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Abstract: The urgent need to identify stress-tolerant genotypes and understand their inherent genetic
plasticity is one of the major targets of research and breeding programs. Species that are cultivated in
areas that are prone to drought need to be able to tolerate water stress (WS) while still displaying
features that are economically valuable. Tamarillo (Solanum betaceum) is a solanaceous fruit crop with
increasing agronomic interest due to the nutritional properties of its edible fruits and its biotech-
nological potential. Several protocols have been established for the in vitro culture of this species
and controlled hybridization, as well as for the induction of tetraploidy. Nevertheless, the impact
of WS on S. betaceum performance has been poorly studied, and nothing is known about the role of
ploidy status on this response. Since no morphological differences were noticed between diploids and
tetraploids at the end of the acclimatization period, we hypothesized that ploidy level may have a role
in plant drought responses. Thus, micropropagated and acclimatized tamarillo diploid (2n = 2x = 24)
and tetraploid (4n = 4x = 48) plants were exposed to WS, and several physiological parameters
were evaluated, such as plant growth, water potential, photosynthetic performance, sugars, proline,
and MDA levels. Water stress did not affect plant growth in both diploids and tetraploids, but it
induced stomatal closure and reduced the net CO, assimilation rate. Water stress also reduced the
photosynthetic efficiency of PSII, but no differences were found in the total chlorophyll content.
From all the parameters analyzed, tetraploid plants showed a better response under water shortage
conditions when considering water potential (WP). Metabolite analysis indicated no significant
differences in the accumulation of soluble sugars and MDA in WS plants but a significant increase in
proline accumulation in diploids exposed to WS. These observed differences in parameters such as
WP and proline accumulation point to mechanisms of osmoregulation and stress signaling that differ
between diploid and tetraploid plants, particularly in WS conditions, demonstrating that tetraploids
can adapt better to water shortage conditions than their diploid counterparts.

Keywords: fruit crop; ploidy; proline; sugars; water deficit

1. Introduction

Tamarillo (S. betaceum Cav.) is a small solanaceous tree, also commonly known as
tree tomato or ‘tomate de arbol’, which produces edible and highly nutritious fruits from
which derived products might be produced, such as smoothies and jams. Originating
in the Andean regions of Argentina and Bolivia, it has spread worldwide, including to
the Portuguese islands of the Azores and Madeira [1]. The high nutritional value of its
fruits, with significant concentrations of vitamins, minerals, and bioactive components,
such as anthocyanins, carotenoids, and flavonoids [2,3], makes this species an important
resource whose beneficial properties for human health should be explored [4]. Nevertheless,
tamarillo is still considered a NUC (Neglected and Underutilized Crop).

Seed germination is the easiest way to get tamarillo plants, and this is one of the most
often used techniques of propagation. However, the genetic heterogeneity of these plants
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makes this approach inappropriate when the objective is to propagate selected genotypes.
Tissue culture includes several in vitro methods for the propagation (micropropagation) of
selected plants in an artificial medium and under aseptic conditions. The need to rapidly
multiply important tamarillo cultivars can be overcome by this technique, which has great
potential to facilitate rapid propagation or support and accelerate breeding programs for
this species. Micropropagation of tamarillo through axillary shoot proliferation was the
first method to be applied [5] and is the most suitable method for large-scale production of
superior genotypes. Shoot regeneration has also been observed from hypocotyls, cotyle-
dons, root explants, leaf discs, and petioles [6] and somatic embryogenesis induction has
been reported from several initial explants (reviewed by ref. [7]).

The potential gains of in vitro propagation will be negligible if micropropagated,
acclimatized plantlets are not resilient enough to further cope with field conditions. During
transplantation, and even after establishment, they must tolerate sub-optimal growth
conditions such as water deficit. In fact, though several reports on micropropagation
state that hardened plantlets are transplanted to potting mixtures, only a few tested their
performance under conditions that they may encounter in the field [4]. Drought is the most
significant environmental stress in agriculture worldwide [8], and therefore, the question of
tolerance to water deficits is an important attribute of propagules and a key question that
deserves intensive research. The risk of summer drought is likely to increase in Central
Europe and in the Mediterranean area [9], which poses significant threats to plant field
establishments and productivity. More than ever, improving yield and selecting for drought
tolerance are major goals in plant breeding programs, which rely on better understanding
the impact of drought on plant morpho-physiological attributes [8].

The induction of polyploidy is reported as an efficient way to improve drought stress
tolerance in plants by producing differences in plant morphological and anatomic charac-
teristics, physiology, biochemistry, and gene expression [10,11]. For example, polyploid
plants of Coccinia palmata [12], Dendranthema nankingense [13], Citrus sp. [14], Arabidopsis
thaliana [15] and Oryza sativa [16] are more drought-tolerant than their diploid counterparts.
Triploid and tetraploid seedlings have been rarely found in commercial orchards of diploid
tamarillo plants and are thought to have arisen from the union of unreduced gametes [6].
Induction of tamarillo tetraploids by applying colchicine to germinated seeds was also
first reported by Pringle and Murry [17], but polyploids, both spontaneous and induced,
showed low fertility [6]. Previous experiments carried out in our laboratory allowed for
the production of tamarillo tetraploid plants through the in vitro culture of nodal segments
in the presence of c-mitotic agents [18].

In this context and considering the significant challenges humanity is facing in relation
to food supply and climate change, understanding the role that polyploidy plays in enhanc-
ing plant tolerance to various types of stresses and in expanding the range of conditions
for plant establishment may lead to better breeding and crop-improvement strategies.
However, several questions remain, and the knowledge available is not applicable to all
experimental systems [19].

The results obtained so far in Tamarillo enabled the development of a well-established
procedure for mass micropropagation of various genotypes and varieties, including in-
duced autotetraploid plants, through axillary shoot proliferation. The objective of this
work was to evaluate the physiological performance of tamarillo diploid and tetraploid
micropropagated acclimatized plants under water stress conditions. We hypothesized that
the ploidy level may have a role in plant drought responses despite no morphologically
noticeable differences between two plant types at the end of the acclimatization period
(e.g., height, rooting performance). The physiological implications of water limitation on
tamarillo plant responses with different ploidy levels were studied in this study, which in-
cluded the monitoring of key plant functions and cellular processes targeted by stress, such
as changes in water plant status, photosynthetic performance, photosynthetic pigments,
oxidative status, and osmoregulation, as well as morphometric parameters.
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2. Materials and Methods
2.1. Establishment of Shoot Cultures

Shoot cultures were established and propagated from one in vitro germinated seedling
(a diploid line) and from one tetraploid line. The tetraploid plants were obtained in previous
work at the Plant Biotechnology Laboratory at the University of Coimbra by the in vitro
culture of nodal segments in the presence of c-mitotic agents [18]. Each of the lines was
obtained from a single genotype through the successive culture of shoot tips (1.5 cm) in
test tubes containing Murashige and Skoog (MS) medium [20] supplemented with 0.07 M
sucrose, 0.8 uM benzyladenine (BA), and 0.6% (w/v) agar. Ploidy levels were confirmed
by Feulgen staining and flow cytometry, as described in ref. [18]. Shoot cultures were
subcultured monthly on a fresh medium of the same composition. Shoots (3 cm) were
rooted in an MS medium supplemented with 0.07 M sucrose and 0.6% (w/v) agar, without
plant growth regulators (PGRs). All the cultures were kept in a growth chamber at 24 °C
under a 16h photoperiod at 15-20 pmol m~2 s~! (cool-white fluorescent lamps). The ploidy
of the plants was confirmed by flow cytometry before the assay (data not shown).

2.2. Plant Material and Experimental Design

The experiment was conducted in a controlled climatic chamber with a temperature of
24 °C, a 16/8 h (day/night) photoperiod, 70% relative humidity (RH) and a photosynthetic
photon flux density (PPFD) of app. 15-20 umol m~2 s~ 1. Twelve rooted diploid (2n)
and tetraploid (4n) plants of tamarillo with 5-8 cm length were grown in 1L plastic pots
filled with 3:2 (w/w) peat:perlite. The potted plants were acclimatized for 8 weeks inside
the chamber while being watered with tap water. The pots were randomly arranged,
periodically moved to the neighboring position during the whole experiment and well-
watered to 70% of field capacity (FC), prior to application the water limitation treatment.
Then two groups for each plant propagation type were established. One control group of
well-watered (WW) plants was kept at 70% FC, and a second group was randomly assigned
to water deficit conditions (WS) by water withholding for 4 days. After this period (4 days)
of experimentation, the following parameters were recorded: growth, leaf gas exchange,
chlorophyll a fluorescence, and water potential. Leaves were harvested and immediately
frozen in liquid nitrogen for further biochemical analysis (estimation of lipid peroxidation,
photosynthetic pigment content, total soluble sugars and starch, proline).

2.3. Growth and Plant Water Potential

To assess plant growth, the shoot and root lengths, plant height, and total dry biomass
of six plants were recorded for each treatment. For biomass measurement, the dry weight
(DW), was determined after drying the entire plant at 80 °C for 3 days). Midday shoot
water potential (WP, ¥Ymd) was measured with a Scholander-type pressure chamber (PMS
Instrument Co., Albany, OR, USA) in six plants per treatment at 12 h 30 m (solar time)
as described by Correia et al. [21] to control the plant water status. Measurements were
performed on five individuals per treatment. Four leaf discs (diameter = 11 mm) per
individual (six individuals per treatment) were also collected to determine relative water
content (RWC), by using the following equation: RWC = (FW-DW)/(TW-DW) x 100, where
FW is the fresh weight, TW is the turgid weight after rehydration of the leaf discs for 24 h
at 4 °C in the dark, and DW is the dry weight after oven-drying the leaf discs at 70 °C until
constant weight.

2.4. Leaf gas-Exchange Measurements

Net CO, assimilation rate (A, pumol CO, m~2 s 1), stomatal conductance (gs,
mol H,Om—2s71), transpiration rate (E, mmol H,O m~2 s~1), and intercellular CO, con-
centration content (Ci, vpm) were measured in six plants per treatment using a portable
infrared gas analyser (LCpro-SD, ADC BioScientific Ltd., Hoddesdon, UK) equipped with
the broad leaf chamber. To find out the saturation light intensity, A/PPFD (photosynthetic
photon flux density; light response curves of CO, assimilation) curves were performed
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with the following PPFD: 2000, 1500, 1000, 750, 500, 250, 100, 50, and 0 pmol m~2 s 1.
After A/PPFD data analysis, punctual measurements at saturation light intensity were
performed at 750 umol m~2 s~!. The following conditions were maintained inside the
chamber during all the measurements: an air flux of 200 mol s~ 1. a block temperature
of 25 °C; and atmospheric CO, and H,O concentrations. Data were recorded when the
measured parameters were stable (2-6 min). Water use efficiency (WUEi) was calculated as
the ratio between CO; assimilation and transpiration (ratio A/gs).

2.5. Photosynthetic Pigments and Chlorophyll a Fluorescence Analysis

Total chlorophyll and carotenoid content were quantified according to Sims and
Gamon [22]. Pigments were extracted with an acetone/Tris (50 mM) buffer at pH 7.8
(80:20) (v/v). After homogenization and centrifugation, the supernatants were used to
read absorbance at 663, 537, 647, and 470 nm (Thermo Fisher Scientific Spectrophotometer,
Genesys 10-uv S), and the pigments’ content was determined.

Steady-state modulated chlorophyll fluorescence was determined with a portable
fluorometer (Mini-PAM; Walz, Effeltrich, Germany) on the same leaves as used for the
gas-exchange measurements. Light-adapted components of chlorophyll fluorescence were
measured: steady-state fluorescence (F), maximal fluorescence (F'm), variable fluorescence
F’'v (equivalent to F'm-F), and the quantum yield of PSII photochemistry (¢PSII), which is
equivalent to (F'm-F)/F'm. Leaves were then dark-adapted for at least 20 min to obtain FO
(minimum fluorescence), Fm (maximum fluorescence), Fv (variable fluorescence, equivalent
to Fm-F0) and Fv/Fm (maximum quantum yield of PSII photochemistry).

2.6. Lipid Peroxidation and Proline Content

The extent of lipid peroxidation in leaves was estimated by measuring the amount
of malondialdehyde (MDA), following the procedure described by Hodges et al. [23]
with small adaptations [21]. About 100 mg of leaves were ground in 2.5 mL cold 0.1%
trichloroacetic acid (w/v) and centrifuged. 250 pL of supernatant was then added to 1 mL
of 20% TCA (w/v) in 0.5% TBA (w/v) (positive control) and 250 pL of supernatant to
1 mL of 20% TCA (w/v) without TBA (negative control). Both aliquots were heated at
95 °C for 30 min, and the reaction was stopped immediately by putting the tubes on ice.
After centrifugation, absorbance was read at 440, 532, and 600 nm, and MDA content was
estimated by the formulae [23].

Proline content was determined according to Khedr et al. [24]. About 0.1 g of frozen
leaf was homogenized in 1.5 mL of 3% sulphosalicylic acid, and the mixture was centrifuged
(10,000% g, 10 min, 4 °C). Ninhydrin and glacial acetic acids were added to the supernatant
and incubated for 1 h at 100 °C. Toluene was also added to the mixture, and the formation of
two phases was observed. The chromophore-containing toluene phase was read at 520 nm,
and proline concentration was determined from a L-proline standard curve (0-50 pg/mL).

2.7. Total Soluble Sugars and Starch

Total soluble sugars (TSS) were determined by the anthrone method, as described
by Irigoyen et al. [25]. Briefly, TSS were extracted from 50 mg of frozen leaves using
80% (v/v) ethanol at 80 °C for 1 h. After centrifugation, the supernatant was mixed with
1.5 mL of anthrone and incubated at 100 °C for 10 min. Absorbance was read at 625 nm,
and TSS content was calculated against a D-glucose standard curve. The pellet resultant
from the centrifugation was used to quantify starch, as described by Osaki et al. [26]. The
pellet was incubated with 30% (v/v) perchloric acid at 60 °C for 1 h. The mixture was
centrifuged, and anthrone was added to the supernatant. After heating the mixture at
100 °C for 10 min, absorbance was read at 625 nm, and starch content was determined
according to a D-glucose standard curve.
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2.8. Statistical Analysis

Values were given as means + standard deviations of 6 replicates for drought stress
experimental parameters. Data were analyzed by two-way ANOVA (GraphPad Prism v.
6.01), followed by a Tukey’s multiple comparison test (p < 0.05).

3. Results
3.1. Acclimatization of Micropropagated Plants

Tamarillo plantlets regenerated in vitro (Figure 1A-C) were successfully acclimatized
in the climatic chamber (100% survival). After 8 weeks, the regenerated plants looked
healthy and uniform in growth (Figure 1D), with no visible differences between diploid
and tetraploid plants.

Figure 1. Micropropagation of tamarillo tetraploid (4n) and diploid (2n) plants by axillary shoot
proliferation (A) and rooting on solid medium (B); rooted plants before soil transfer (C) (bar = 1 cm)
and acclimatized plants after 8 weeks in ex vitro conditions, before the water stress assay (D)
(bar = 10 cm).

3.2. Responses of Diploid and Tetraploid Plants under Water Deficit

Following the 4 days of water withdrawal, it was already possible to observe clear
differences between the behavior of diploid (2n) and tetraploid (4n) acclimatized plants
(Figure 2).
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Figure 2. Representative plants of the different treatment groups defined for the water stress exper-
iment: diploid well-watered (2n WW) and water-stressed (2n WS) plants; tetraploid well-watered
(4n WW) and water-stressed (4n WS) plants (bar = 10 cm).

For the plant growth parameters (Table 1), total dry biomass, root and shoot length
ratio, and plant height were assessed. For these parameters, plant height and shoot
length differ significantly, with the diploid plants being taller than the tetraploid plants,
particularly in the WW group. Tetraploid plants showed a tendency toward lower dry
masses for plants in the WS group when compared with WW plants, which was not the
case for diploid plants.

Table 1. Effects of water stress (WS) on growth parameters, total biomass, root and shoot length
and plant height of diploid (2n) and tetraploid (4n) acclimatized tamarillo plants in comparison
with well-watered (WW) plants. Means + SDs, n = 6, different letters indicate significant differences
between treatments at p < 0.05.

Treatment Ploidy Total Biomass (DW, g) Root Lenght (cm)  Shoot Lenght (cm)  Plant Height (cm)
2n 515+ 1.182 23.63 +4.442 23.00 +2.632 46.63 +5342
ww 4n 477 +1.182 20.82 +£1.272 1858 +1.17b 39.40 +£1.10°
2n 548 +1.12° 20.37 +0.842 20.50 + 1.51 2P 40.87 +£1.63°
ws 4n 41240842 21.73 £2.242 18.50 & 0.96 P 4023 +2.46"

To estimate water status under drought conditions, the RWC and WP were also mea-
sured. For both parameters, diploid plants submitted to WS differed from those submitted
to WW, showing significantly lower values for relative water content and significantly
more negative values for water potential (Figure 3). Regarding leaf gas-exchange com-
puted parameters, net photosynthetic rate, transpiration rate, stomatal conductance, the
intracellular CO; concentration (Figure 4), and intrinsic water use efficiency were analyzed
(Figure 3). The net CO, assimilation rate (A, Figure 4) was significantly different between
WS (lower CO, assimilation) and WW plants, for both tetraploid and diploid plants, but
with higher values for the tetraploid ones. Such observations were in accordance with the
E measurements for both groups and treatments (Figure 4). Transpiration rates were sig-
nificantly higher in WW plants, but within these groups there were significant differences
between diploid and tetraploid plants, the latter showing higher E values. Nevertheless,
WUEIi showed no significant differences between the WW and WS groups, yet the WW
group showed slightly higher WUEIi than the WS group (Figure 3). WUEi differences were
not significant between WS diploid and tetraploid plants. This behavior of WS tetraploid
plants was matched for gs values registered (Figure 4). Stomata were open in WW diploid
and tetraploid plants, but gs was significantly reduced in WS groups.
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Figure 3. Effects of water stress (WS) on water status parameters, water potential (WP, ¥Ymd) and
relative water content (RWC) and water use efficiency (WUEi) of diploid (2n) and tetraploid (4n)
acclimatized tamarillo plants in comparison with well-watered (WW) plants. Means & SDs, n = 6,
different letters indicate significant differences between treatments at p < 0.05.
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Figure 4. Effects of water stress (WS) on leaf gas exchange parameters of diploid (2n) and tetraploid
(4n) acclimatized tamarillo plants in comparison with well-watered (WW) plants. Net CO, assim-
ilation rate (A), transpiration rate (E), intercellular CO;, concentration content (Ci) and stomatal
conductance (gs). Means + SDs, n = 6, different letters indicate significant differences between

treatments at p < 0.05.

For intracellular CO; concentration (Figure 4), even though no significant differences
were registered between 2n and 4n plants, there were significant differences between the
WW and WS groups. WS plants showed significantly higher intracellular CO; contents.

The quantum yield of photosystem II, $PSII (Table 2), was significantly different
between the WW and WS groups. As for Fv/Fm, no significant differences were registered
between 2n and 4n plants in both WW and WS treatments. Nevertheless, the quantitative
analysis of photosynthetic pigments showed no significant differences in pigment levels
between plants of different ploidies or between different treatments (Table 2).

Table 2. Effects of water stress (WS) on chlorophyll fluorescence parameters—quantum yield of PSII
photochemistry (pPSII) and maximum quantum yield of PSII photochemistry (Fv/Fm) and on the
concentration of chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids (Car) of diploid (2n) and
tetraploid (4n) acclimatized tamarillo plants in comparison with well-watered (WW) plants. Means
=+ SDs, n = 6, different letters indicate significant differences between treatments at p < 0.05.

Treatment

Ploidy

Chlorophyll a Fluorescence Pigment Content (umol mL~1)

GPSII

Fv/Fm

Chl a

Chlb

Car

WWwW

2n

0.69 +0.022

0.80 £0.012

0.0095 £ 0.0015 2

0.0033 + 0.0006 2

0.0043 £ 0.0007 2

In

0.58 +£0.102

0.824+0.012

0.0093 £ 0.0013 2

0.0033 + 0.0004 2

0.0042 £ 0.0005 2

WS

2n

0.49 +0.10b

0.79 £0.012

0.0102 £ 0.0008 2

0.0035 + 0.0003 2

0.0049 £ 0.0004 2

4n

0.46 +0.09b

0.80 +0.022

0.0084 + 0.0004 2

0.0030 + 0.0002 2

0.0041 £ 0.0004 2
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3.3. Changes in Proline, MDA and Carbohydrates Content

The diploid plants under WS showed the highest quantities of proline when compared
with all the others in the WW and WS groups (Figure 5). There was a slight, but not
significant, increase in proline levels between the WW and the WS tetraploids. MDA
contents differ significantly between both groups of plants, increasing from the irrigated
treatment (WW) to the water stress (WS) conditions (Figure 5).
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Figure 5. Effects of water stress (WS) on MDA, proline, total soluble sugars (TSS) and starch contents
in diploid (2n) and tetraploid (4n) acclimatized tamarillo plants in comparison with well-watered
(WW) plants. Means =+ SDs, n = 6, different letters indicate significant differences between treatments
atp <0.05.

There was a tendency for tetraploid plants to contain lower amounts of soluble sugars
in WW treatments. A slight increase in TSS content was observed in the WS tetraploid
plants when compared with the WW ones (Figure 5). The amount of starch, on the other
hand, was very similar in tetraploids and diploids with watering. There was a considerable,
although not significant, increase in starch levels in the WW groups. In the WS groups,
tetraploid plants showed reduced starch accumulation when compared with diploids.

4. Discussion

The close relationship between abiotic stress and polyploidy is well recognized in
nature, as wis the role of polyploidy in conferring a selective advantage under stressful or
changing environmental conditions (for reviews, see refs. [10,19,27]).

In terms of adaptation to drought stress, genome doubling has been shown to lead to
changes in transpiration, water use efficiency, photosynthetic rate, phenology, antioxidant
response, and morphology [11,28]. However, the underlying physiological and molecular
bases of such mechanisms remain poorly understood. The results obtained in this study
showed that polyploidization confers better performance in acclimatized plants under
water deficit than their diploid counterparts, which may be related to differential defense
strategies to cope with drought. This is also the first time that the effect of water stress on the
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physiological performance of acclimatized in vitro micropropagated and then acclimatized
tamarillo plants is reported.

In previous reports for Lonicera japonica, WS decreased the net photosynthesis rate,
stomatal conductance, and transpiration rate of both diploid and tetraploid cultivars. WS
also decreased electron transport rate, effective quantum yield of photosystem 11, photo-
chemical quenching, and starch content, but increased nonphotochemical quenching and
contents for total soluble sugars, proline, and malondialdehyde [29]. However, tetraploid
L. japonica showed higher resistance to water stress and less affected physiological responses
than diploid species [29] which was attributed to morphological and anatomical features,
as the tetraploid had a smaller total plant leaf area, higher leaf mass per unit area, thicker
epidermis, and palisade tissue, as well as denser pubescence.

Together with changes in hormonal dynamics and water potential, such responses
to WS are well reported for other woody plants, yet they can change depending on
species/genotype and stress intensity or duration [21]. In fact, one anatomical charac-
teristic of polyploids is their larger size, both in general terms and at the level of the
different organs, such as flowers, fruits, roots, or seeds. This results from the increased cell
volume of the tetraploid cells. The leaves are generally wider, thicker, and characterized
by an increased mass per unit area [30,31]. They also show an increase in stomata size
and in the number of chloroplasts per guard cell [29]. Regarding cereals, Huang et al. [32]
observed that as ploidy increased (from diploid to tetraploid or hexaploid) in wheat, the
amount of water used in transpiration and the growth period decreased while WUE and
nutrient use efficiency increased.

In the present work, we start from a point where no apparent morphological dif-
ferences were noticed within diploid and tetraploid acclimatized tamarillo plants. No
differences in biomass between plants of different ploidies, nor between treatments were
found. However, there was a slight decrease in biomass from WW to WS tetraploid plants
not observable in diploids. This result may reflect a better and faster stress adaptation
of tetraploids, through the reduction of photosynthetic rates and consequent decrease in
biomass production, compared with diploids.

Marked differences were found regarding the water status of plants with different
ploidies under stress. Tamarillo tetraploid plants were able to maintain water potential
and RWC values near those from WW. Only significant differences were observed in the
behavior of diploid plants under WS. An expressive difference indicated the lower water
potential of the WS diploid plants when compared with the other groups under analysis.
The changes in water status under water limitation scenarios agree with what has been
observed in other studies [21].

It was found that both tamarillo plants subjected to WS conditions showed reduced
rates of transpiration and CO; assimilation. Although there were no statistically significant
differences, tetraploid plants tended to show higher rates of both parameters when com-
pared with diploids, and these values were reflected in the WUE;i obtained. In the case of
gs there was a sharp decrease when comparing the plants under WW to those in the WS
treatment, with a null value of gs in WS diploids and a very low value in tetraploids. It is
known that water stress is a factor that significantly affects stomatal conductance [21,33]
and this seems to be closely linked with the factors of transpiration and CO, assimilation
that, in the face of the impact of stress, showed similar results of a decrease.

Photochemical performance analysis showed a significant decrease in the effective
quantum yield of photosystem II (PSII) in both diploid and tetraploid plants when subjected
to water stress, with the decrease being slightly steeper in diploid plants. The reduction
in PSII may be largely related to a decrease in the proportion of photosystem II reaction
centers in the “open” state due to limited NADPH consumption or to the reduced efficiency
in the capture of excitation energy by the reaction of PSII [34], considering that chlorophyll
a values did not decrease significantly. In agreement with other results obtained, these
values confirm that WS affects photosynthetic capacity, leading plants to reduce the rate of
photosynthesis as a response to low water availability [21,35]. These results are reinforced
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by the quantification of chlorophyll a, chlorophyll b, and carotenoids for diploid and
tetraploid plants under WW and WS, in which no significant differences were observed.
Only a slight decrease in all pigment content was observed in the tetraploids when subjected
to WS, whereas in the diploids the content of all types of pigment increased.

Another common plant protective mechanism against water deficit is the accumulation
of soluble sugars and other osmoprotectants, such as amino acids (e.g., proline). These
osmotically active compounds stabilize proteins and membranes and reduce osmotic
potential, aiming to prevent cellular dehydration [36,37]. Apart from the fact that no
significant differences were observed regarding TSS between diploid and tetraploid plants,
regardless of water treatment, it is worth mentioning that sugar concentration was higher
in tetraploids under WS. This slight increase could be biologically relevant to assure the
higher tolerance of tetraploids under WS and reinforce the key role of sugars as carbon
sources and osmoregulatory agents. Furthermore, it can suggest a reduced consumption of
organic solutes as an adaptive measure to stress [38].

Analysis of proline provided very interesting results, with a significant increase in
diploid plants under water limitation. In the case of tetraploids, this increase was slight.
Proline plays a central role in the ability of plants to react to abiotic stress [39] since it is an
amino acid that mediates osmotic balance, protecting macromolecules in periods of dehy-
dration and acting as a protector of oxidative stress. Considering the differential behavior
of leaf soluble sugars and amino acids between diploid and tetraploid plants and their
potential role in abscisic acid regulation, a key player mediating drought responses [40],
further research should be done to quantify phytohormones, as suggested in cold tolerance
in tetraploid Fragaria moupinensis [41].

Considering the levels of starch and soluble sugars, the fact that there were no sig-
nificant decreases in their contents between treatments may indicate an inhibition of the
hydrolysis of starch into simple sugars under stress conditions [33]. In terms of MDA, a
general marker of oxidative stress, there were no differences noticed with either ploidy
plant, although its increase with water stress imposition is commonly reported for other
species [42]. It is important to stress that the differences found between WS diploid and
tetraploid plants were observed after a 4-day water stress period, which was enough to
induce leaf wilting, and a dramatic reduction in photosynthetic performance, particularly
in terms of gas exchange parameters, but it might not have been long enough to cause
damage related to oxidative stress.

5. Conclusions

In the face of rapid climate changes at the global scale, understanding the impact of
polyploidization on plant fitness and environmental interactions is an urgent topic. This
knowledge may help us design new ways for harnessing more efficient uses of artificial
polyploidization to obtain genotypes with increased tolerance to diverse biotic and abiotic
stresses and explore this as an efficient tool for the breeding of crop species with intrinsic
agronomic value.

This work was designed to explore if polyploidization has a role in plant drought
tolerance, and we describe the main physiological traits triggered under stress in tamarillo
micropropagated and acclimatized plants. Rather than confirming the drought-resistant
nature of tetraploid plants, we aimed to show that early selection of plant stock material
is crucial and should be performed under less optimal conditions. Furthermore, the
results presented consist of a first report on a drought assay for tamarillo plants and new
insights on the effect of abiotic stresses on polyploid versus diploid plants. The obtained
results showed tetraploid plants displayed traits related to a superior drought tolerance
than their diploid counterparts and differential mechanisms underlying this physiological
performance may be involved. However, the anatomical/histological differences inherent
to that physiological behavior, as well as the molecular basis of this increased tolerance
must be further analyzed.
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It can be concluded that studies and advances in the improvement of tamarillo, asso-
ciated with efficient in vitro plant regeneration protocols, can play a decisive role in the
development of new clones resistant to abiotic stresses, viruses, pests, and diseases that,
through conventional crosses, are difficult to obtain. Nevertheless, it will be important to
monitor the field development of the tetraploids obtained and quantify the advantages of
the process developed.

Author Contributions: Conceptualization, S.C., G.P. and J.C.; methodology, A.B., ] M. and B.C;
validation, S.C., G.P. and J.C.; formal analysis, S.C., G.P. and J.C.; investigation, A.B., ].M. and B.C;
resources, S.C., G.P. and ].C.; writing—original draft preparation, S.C.; writing—review and editing,
JM., B.C., G.P. and ].C.; supervision, S.C., G.P. and ].C.; funding acquisition, S.C., G.P. and ].C. All
authors have read and agreed to the published version of the manuscript.

Funding: This work is part of the project BP4PP—Tamarillo breeding: better plants for better
products—POCI-01-0145-FEDER-032265. Project co-financed by the Foundation for Science and
Technology (FCT) and the European Regional Development Fund (FEDER), through Portugal 2020—
Operational Program Competitiveness and Internationalization (POCI). This work was carried out at
the R&D Unit Centre for Functional Ecology—Science for People and the Planet (CFE), with reference
UIDB/04004/2020, and at CESAM by supported by FCT/MCTES (UIDP /50017 /2020+UIDB/50017 /
2020+ LA /P/0094/2020), through national funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Meadows, L.R. Growing Tamarillo Relatives. The New Zealand Home Garden. 2002. Available online: www.naturalhub.com
(accessed on 18 May 2021).

2. Mertz, C; Brat, P.; Caris-Veyrat, C.; Giinata, Z. Characterization and thermal lability of carotenoids and vitamin C of tamarillo
fruit (Solanum betaceum Cav.). Food Chem. 2009, 119, 653-659. [CrossRef]

3. Noor Atiqah, A.A K,; Maisarah, A.M.; Asmah, R. Comparison of antioxidant properties of tamarillo (Cyphomandra betacea), cherry
tomato (Solanum lycopersicum var. cerasiforme) and tomato (Lycopersicon esculentum). Int. Food Res. ]. 2014, 21, 2355-2362.

4. Osorio, S.; Alba, R.; Nikoloski, Z.; Kochevenko, A.; Fernie, A.R.; Giovannoni, ].J. Integrative comparative analyses of transcript
and metabolite profiles from pepper and tomato ripening and development stages uncovers species-specific patterns of network
regulatory behavior. Plant Physiol. 2012, 159, 1713-1729. [CrossRef]

5. Cohen, D; Elliot, D. Micropropagation methods for blueberries and tamarillos. Comb. Proc. Int. Plant Prop. Soc. 1979, 29, 177-179.

6.  Bakshi, P.; Kour, G.; Ahmed, R. Tamarillo (Cyphomandra betacea). In Underutilized Fruit Crops: Importance and Cultivation, 1st ed.;
Ghosh, S.N., Ed.; Jaya Publications: Delhi, India, 2016; pp. 1271-1294.

7. Correia, S.; Canhoto, ].M. Biotechnology of tamarillo (Cyphomandra betacea): From in vitro cloning to genetic transformation. Sci.
Hortic. 2012, 148, 161-168. [CrossRef]

8. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop
production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [CrossRef]

9. Balting, D.F; AghaKouchak, A.; Lohmann, G.; Ionita, M. Northern Hemisphere drought risk in a warming climate. Npj Clim.
Atmos. Sci. 2021, 4, 61. [CrossRef]

10. Trojak-Goluch, A.; Kawka-Lipiniska, M.; Wielgusz, K.; Praczyk, M. Polyploidy in industrial crops: Applications and perspectives
in plant breeding. Agronomy 2021, 11, 2574. [CrossRef]

11. Leitch, A.R,; Leitch, L.]. Genomic plasticity and the diversity of polyploid plants. Science 2008, 320, 481-483. [CrossRef]

12. Ntuli, N.; Zobolo, A.M. Effect of water stress on growth of colchicine induced polyploid Coccinia palmata and Lagenaria sphaerica
plants. Afr. ]. Biotechnol. 2008, 7, 3548-3652.

13. Liu, S.; Chen, S.; Chen, Y,; Guan, Z.; Yin, D.; Chen, F. In vitro induced tetraploid of Dendranthema nankingense (Nakai) Tzvel. shows
an improved level of abiotic stress tolerance. Sci. Hortic. 2011, 127, 411-419. [CrossRef]

14. Radia, L.; Julie, O.; Yann, Q.; Yann, F; Stéphane, H.; Raphael, M.; Liliane, B.; Jérémie, S. Improved response of triploid citrus
varieties to water deficit is related to anatomical and cytological properties. Plant Physiol. Biochem. 2021, 162, 762-775.

15. del Pozo, ].C.; Ramirez-Parra, E. Deciphering the molecular bases for drought tolerance in Arabidopsis autotetraploids. Plant Cell
Environ. 2014, 37, 2722-2737. [CrossRef] [PubMed]

16. Yang, PM.; Huang, Q.C.; Qin, G.Y.; Zhao, S.P,; Zhou, J.G. Different drought-stress responses in photosynthesis and reactive

oxygen metabolism between autotetraploid and diploid rice. Photosynthetica 2014, 52, 193-202. [CrossRef]


www.naturalhub.com
http://doi.org/10.1016/j.foodchem.2009.07.009
http://doi.org/10.1104/pp.112.199711
http://doi.org/10.1016/j.scienta.2012.09.037
http://doi.org/10.3389/fpls.2017.01147
http://doi.org/10.1038/s41612-021-00218-2
http://doi.org/10.3390/agronomy11122574
http://doi.org/10.1126/science.1153585
http://doi.org/10.1016/j.scienta.2010.10.012
http://doi.org/10.1111/pce.12344
http://www.ncbi.nlm.nih.gov/pubmed/24716850
http://doi.org/10.1007/s11099-014-0020-2

Forests 2023, 14, 208 13 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Pringle, G.; Murray, B. Polyploidy and aneuploidy in the tamarillo, Cyphomandra betacea (Cav.) Sendt. (Solanaceae). I. Spontaneous
polyploidy and features of the euploids. Plant Breed. 1992, 108, 132-138. [CrossRef]

Antunes, P. Inducao de plantas tetrapléides através de tratamento com agentes c-mitéticos no tamarilho (Cyphomandra betacea) e
no medronheiro (Arbutus unedo). Master’s Thesis, University of Coimbra, Coimbra, Portugal, 2010.

Tossi, V.E.; Martinez Tosar, L.J.; Laino, L.E.; Iannicelli, J.; Regalado, J.J.; Escandén, A.S.; Baroli, I.; Causin, H.F.; Pitta-Alvarez, S.I
Impact of polyploidy on plant tolerance to abiotic and biotic stresses. Front. Plant Sci. 2022, 13, 869423. [CrossRef] [PubMed]
Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant. 1962, 15,
473-497. [CrossRef]

Correia, B.; Pint6-Marijuan, M.; Neves, L.; Brossac, R.; Dias, M.C.; Costa, A.; Castro, B.; Aratjo, C.; Santosa, C.; Chaves, M.M,;
et al. Water stress and recovery in the performance of two Eucalyptus globulus clones: Physiological and biochemical profiles.
Physiol. Plant. 2014, 150, 580-592. [CrossRef]

Sims, D.A.; Gamon, J.A. Relationships between leaf pigment content and spectral reflectance across a wide range of species, leaf
structures and developmental stages. Remote Sens. Environ. 2002, 81, 337-354. [CrossRef]

Hodges, J.M. Improving the thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in plant tissues
containing anthocyanin and other interfering compounds. Planta 1999, 207, 604-611. [CrossRef]

Khedr, A.; Abbas, M.; Wahid, A.; Quick, W.; Abogadallah, G. Proline induces the expression of salt-stress-responsive proteins and
may improve the adaptation of Pancratium maritimum L. to salt-stress. . Exp. Bot. 2003, 54, 2553-2562. [CrossRef]

Irigoyen, J.J.; Einerich, D.W.; Sanchez-Diaz, M. Water stress induced changes in concentrations of proline and total soluble sugars
in nodulated alfalfa (Medicago sativa) plants. Physiol. Plant. 1992, 84, 55-60. [CrossRef]

Mitsuru, O.; Takuro, S.; Toshiaki, T. Redistribution of carbon and nitrogen compounds from the shoot to the harvesting organs
during maturation in field crops. Soil Sci. Plant Nutr. 1991, 37, 117-128.

Van de Peer, Y.; Ashman, T.-L.; Soltis, P.S.; Soltis, D.E. Polyploidy: An evolutionary and ecological force in stressful times. Plant
Cell 2021, 33, 11-26. [CrossRef]

Maherali, H.; Walden, A.E.; Husband, B.C. Genome duplication and the evolution of physiological responses to water stress. New
Phytol. 2009, 184, 721-731. [CrossRef]

Li, W.-D,; Biswas, D.K,; Xu, H.; Xu, C.-Q.; Wang, X.-Z.; Liu, ].-K,; Jiang, G.-M. Photosynthetic responses to chromosome doubling
in relation to leaf anatomy in Lonicera japonica subjected to water stress. Funct. Plant Biol. 2009, 36, 783-792. [CrossRef]
Acquaah, G. Principles of plant genetics and breeding. In Polyploidy in Plant Breeding; Wiley-Blackwell: Malden, MA, USA, 2007;
Volume 13, pp. 130-214.

Song, C.; Liu, S.; Xiao, J.; Zhou, Y.; Qin, Q.; Zhang, C.; Liu, Y. Polyploid organisms. Science China Life. Science 2012, 55, 301-311.
Huang, M.; Deng, X.; Zhao, Y.; Zhou, S.; Inanaga, S.; Yamada, S.; Tanaka, K. Water and nutrient use efficiency in diploid, tetraploid
and hexaploid wheats. J. Integr. Plant Biol. 2007, 49, 706-715. [CrossRef]

Souza, R.; Machado, E.; Silva, J.; Lagoa, A,; Silveira, ]. Photosynthetic gas exchange, chlorophyll fluorescence and some associated
metabolic changes in cowpea (Vigna unguiculata) during water stress and recovery. Environ. Exp. Bot. 2004, 51, 45-56. [CrossRef]
Correia, M.; Osério, M.; Osério, J.; Barrote, I.; Martins, M.; David, M. Influence of transient shade periods on the effects of drought
on photosynthesis, carbohydrate accumulation and lipid peroxidation in sunflower leaves. Environ. Exp. Bot. 2006, 58, 75-84.
[CrossRef]

Chaves, M.; Maroco, ].P; Pereira, ].S. Understanding plant responses to drought-from genes to the whole plant. Funct. Plant Biol.
2003, 30, 239-264. [CrossRef]

Singh, M.; Kumar, J.; Singh, S.; Singh, V.P; Prasad, S.M. Roles of osmoprotectants in improving salinity and drought tolerance in
plants: A review. Rev. Environ. Sci. Bio Technol. 2015, 14, 407-426. [CrossRef]

Fabregas, N.; Fernie, A.R. The metabolic response to drought. J. Exp. Bot. 2019, 70, 1077-1085. [CrossRef]

Rosa, M.; Prado, C.; Podazza, G.; Roque, L; Juan, A.G.; Mirna, H.; Prado, FE. Soluble sugars-metabolism, sensing and abiotic
stress: A complex network in the life of plants. Plant Signal. Behav. 2009, 4, 388-393. [CrossRef]

Pavlik, M.; Pavlikova, D.; Staszkova, L.; Neuberg, M.; Kaliszovd, R. The effect of arsenic contamination on aminoacids metabolism
in Spinacia oleracea L. Ecotoxicol. Environ. Saf. 2010, 73, 1309-1313. [CrossRef]

Zivanovié, B.; Mili¢ Komié¢, S.; Tosti, T.; Vidovi¢, M.; Prokié, L.; Veljovi¢ Jovanovi¢, S. Leaf soluble sugars and free amino acids as
important components of abscisic acid—Mediated drought response in tomato. Plants 2020, 9, 1147. [CrossRef]

Lu, Q.; Liu, J.; Chen, L.; Yang, D.; Shen, J.; Li, J.; Liston, A.; Ashman, T.-L.; Dong, M. ABA-regulated ploidy-related genes and
non-structural carbon accumulation may underlie cold tolerance in tetraploid Fragaria moupinensis. Environ. Exp. Bot. 2020, 179,
104232. [CrossRef]

Abdelaal, K.A.; EL-Maghraby, L.M.; Elansary, H.; Hafez, Y.M.; Ibrahim, E.I; El-Banna, M.; El-Esawi, M.; Elkelish, A. Treatment of
sweet pepper with stress tolerance-inducing compounds alleviates salinity stress oxidative damage by mediating the physio-
biochemical activities and antioxidant systems. Agronomy 2020, 10, 26. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/j.1439-0523.1992.tb00112.x
http://doi.org/10.3389/fpls.2022.869423
http://www.ncbi.nlm.nih.gov/pubmed/36072313
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1111/ppl.12110
http://doi.org/10.1016/S0034-4257(02)00010-X
http://doi.org/10.1007/s004250050524
http://doi.org/10.1093/jxb/erg277
http://doi.org/10.1111/j.1399-3054.1992.tb08764.x
http://doi.org/10.1093/plcell/koaa015
http://doi.org/10.1111/j.1469-8137.2009.02997.x
http://doi.org/10.1071/FP09022
http://doi.org/10.1111/j.1744-7909.2007.00463.x
http://doi.org/10.1016/S0098-8472(03)00059-5
http://doi.org/10.1016/j.envexpbot.2005.06.015
http://doi.org/10.1071/FP02076
http://doi.org/10.1007/s11157-015-9372-8
http://doi.org/10.1093/jxb/ery437
http://doi.org/10.4161/psb.4.5.8294
http://doi.org/10.1016/j.ecoenv.2010.07.008
http://doi.org/10.3390/plants9091147
http://doi.org/10.1016/j.envexpbot.2020.104232
http://doi.org/10.3390/agronomy10010026

	Introduction 
	Materials and Methods 
	Establishment of Shoot Cultures 
	Plant Material and Experimental Design 
	Growth and Plant Water Potential 
	Leaf gas-Exchange Measurements 
	Photosynthetic Pigments and Chlorophyll a Fluorescence Analysis 
	Lipid Peroxidation and Proline Content 
	Total Soluble Sugars and Starch 
	Statistical Analysis 

	Results 
	Acclimatization of Micropropagated Plants 
	Responses of Diploid and Tetraploid Plants under Water Deficit 
	Changes in Proline, MDA and Carbohydrates Content 

	Discussion 
	Conclusions 
	References

