranean area on field-grown plants throughout the
year [15,35]. These studies pointed out the importance of temperature dynamics and daily
climatic changes when considering the inter-seasonal variability of photosynthetic rates in
Citrus [14,15]. In particular, photosynthetic rates are limited by daily Trax in summer and
Tmin in winter [13,36]. Since the plants in our trial were Citrus species of monumental value
grown under unmanaged conditions, the direct comparison of photosynthetic and biochem-
ical results with available data on Citrus orchards under regular cropping conditions needs
to take into account the differences in agronomic management and plant material. However,
the interspecific mean values of Fy /F, in our study were comparable to those reported
in [15] during the summer-autumn period (from June to October) and were very close to the
optimal value of around 0.8 measured for most plant species [37]. Conversely, contrary to
what observed in [15], the potential photochemical efficiency of PSII drastically decreased
in winter, reaching values of 0.507 in January. Since a Fy /Fr, < 0.725 denotes the occurrence
of photoinhibition in Citrus spp. [13], our data clearly indicate a marked photoinhibition
due to low winter temperatures, also observed by [35]. Hence, the higher winter F, /Fp,
values observed in Valencia (Spain) [15], could be explained considering that this site is
located in a climatic area classified as semi-arid Mediterranean (BsK), with warmer winters
compared to our site (Csa) [18]. As reported in Table 2, winter 2019 was rather rigid in our
trial site (monthly mean T = 5.3 °C; Tyin = 0.8 °C in January). In January, all Citrus spp.
showed an average reduction of Fy /Fn by 37% compared to summer-autumn, thus greater
than the decrease by 23.5% from September to January found for Citrus spp. grown in a
climatically equivalent Mediterranean area (San Giuliano, Corsica, France; Csa according
to Koppen-Geiger) [35].

Citrus spp. have a low temperature threshold of 13 °C, under which the photosynthetic
metabolism is seriously disturbed [32,35]. Even if Citrus spp. can tolerate temperatures
from 0 °C to —7 °C for brief periods, they are considered cold tender plants [38]. Plants of
tropical origin, such as Citrus spp., show a limited ability to acclimate to low temperatures
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in cold periods of the northern hemisphere, when photosynthesis, stomatal conductance,
and chlorophyll content decrease [11]. Ecophysiological studies referred to low air tem-
peratures as a relevant climatic parameter inhibiting photosynthetic rates and enzymatic
activities in the Calvin cycle; in particular, low night T,;, is the main factor responsible
for winter photoinhibition in Citrus, stomatal closure, and reduced Rubisco carboxyla-
tion [13,35,39,40], while low Ty disrupts root functionality and decreases shoot hydration
due to a higher hydraulic resistance [32]. Moreover, in a recent study, Fy /Fn declined of
35% in Citrus plants exposed to freezing temperatures (—7 °C, 36 h) clearly indicated a
marked reduction of the photochemical activity of PSII in cold-stressed leaves [41]. Pho-
toinhibition is a photoprotective mechanism based on a decrease of energy at PSII level
to avoid photodamage or photooxidation [42]. Dynamic photoinhibition is frequent in
Citrus leaves: F, /F, rapidly changes in response to daily climatic conditions, recovering
within hours as Cifrus do not show photodamage [13,15,31-33,43]. Hence, the reduced
Fy/Fm during winter could represent a photoprotective mechanism to avoid irreversible
photodamage in the peculiar microenvironmental conditions of our site.

The optimal range for photosynthesis in Citrus is 25-30 °C, thus the lowest photosyn-
thetic rates occur in summer and winter with daily temperatures outside this range [15]. As
perennial plants exposed to large environmental variations, Citrus spp. dispose of a photo-
synthetic apparatus that can acclimate to high temperatures, and in subtropical climates,
their photosynthesis is slightly limited up to 40 °C, given that plants enhance the thermal
stability of chloroplast membranes and photosynthetic enzymes. A lethal temperature
of 55 °C makes severe heat injuries in Citrus unlikely [13,34]. In our test site, monthly
maximum temperatures fell within the optimal photosynthetic range of 25-30 °C, indicated
in [15], only in June and July (26.2 °C and 29.2 °C, respectively). The maximum seasonal
values of ®pgy and NPQ were recorded in July, highlighting a high energy dissipation
capacity of Citrus spp. in summer through both photochemical and non-photochemical
processes, especially in lemon and sweet orange. This high energy dissipation capacity in
summer was associated with the highest seasonal values of both chlorophyll and carotenoid
concentrations, suggesting that these Citrus species were able to maintain an optimal photo-
synthetic activity and safely dissipate the excess light energy in summer despite the strong
reduction in precipitation and lowering of leaf water status. These data agree with previous
findings, showing that high irradiance in summer did not impair the photosynthesis in
orange trees due to the concomitant increases of heat dissipation of excessive light energy
at PSII level and other metabolic electron sink processes, which avoid photoinhibition
under high irradiance conditions [32,33]. Moreover, other authors reported that Citrus
species exhibited the maximum seasonal photosynthetic rates during the spring-summer
period [13,44,45]. Among the Citrus species studied, lemon showed the highest photochem-
istry activity of PSII in July, associated with relatively higher chlorophyll and RWC values,
highlighting how the photosynthetic apparatus of this species was particularly suitable for
withstanding the hot and dry Mediterranean summer conditions of the site.

4.2. Leaf Structural and Biochemical Traits

Leaf RWC plays a role as an indicator of the degree of drought stress by providing
a measurement of the leaf water deficit [46]. The climatic conditions (e.g., monthly pre-
cipitations and temperatures; Table 1) affected leaf RWC of all Citrus spp. in our trial
(Figure 2). The minimum interspecific average RWC occurred in July (46.7%), during the
summer drought, which typically occurs in this Mediterranean area. Despite the minimum
seasonal value of RWC, the contents of Chl tot and Car were maximum in July indepen-
dently by species (Figure 3), suggesting that leaf pigment content mainly depends on
seasonal changes of intensity and composition of the solar radiation but only marginally
on precipitations and plant water status. This observation is also supported by previous
results in Citrus not being significantly affected by water stress [47]. In fact, leaf chloro-
phyll content in Citrus is influenced by thermal environment, since sweet orange plants
displayed a higher total chlorophyll content with air temperature (Ty;,) of 30 °C compared
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to 25 °C [34]. Thus, the higher content of Chl tot in July is probably because Ty;; in our
trial site peaked during the period from July to August, with frequent occurrence of the
daily maximum Ty > 30 °C (Table 2). On the other hand, the minimum chlorophyll leaf
contents detected in January in all Citrus spp. (Figure 3) can be deduced as a consequence
of the aforementioned winter photoinhibition due to low air and soil temperatures, as
observed by other authors [11,32,33]. Multiple factors can affect Chl tot content in Citrus
mature leaves (i.e., light intensity, temperatures, nutrition, pathogens, genetic factors);
nevertheless, our data were in agreement with a previous work [48]. Moreover, our values
of Chl tot and Car during the year (expressed as mg m~2) were consistent with those (388
and 94 mg m~2, respectively) reported in orange leaves [49] and also supported by a similar
Car/Chl ratio (our interspecific mean Chl a/b ratio was 2.72 in July and 3.85 in October).
Furthermore, mean Chl a/b ratio during the whole trial (3.18) was concordant with [47]
and [50] in mature, turgid Citrus leaves (3.33 and 3.37, respectively). It is worth noting
that the highest seasonal content of carotenoids was recorded in concomitance with the
lowest leaf starch concentration, according with [51], in which the carotenoid accumulation
is associated with starch degradation in Citrus.

Although the environmental conditions account for most of the variation of photo-
synthetic rates in Citrus [15], leaf carbohydrates can modulate photosynthesis through a
mechanism of source-sink imbalance [13-15,52,53]. The seasonal pattern of carbohydrates
in all tissues of Citrus spp. has been previously investigated [54], showing a gradual
decrease of sugars and starch contents from anthesis (late spring) until the end of fruit
set (summer) due to a strong sink activity, followed by an accumulation in autumn and a
peak in mid-winter (December-January). This winter accumulation of leaf carbohydrates
can play a key role for cold tolerance in Citrus [54]. In our work, the leaf content of
non-structural carbohydrates (soluble sugars and starch) increased by 217% in January com-
pared to July, and this seasonal pattern is consistent according to [54]. Evidence presented
here confirmed the negative correlation between starch accumulation and photosynthesis
observed in Citrus leaves [52]; furthermore, the lower content of leaf carbohydrates in July,
due to the strong sink demand of flowers and fruits, suggests an effect of stimulation on
photosynthesis [53], since the highest photosynthetic activity, evaluated as photochemical
efficiency, occurred in July throughout the whole trial.

Generally, Citrus spp. are considered vulnerable to the cold temperatures of winter [38,41].
Chilling (0-12 °C) increased electrolyte leakage, due to the loss of cell membrane integrity,
while decreasing photosynthetic and respiration rates; moreover, the lower CO, availability
and CO, /O, ratio in chloroplasts directs the electron flow to O, with consequent oxidative
stress and overproduction of ROS [35,55].

In our trial (Table 1), the monthly mean temperature in January 2019 was 5.3 °C,
therefore inducing chilling and higher leaf contents of soluble sugars and starch (Fig-
ure 4a,b). This situation has already been reported in Citrus spp. [38,56] and in Olea europaea
L., another evergreen species traditionally widespread in Tuscany [57]. Furthermore, a
recent proteomics study [41] has clearly demonstrated the increase of soluble sugars and
starch in Citrus leaves during cold stress. Citrus plants with high sugar/starch ratios in
leaves can survive freezing without injury [11]. An additional physiological ground is the
relation between the winter increase in carbohydrate content and the synthesis of soluble
carbohydrates acting as osmolytes during cold stress acclimatation [58]. In this regard,
the soluble sucrose is accumulated as cryoprotectant and osmolyte, playing a pivotal role
against the dehydration caused by freezing [59].

Citrus leaves are known to be a rich source of polyphenols with antioxidant proper-
ties, such as flavonoids, flavonols, anthocyanins, polymerized phenols, and hydrolyzable
tannins [7,60]. Regarding the likely ROS inactivation, TPC and TAC were analyzed in
January and July in the leaves of all Citrus spp. In our study, the interspecific mean values
of leaf TPC and TAC in January increased by 62.1% and 22.4%, respectively, compared
to July (Figure 5), and the values are consistent with previous data reported for Citrus
leaves [61,62]. Phenylalanine ammonia lyase (PAL) activity in Citrus leaves is stimulated by
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cold stress, with consequent higher levels of phenylpropanoid secondary metabolites and
accumulation of polyphenols with antioxidant activity, able to modulate ROS homeosta-
sis [41,58]. In this regard, Tajvar et al. (2011) found a gradual increase of the antioxidant
capacity in orange leaves during chilling (0-9 °C), reaching maximum values with freezing
(from 0 °C to —6 °C) [38]. Considering that the Mediterranean climate is characterized by
temperatures with wide seasonal excursions, the patterns of leaf TPC and TAC in our study
(Figure 5), both higher in January, denote the key role of cold stress in the accumulation of
polyphenols with antioxidant activity [38,41].

The occurrence of these environmental conditions in our trial site, inducing both chill-
ing and freezing, explains the higher leaf content of carbohydrates in January and also the
simultaneous increase of leaf TPC and TAC, consistent with previous data reported [38,41].
The highly positive correlation (data not shown) also found between the contents of leaf
TPC and total soluble sugars is further evidence that phenols and non-structural carbohy-
drates paralleled in our trial. In our study, Citrus spp. showed the same seasonal changes,
although mandarin exhibited winter values of TPC, TAC, and soluble sugars lower than
other species, suggesting less activation of the antioxidant system and osmolyte protection
to counteract the cold-induced photoinhibition. It is worth mentioning that, in a previous
study [35], mandarin appeared to be most tolerant to low temperatures in comparison to
pummelo and kumquat.

As a whole, chlorophyll fluorescence measurements indicate that Citrus spp. in the
present study were well adapted to their microenvironment and climatic seasonal changes,
maintaining the photosynthetic activity, even in the absence of proper nutrient supplies and
regular cropping conditions. Our data are consistent with the previously observed occurrence
of winter photoinhibition in Citrus, since both photochemical efficiency of photosystem II
and leaf chlorophyll contents (g, b, total) displayed minimum values in January. On the
other hand, all the Citrus species showed an optimal photosynthetic activity and leaf pigment
concentration during the summer period, independent of the reduction in water availability.
Among Citrus spp., lemon exhibited the best adaptability of the photosynthetic apparatus to
Mediterranean summer conditions, associated with the maintenance of a better leaf water
status. The source-sink imbalance regulates the leaf carbohydrate content through the seasons,
in relation to the climatic conditions, the photosynthetic efficiency, and the phenological
stage. The low temperatures observed in winter lead to an increase of leaf antioxidant
compounds (polyphenols) to modulate ROS homeostasis. The winter increases in the patterns
of accumulation of leaf carbohydrates and TPC, also observed in different species [63], must
be considered an example of the complex interactions of primary and secondary metabolism
in the responses of Citrus spp. to cold stress.

5. Conclusions

In the Charterhouse gardens, the ornamental Citrus trees have historical and landscape
values, and this study represents a promising start point to determine their physiological
status. In the present trial, these plants exhibited the ability to adapt and compensate to
environmental limitations and showed the critical importance of the acclimation of photo-
synthesis and antioxidant system as a survival strategy for Citrus spp. in the Mediterranean
environment within the current global climate change. These Citrus spp. could offer the
opportunity to develop and valorize sustainable by-products, acquiring a great potential as
sources of raw materials and valuable bio-compounds.
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