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Irrigation improves plant vitality in specific stages of mango tree
development according to photosynthetic efficiency
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Abstract

The plant fruiting process requires more energy and availability of soil water. Consequently, identifying the appropriate time
for additional water supplying for cultivation of mango is an important part of successful crop handling for production of
fruit with high quality. Therefore, we studied effects of additional water supplied by irrigation on chlorophyll fluorescence
parameters in a field experiment during phenological stages of Mangifera indica L. cv. Uba. Our results showed that
the irrigation at specific periods of plant development improved fluorescence parameters (resulting in high values of
the performance index), preventing damage of the photosynthetic apparatus, which positively influenced the supply of
photoassimilates to fruit load. Furthermore, the results suggest that the additional water supply by irrigation in rainfed
mango trees is recommended for maintaining high photosynthetic performance just during fruit development and fruit

maturation.
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Introduction

Brazil is one of the largest fruit producers in the world, and
the production of ‘Uba’ mango for processing is promising,
due to the current demand of the world market for mango
pulp and fruit juice (Oliveira et al. 2016). However, the
water deficit is known to change a variety of biochemical
and physiological processes, ranging from photosynthesis
to protein synthesis and solute accumulation, which limits
plant productivity (Wang et al. 2003).

Irrigation management in Palmer and Tommy Atkins
mango orchards is well described in the literature (Lucena
et al. 2007); however, no details are known about the
effects of water supply on photosynthetic efficiency during
different phenological stages. Water deficit prevents
vegetative shoots from flushing in mango trees. It is
assumed that water stress is necessary for a possible floral
stimulus to accumulate (Carr 2014). For the next stages
of development, it is important that the plants are well-
watered and under conditions of high temperatures (Lu
and Chacko 2000, Laxman et al. 2016). Therefore, the
oscillations in the distribution of rainfall during the year
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may alter the cycle of mango trees managed under rainfed
conditions. Consequently, changes in leaf physiological
metabolism and fruit production may occur (Davenport
2007, Ripoll et al. 2014). Beside other metabolic processes
occurring in plants, photosynthesis was shown to be a
process sensitive to water availability (Kalaji ef al. 2017,
Stirbet et al. 2018).

It has been documented that the adequate production of
photoassimilates depends on the proper functioning of the
photosynthesis. The influence of the changes of environ-
mental conditions on the physiology of photosynthetic
apparatus of plants has been often studied using the
fluorescence of chlorophyll (Chl) a (Strasser et al. 2004,
Jedmowski et al. 2013, Einali and Shariati 2015). This
technique allows to obtain qualitative and quantitative
information on the physiological conditions of the photo-
synthetic apparatus, and can eventually be correlated
with the productivity of the plants (Stirbet et al. 2014,
Van Wittenberghe et al. 2015). The fruiting process in the
plant requires more energy and availability of soil water
(Laxman et al. 2016). Moreover, under water stress and
prolonged high temperatures, there is a higher respiratory
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Abbreviations: Car — carotenoids; Chl — chlorophyll; DFags — driving force on absorption basis; DI//RC — flux of energy dissipated
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demand and a loss of photoassimilates (Pongsomboon
et al. 1997, Gonzalez et al. 2004). Therefore, in times
of drought, the supply of water during specific stages of
plant development is expected to maintain photoassimilate
production.

In view of the above mentioned, the effects of drought
on the photochemical performance of mango trees is of
paramount importance for fruit quality. Due to environ-
mental changes, prolonged drought season has become
frequent in areas that were usually well-watered by rain. In
these conditions, the photosynthetic performance of ‘Uba’
mango tree has changed the production of photoassimilates,
which may reflect on the quality of the fruits. Thus, the
objective of this work was to evaluate the photosynthetic
efficiency of mango trees during reproductive cycle, and to
determine the adequate stage of plant development during
which irrigation can improve the vitality of the plants.

Materials and methods

Plant material and growth conditions: Eight-year-old
‘Uba’mango (Mangiferaindical.)trees were acquired from
a commercial orchard of ‘Mango Pole’ located in Colatina,
Espirito Santo, Brazil (19°32'32.71"S, 40°45'49.73"W,
alt. 209 m). The trees were planted with 9.0 x 9.0 m spacing
under rainfed and irrigation conditions. The study was
conducted with 20 plants for each water regime: irrigated
and nonirrigated conditions. The irrigation was interrupted
during the flowering stage for both water regimes; at this
stage, both irrigated and nonirrigated plants received
only rain water. The irrigation frequency was estimated
in the orchard according to the daily evapotranspiration
registered by an irrigameter (lrrigametro®, Federal
University of Vigosa, Brazil) installed at the orchard, and
calculations were based on Oliveira ez al. (2008).

The total annual precipitation was 476 mm. The
recorded rainfall distribution for each phenological stage
was obtained from the meteorological station of the
National Institute of Meteorology (INMET) (Aimorés,
MG/Brazil, 19°31'57.96"S, 41°05'26.88"W, alt. 288 m)
from January to December 2015 (Fig. 1).

The samples for chemical and physiological analysis
were collected according to Hernandez Delgado et al.
(2011), starting with vegetative bud development to the end
of fruit maturity. Leaves and fruits were analyzed during
six phenological stages: stage [ — before pruning, stage II —
after pruning, stage III — vegetative flush, stage IV —
flowering, stage V — fruit development, and stage VI — fruit
maturity.

Chlafluorescence measurements: The Chl a fluorescence
induction of ‘Ubd’ mango leaves was measured between
7:00-9:00 h with a plant efficiency analyzer (Handy PEA,
Hansatech Instruments Ltd., King's Lynn, Norfolk, UK).
All measurements were recorded in the morning because
the radiation in the latter hours affects the OJIP-derived
parameters (Kalaji et al. 2016). The measurements were
done in triplicates, on fully expanded leaf after 40 min of
adaptation to darkness. The kinetics of Chl a fluorescence
was measured using a saturating red-light pulse of about
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Fig. 1. Rainfall distribution for each phenological stage of mango
plants obtained from the meteorological station of the National
Institute of Meteorology (INMET) (Aimorés, MG/Brazil)
(19°31'57.96"S, 41°05'26.88"W, alt. 288 m) from January to
December. Stage I — before pruning; stage II — after pruning;
stage III — vegetative flush; stage IV — flowering; stage V —
fruit development; stage VI — fruit maturity. The total annual
precipitation was 476 mm.

3,000 pmol(photon) m™ s™'. Fluorescence intensities
were recorded between 20 ps and 1 s; the fluorescence
at 20 pus was considered the initial fluorescence (Fy), and
the maximum fluorescence (Fy) was reached at ~ 400
ms. Several fluorescence parameters, i.e., Fo, Fu, Fv/
Fuv, dV/dt,, dVG/dty, ABS/RC, DIy/RC, TRy/RC, ETy/
RC, RE()/RC, \VE(), 6R0, (pp(), (|)E(), (pR(), PIABS, DFABS,
PITOTAL, DFTQTAL, RC/ABS, RC/CSO were calculated
according to the so-called JIP test (Appendix), which is
often used for Chl a fluorescence induction analysis,
and is based on the Biomembrane Energy Flow Theory
(see Strasser and Strasser 1995, Strasser et al. 2004, 2010;
Stirbet and Govindjee 2011).

Photosynthetic pigment measurements: Chl a and b
contents and total carotenoids (Car) of the leaves used
for fluorescence measurements were determined in tripli-
cate according to Lichtenthaler and Buschmann (2001).
Approximately 100 mg of leaves, corresponding to eight
discs of 0.5 cm?, were macerated with 7 mL of acetone
80% (v/v). The macerate was filtered with filter paper
to a volumetric flask and the volume was completed
to 25 mL. The filtrate was protected from light to avoid
photodegradation. The optical absorption of the filtrate
was determined with a spectrophotometer (Genesys 10S
UV-Vis, Thermo Scientific) at 470, 646.8, and 663.2 nm.

Evaluation of fruit quality: Fruit sampling was done at
unripe and ripe stages for each water regime. As shown
in Yashoda et al. (2006), unripe fruits (from irrigated and
nonirrigated plants) were harvested with greenish skin
color, when shoulders were fully developed. The fruits were
washed with a solution containing sodium hypochlorite
solution and kept at 25°C for 7 d prior to daily analyses.
Ten ripe fruits with yellowish skin, considered prior to
consumption, were harvested totally ripe and analyzed one
day after the harvest.

821



L. FARIA-SILVA et al.

The fruits were peeled and cut, and the pulp was
ground in a Grindomix blender (Retsch, Haan, Germany).
The resulted juice was used for the measurement of total
soluble solids (TSS [°Brix]) content and total titratable
acidity (TA [g(citric acid equivalent) 100 g !(pulp)]). Total
soluble solids were determined using a refractometer
(Atago ATC-1E, Tokyo, Japan). Total titratable acidity
(up to pH 8.1) was measured with a titrameter using a 0.1 N
NaOH solution. The fresh mass was measured on in natura
fruits using a semi-analytical balance with a precision of +
0.01 g. The physiological mass loss (PWL) was calculated
as: PWL, [%] = [(Wo — W.)/W,] x 100, where PWL, is
the physiological mass loss in percent for each stage of
maturation; W is the initial mass of the sample in g at the
first day of storage; and W, is the mass of the sample for each
maturation stage. Respiration rates were measured using
LCpro-SD (ADC BioScientific Ltd., UK) portable infrared
gas analyzer (IRGA) calibrated with standard CO, of
380 pmol mol'. A single mango fruit was placed in 1-L
airtight chamber covered with black cloth, and air was
passed through the chamber (model LCI/LCpro Soilhood V2,
ADC BioScientific Ltd., UK). The flow rate of the air was
adjusted to 200 pmol s™'. Respiration was expressed in
mmol(CO,) kg '(FM) h'’.

Statistical analysis: Fisher's weights and PCA (principal
component analysis) were used to analyze differences and
similarities of the JIP test parameters calculated for both
water regimes (Skrobot ez al. 2007). The most significant
parameters were determined using MATLAB software
version 8.1 (MathWorks, Inc., USA). Analysis of variance
(ANOVA) was performed to assess the effect of irrigation
regime on the vegetative and reproductive characteristics
of the tree. Multiples analysis was performed using
the Tukey's test (p<0.05) to evaluate whether or not the
means were significantly different. All statistical analyses

5

were computed using Statistical Analysis Software (SAS,
version 9.0).

Results

Water regime influence on Chl a fluorescence para-
meters: The fluorescence parameters which better iden-
tified the differences and similarities according to PCA
analysis are presented in Fig. 2. This multivariate analysis
of 21 different fluorescence parameters obtained by the JIP
test indicated six more representative parameters of Chl a
fluorescence (ETo/RC, RE(/RC, Plsgs, DFagps, DI/RC,
Plrorar) which differentiated two water regimes (irrigated
and nonirrigated) in each one of six periods analyzed (I, 11,
1L, 1V, V, and VI).

Water availability positively influenced the photo-
chemical phase of photosynthesis before pruning (stage I)
of mango trees, and also during fruit development (stage V)
and maturity of the fruit (stage VI) (Fig. 3). In stage I, the
irrigated plants had values of the initial electron transport
flux at the PSII level (ET,/RC) and electron transfer flow
to the final acceptors of the PSI (REy/RC) that were 10
and 20% higher than that for the nonirrigated plants,
respectively. Also, during fruit development (stage V),
irrigated plants had higher performance index (Plags),
higher driving force (DFags), and higher ET(o/RC compared
to nonirrigated plants. Furthermore, the plants irrigated
during the fruit-maturity period (stage VI) showed a lower
dissipated excitation energy at the PSII level (DIy/RC) and
higher RE(/RC, which led to an increase by 60% of the
total performance index (Pliorar) in well-watered plants.
In contrast, the use of irrigation influenced negatively the
photosynthetic electron transport in stages II and III (after
pruning and during vegetative flush), due to high energy
dissipation (DIy/RC), which was 40% higher in irrigated
plants compared to nonirrigated plants in stage II, and

Fo

4|
3 -
Vegetative Stage
Irrigated
oL O TRJ/RC
DIy/RC
ABS/RC
1F dVidty
dVG/dty

©Ro

PC2 [14.5%)]
o

Reproductive Stage

Reproductive Stage
vEo Irrigated
O Prom Fig. 2. Results of the principal
Plass DFrotac O components analysis (PCA)
DFsss vegetative Stage | yged to analyze differences and
RC/CS, non-Irrigated

oo similarities of the JIP test

parameters calculated for the
both water regimes (irrigated
and nonirrigated) at vegetative
(stages I, II, III) and repro-
ductive (stages IV, V, VI) stages
of mango development. Of 21
different fluorescence para-
meters obtained by JIP test, this

2Lk nor-Irrigated
3
4 |
-5 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5

PC1 [80.2%]

822

multivariate analysis indicated
six more representative (in
bold).



EFFECT OF IRRIGATION ON PLANT VITALITY IN SPECIFIC STAGES OF DEVELOPMENT

. O Irrigated

ool 1 1T

[ non-Irrigated

*

L

02

DIy/RC [r.u]
—
=
—
H

N
Plags[r.u.]

Fig. 3. Chlorophyll fluorescence
parameters describing the activity
of the photosynthetic apparatus

09 r

08 T

0.7 ¢

ETy/RC [r.u]

5

06

05

. in the ‘Uba’” mango irrigated and
) nonirrigated for each phenological
T stage: I — before pruning; II — after
— pruning; I1I — vegetative flush; IV —
2 flowering; V — fruit development;
03 § VI — fruit maturity. Data are
9 means+ SD, n=10. Data were pair-

02  wise compared using Tukey's test
and asterisk indicate the difference

1041 with P<0.05. DFyps — driving force

03

02

RE/RC [r.u.]

0.1

— m—

processes other than trapping
per active PSII; ET/RC — flux of
electrons transferred from Qa to
plastoquinone per active PSII;
Plags — performance index on
absorption basis; Pliora. — total
performance index on absorption
basis; RE(/RC — flux of electrons

N
o

Plrotac [r.u.]

1 —
g — —"

i

PHENOLOGICAL STAGES

g —

10% in stage I1I. We also observed that additional water in
stages II and III had a negative impact in irrigated plants,
as indicated by the decrease in Plags and DFags by 40 and
60%, respectively, compared to nonirrigated plants in the
stage II (Fig. 3), whereas the parameters of photochemical
performance (Plags), Plrorar, and DF4gs decreased by 25,
30, and 27%, respectively, in the stage III. The flowering
stage (IV) was the only phenological stage in which the
water regime had no significant influence on any Chl a
fluorescence parameter.

Photosynthetic pigments: Irrigation water supply posi-
tively influenced the synthesis of total Chl during the
flowering stage (stage IV) (Table 1). Irrigated plants had
43 pg(total Chl) cm? and a Chl a/b ratio of 3.42, while
nonirrigated plants showed 33 pg(total Chl) cm™2, and the
Chl a/b ratio of 2.91. During the stages I, II, V, and VI, the
total Chl content of the irrigated plants (21, 45, 17, and
16 ug cm?, respectively) were negatively affected, since in
the nonirrigated plants, the Chl contents were higher (29,
47,36, and 21 pg cm %, respectively). Furthermore, the Chl
a/b ratio in stage I was 2.79 in irrigated plants, and 3.32
in nonirrigated plants. During fruit development (stage
V), the Chl a/b ratio was 2.00 in well-watered plants,
and 2.95 in the nonirrigated plants. After pruning (stage
II) and during fruit development (stage V), no significant
differences were observed between both water regimes.
Likewise, no significant differences in total Chl were
observed in irrigated and nonirrigated plants during the
vegetative stage (stage III).

flux of energy dissipated in
Vi

on absorption basis; DI/RC —
« {15
{05
v %

transferred from Qa to final PSI
acceptors per active PSII.

Table 1 also shows the total Car content for irrigated
and nonirrigated plants during the six phenological stages.
Irrigated plants at stage I, II, V, and VI (2.37, 4.70, 2.52,
and 2.30 ug cm2, respectively) showed a reduction in the
Car content compared to nonirrigated plants (2.86, 5.25,
3.86, and 2.89 pg cm?, respectively). During vegetative
flush and flowering (stages I1I and I'V), no differences were
observed between the two water regimes.

Physical, chemical, and physiological analysis of the
fruits: Differences in physicochemical parameters
measured during the ripening process of mango fruits
in two groups of trees are presented in Fig. 4. High TSS
values of nonirrigated plants were observed from day 3
after harvest, while the TA values decreased over the
ripening, reaching ~ 0.4 g(citric acid) 100 g'(pulp) at the
end of the ripening process. In general, we observed an
increase in the content of TSS, a reduction in the titratable
acidity, and consequently, an increase in the TSS/TA ratio,
regardless of the water regime to which the trees were
submitted. Punctually, from 5 to 7 d of storage at 25°C, the
fruits harvested as green, did not present an increase in the
values of TSS, TA, and TSS/TA ratio, compared to the ripe
fruits, independently of the water regime. An exception
was observed for the fruit mass, as the fruits harvested
ripe presented a higher fresh mass (125 g) than the fruit
harvested at the physiological maturity (104 g). The
respiratory activity in the fruits of irrigated plants was lower
than that in fruits of nonirrigated plants; 2 d after harvest,
the CO, production was 0.37 mmol(CO,) kg !(FM) h'!
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Table 1. Content of chloroplast pigments of the leaves from irrigated and nonirrigated Uba mango trees during different phenological
stages. Data are means + SD, n = 6. " indicates significant difference between irrigated and nonirrigated plants within each phenological

stage (P<0.05, Tukey's test).

Phenological stage Water regime  Chl (atb) [pg cm™?]  Car [pg cm™?] Chl a/b Chl/Car
Before pruning (stage I) irrigated 21.17+0.25 147.44 £ 4.24 2.79+0.11 0.14 +0.00
nonirrigated  28.76 £ 0.03" 177.85+0.51"  3.22+£0.02° 0.16 +£0.00"
After pruning (stage II) irrigated 44.98 +0.43 292.45+13.20 3.06+0.15  0.15+0.01
nonirrigated ~ 46.80 £ 0.98" 32633 +14.88" 2.79+0.12  0.14+0.01
Vegetative flush (stage I1I)  irrigated 40.45+1.87 52570 £64.76  1.08 +0.16 0.08 +£0.01
nonirrigated 39.42+£0.43 489.14 + 8.65 1.17+0.02  0.08£0.00
Flowering (stage IV) irrigated 43.04 £ 3.78" 253.71+£28.72 342+0.10" 0.17+0.00"
nonirrigated 33.34+0.05 226.15+0.91 291+0.02 0.15+£0.00
Fruit development (stage V) irrigated 17.09 +0.11 156.41 +1.93 2.00+0.01 0.12+0.00
nonirrigated 35.65+4.21° 239.75+£33.77° 2.95+£0.00° 0.15+0.00"
Maturity of fruit (stage VI)  irrigated 16.49 £ 0.68 142.74 + 3.21 2204020  0.12+0.01
nonirrigated 21.23+£2.57" 179.62 £21.16" 2.25+0.02 0.12+0.00

Table 2. Relationships between chlorophyll fluorescence parameters and fruit physicochemical properties in two phenological stages of
the plant, vegetative flush (stage I1T) and maturity of fruit (stage VI). Pearson's correlation coefficient (r) are presented, where” — p<0.05,

" —p<0.01, ™ — p<0.001, ns — not significant.

Parameters Phenological stage Fruit physicochemical properties
Respiration ~ FM PWL TSS TSS/TA

DI,/RC 111 —0.56™ ns ns ns ns

VI 0.50" ns ns ns ns
ET¢/RC 11T ns ns ns ns ns

VI ns ns ns ns ns
REy/RC 111 0.53" -0.19™ 0.19 ns ns

VI —0.38" 0.53" -0.56" ns ns
Plags 111 0.73" ns ns ns ns

VI -0.36™ ns ns ns ns
DFgs 11 0.73" ns ns ns ns

VI —0.39ns ns ns ns ns
Plrorar 11 0.77 ns ns ns ns

VI -0.51" ns ns ns ns
Chl (at+b) 111 —0.33m ns ns -0.06™ 047

VI 0.717" ns ns 0.56™ 0.02"
Car 11 —0.33m ns ns -0.06™ 047"

VI 0.69™" ns ns 0.60™ —0.05™

for the fruits of irrigated plants, and 0.43 mmol(CO,)
kg '(FM) h! for the fruits of nonirrigated plants (Fig. 4).

Discussion

The performance index Plags and logarithm of Plags,
defined as the total driving force for photosynthesis (DFags),
were used to assess differences in stress sensitivity of the
plants (Jedmowski et al. 2013, Oukarroum et al. 2016). In
vegetative stages (II and III) of the nonirrigated plants, the
water supply from rainfall was sufficient to maintain the
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PSII performance. The irrigated plants showed a decrease
in the parameters Plags, Pltorar, and DFags, which suggests
that the irrigation during this period is not necessary.
In parallel, in the vegetative stage, we also observed an
increase in excitation energy dissipation at the PSII level
(DI/RC) in irrigated plants compared to nonirrigated
ones. The energy dissipation parameter has been used as
an indicator of drought stress in different plant species
(Demetriou et al. 2007, Bacarin et al. 2011, Czyczylo-
Mysza and Myskow 2017, Guo et al. 2018). Our research
group has described previously a significant increase in
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Fig. 4. Physicochemical properties, total soluble solids (TSS), titratable acidity (TA), TSS/TA ratio, mass, physiological mass
loss (PWL), and respiration rate (CO,) during the ripening process of ‘Uba’ mango fruit from irrigated and nonirrigated plants. Data are
means + SD, n = 10. Data were pairwise compared with Tuke)'s test and asterisk indicate the difference with P<0.05.

DIy/RC after pruning in ‘Uba’ mango trees exposed to
light stress in the field (Faria-Silva et al. 2017). Hence,
DIy/RC has been considered a potential indicator not only
of a photoprotection mechanism but also of drought stress
in the mango tree. Regarding the results for ETo/RC and
RE(/RC parameters, in stage I, there was no rainfall
recorded before pruning (Fig. 3). In these conditions,
additional water supply by irrigation ensured the main-
tenance of favorable photochemical conditions for the
photosynthetic electron flow, evidenced by high ETo/RC
and RE(/RC values compared to those in nonirrigated
plants. Therefore, irrigation under these conditions has
prevented the damage of the photosystems in the ‘Uba’
mango leaves.

During the flowering stage (IV), no significant differ-
ence was observed between Chl a fluorescence parameters
measured in irrigated and nonirrigated plants. These
results show that there is no requirement for additional
water supply during the flowering stage. In fact, water
deficit during floral induction was shown to be important
in the preflowering period, because it stimulates flowering
(Lu and Chacko 2000) and prevents flower abortion,
which favors pollination and fruit quality (Laxman et al.
2016, Makhmale et al. 2016). Therefore, results obtained
in this work agree with the idea that irrigation should be
suppressed in the stage of vegetative flush (stage III),

which means before the flowering stage.

In the fruit development (V) and fruit maturation (VI),
our study showed that the irrigation guaranteed an increase
in photochemical efficiency, and maintained the supply of
photoassimilates in to the fruit, even in conditions of a
reduced content of photosynthetic pigments. In addition,
the increase in ETo/RC and RE(/RC parameters, and
the decrease of the excitation energy dissipated in PSII
(DI/RC), led to higher values of Plags and DFags. The
fruiting period requires high amounts of photoassimilates
from photosynthesis (Gifford et al. 1984, Poirier-Pocovi
et al. 2018), and our study showed that proper water
supply during the fruiting process is fundamental to enable
a good function of the photosystems and the synthesis of
photoassimilates.

On the other hand, water stress has considerable
influence on the fruit set, its retention, and subsequent
growth. Studies on other mango cultivars, as e.g., Haden,
Tommy Atkins (Lu et al. 2012), Choke Anand, and Khieo
Sawoei (Elsheery and Cao 2008), have demonstrated that
water deficit decreases the photochemical efficiency of PSII
in leaves, but, after water supply, the plants were able to
recover, as it was observed for the ‘Uba’ cultivar, evaluated
in this work. In areas where prolonged dry seasons
occur during flowering and fruiting period, irrigation is
essential to ameliorate the adverse effects of drought stress
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(Davenport 2007). The proteins that constitute the reaction
centers are the first to be disrupted by the water deficit,
affecting the oxygen-evolution complex and reducing the
efficiency with which the absorbed energy is transmitted
between the units of PSII (Tsimilli-Michael and Strasser
2008, do Amaral et al. 2016). This reinforces the view
that the lack of water affects the final production of
photoassimilates, mainly during the phases of high demand
(Hu et al. 1998, Saito et al. 2011).

In the present study, we observed the increase of
total Chl under water stress. This effect, which has been
little studied in perennial crops such as mango trees, is
very common in corns, such as maize, wheat, rice, and
sorghum, during the grain filling (Jiang et al. 2004, Zheng
et al. 2009). According to Vadez et al. (2011) stay-green
or slow leaf senescence during grain filling is a drought-
resistance trait that increases yield in water-limited
environments. Borrell ef al. (2014) showed that the ‘stay-
green’ characteristic in sorghum results from changes to
plant growth in the vegetative phase that reduces canopy
size at anthesis by modifying tillering, leaf number, and
leaf size. The reduced canopy size at anthesis reduced the
measured preflowering water use, leaving more soil water
available for the postflowering period that maintained
photosynthesis and delayed senescence (stay-green)
and maturity. We also observed a significant increase in
total Chl content during the fruit development, which is
during the end of reproductive period, which suggests a
similar mechanism of water stress tolerance. Moreover,
it was observed an increase in Car content in leaves of
nonirrigated plants. This fact supports the vital role of Car
pigments in the protection of Chls since they widen the
light-harvesting spectrum of Chl in the LHCII, protect
the light-harvesting complex by nonphotochemical
quenching of Chl triplet states, stabilize its structure,
and regulate excitation energy transfer from LHCII to
PSII via xanthophyll cycle (Tracewell ef al. 2001, Ruban
et al. 2007). In addition, the Car content increase in the
leaves of nonirrigated plants might be related to the
protective function of these pigments in the photosystems
of the plants submitted to drought stress. The total Car
content in leaves was high, from fruit development until
after-pruning stage. The recovery of the photochemical
performance of PSII was also observed by Lichtenthaler
et al. (2007), who has studied the pigment composition
and photosynthetic activity of sun and shade leaves of
deciduous and coniferous trees. These authors observed a
higher total Car content, as accessory pigments and photo-
protectors, in the sun leaves.

The main effect of water deprivation on physical,
chemical, and physiological characteristics of the fruits
was the significant decrease in fruit fresh mass from non-
irrigated trees. This negative effect of low water supply
on the fruit size was described in other cultivars, such as
cv. Osteen and cv. Cogshall (Duran Zuazo et al. 2011,
Rosalie et al. 2015). In addition, as also observed in the
present work, the drought stress during fruit development
promotes TSS accumulation in mango (Ripoll ef al. 2014).

Findings in the literature have indicated the third matu-
ration stage, characterized by yellowish green color peel,
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soft yellow pulp, and high moisture content (16.5°Brix),
is the best stage for harvesting and consuming ‘Uba’
mango fruit (Oliveira ef al. 2016). Our results demonstrate
that the fruit can be harvested still unripe, around 11 and
13°Brix, with a visual aspect of greenish skin color,
which represents the physiological maturity of the fruit.
Harvesting fruit at this maturity stage revealed a flavor
quality equal to the fruits harvested ready for consumption
after storage during 5, 6, and 7 d at 25°C. Hence, the fruits
harvested at the physiological maturity were considered
good for consumption after the fifth day of ripening, which
represents an average of 23.4°Brix, 0.5 g(citric acid)
100 g '(pulp), and a TSS/TA ratio of 51.5. Increasing the
time of fruit commercialization in the productive chain is
relevant to the farmer and to the juice industry.

Mango fruits harvested at the physiological maturity
stage showed an increase in the respiratory activity 2 d
after harvest, regardless the water regime. We believe that
this increase is related to the climacteric peak, although
ethylene production was not evaluated in this work.
Da Silva et al. (2012) reported that biochemical trans-
formations triggered in climacteric fruits start in the pre-
climacteric. An increase in TSS and a reduction in TA are
common as the fruit ripens (Hoa et al. 2002, Oliveira et al.
2016). Yashoda et al. (2006) demonstrated the starch to
sugar conversion during ripening of the mango fruit,
cv. Alphonso. Further, acid reduction is common during
fruit ripening (Eyarkai Nambi et al. 2015). It is interesting
to note that ripe fruits harvested from irrigated plants had
the same quality as fruits harvested from plants rainfed
only.The ripe harvested fruits of irrigated plants, considered
ready for consumption, presented higher fresh mass.
According to Spreer et al. (2009), mango trees of cv. Choc
Anan, which have been irrigated successively during three
years, were more productive, and the fruits were heavier
than the fruits of plants grown just in rainfed conditions.
Hence, it is expected a high energetic demand for photo-
assimilates during the fruiting of nonirrigated plants.
However, it is worth considering that the difference in mass
loss observed between irrigated and nonirrigated plants
might be also related to the loss of water to the environment,
according to the conditions of storage (Sousa et al. 2002).

Althoughitis possibleto observe some physicochemical
differences between fruits of irrigated and nonirrigated
plants during the postharvest maturation process, it is
important to note that at the end of maturation, the fruits
from plants grown under both water regimes had the same
postharvest qualities. In addition to this, the quality was
equivalent to the fruit harvested fully ripe from the tree.
This means that at the end of ripening, the fruits harvested
at physiological maturity presented qualities that were
statistically similar to the fruits harvested ripe.

It is therefore suggested that the water availability for
‘Uba’ plants is extremely important during the fruiting
stage in a sense that water constraint also interferes with
parameters of fruit quality. Rossouw et al. (2017) also
suggested that the carbohydrate reserves are distributed
to different plant organs, and the concentration and
partitioning between different organs vary throughout
growing stages. The results presented in this work provide
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information supporting the hypothesis that the water
availability during specific developmental stages is crucial
to maintain the benefits of irrigation to the photochemical
metabolism of ‘Uba’ mango tree, as it is enhancing the
plant ability to cope with fruiting demands under limited
water availability.

Our study elucidated the role of additional water supply
on photosynthesis during specific stages of the mango tree
development, as shown for peach (Zhang et al. 2018),
when the efficient use of light by photosynthetic apparatus
has significant effects on fruit quality. In the present work,
we observed damages in the photosynthetic performance
in the plants loaded with matured fruits, under limiting
water supply conditions, which were demonstrated by the
decrease in the photochemical performance index of PSI
and PSII (Plrorar). Indeed, fruits from nonirrigated plants
considering fruits harvested at the physiological maturity,
had lower fresh mass in relation to fruits from irrigated
plants.

The relationship between ripening and senescence
of Chl-containing tropical fruits was studied using Chl
fluorescence in the skin of the fruits (Smillie et al. 1987,
Bron et al. 2004, Léchaudel e al. 2013). Indeed, Léchaudel
et al. (2010) observed changes in Chl fluorescence
parameters in fruits attached to trees as an indicator of
fruit maturity, suggesting the relationship between mango
maturity and the decrease of Chl fluorescence parameters.
Recently, Faria-Silva et al. (2017) demonstrated the
effects of temperature stress in Chl fluorescence of mango
trees, with a decrease in Pltorar. of leaves and an increase
in TSS of fruits. In the present work, with the studies of
the vegetative and reproductive stages of mango tree, we
correlated the changes in Chl fluorescence parameters in
the leaves with fruit quality parameters. The correlation
analysis indicated that higher significant levels were found
in stages III and VI, which represented the vegetative
and reproductive development, respectively (Table 2).
The results showed that in the vegetative phase, the
respiratory rate of the fruit had a positive correlation
with the PIABS (l" = 073), REo/RC (7” = 053), and PI]‘QTAL
(r = 0.77) of leaves of irrigated and nonirrigated plants.
Otherwise, in the reproductive phase, the respiratory
rate of the fruit was negatively correlated with Plrorar
(r =—-0.51) in the leaves. It seems that in the reproductive
phase, when the plant is dealing with the fruiting process,
there is a demand for photoassimilates (accumulated during
vegetative phase) reflected by the decrease of total perfor-
mance index in the leaves.

We concluded that additional water supply by irrigation
is relevant to photochemical performance just when
fruiting demand for photoassimilates is elevated, which
is during fruit development and maturity. In addition,
good agronomic practices have an impact on avoiding the
waste of water, especially in the actual changing climatic
scenario.
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Appendix. Abbreviations, formulae, and definitions of terms of the JIP-test used for the analysis of the Chl a fluorescence transient
(OJIP) emitted by dark-adapted photosynthetic samples, according to Strasser ef al. (2010) and Stirbet and Govindjee (2011).

Abbreviations  Formulae Definitions

Fo F=20us minimal fluorescence intensity, when all photosystem II (PSII) reaction centers (RCs)
are open

F, F=2ms fluorescence during the J-step

Fu F ~ 400 ms maximal fluorescence intensity, when all PSII RCs are closed

Fv Fu—Fo maximal variable fluorescence

Fy/Fu 1 — (Fo/Fn) maximal quantum efficiency of PSII

M, 4 (F30us — Fo)/(Fn — Fo) approximate value of the initial slope of relative variable chlorophyll fluorescence curve

V; (F; — Fo)/(Fu — Fo) relative variable fluorescence at the J-step

dV/dty = M, M, slope at the origin of the fluorescence rise

dVG/dt, - excitation energy transfer between the RCs

ABS/RC M, (1/V;) (1/¢Py) absorption energy flux per active RC

TRy/RC M, (1/Vy) flux of excitation energy trapped per active RC

DIy/RC ABS/RC — TR(/RC total energy dissipated per active RC as heat (at # = 0)

ETo/RC Mo/ V) (1-V)) transported electron flux per RC, further than reduced quinone acceptor (Q4)

RE(/RC M, (1/V;) wE, 6R, electron flux transferred per RC and reducing terminal acceptors on the acceptor side of
photosystem I (PSI) at =0

yE, 1-V, efficiency with which a PSII trapped electron is transferred from Qa to Qg

3Ry 1=Vo(1 =V efficiency with which an electron from Qg is transferred until PSI acceptors

oPy 1 —Fo/Fu maximum quantum yield of primary PSII photochemistry

¢Eo 1 —Fy/Fu quantum yield for electron transport

¢Ro 1 —F/Fu quantum yield of the electron transport flux until the PSI electron acceptors

Plass (RC/ABS) [@Py/(1 —@Py)]  performance index for energy conservation from photons absorbed by PSII to the

[WEo/(1 — yEy)] reduction of intersystem electron acceptors

DFags log(PIxgs) driving forces in PSII with respect to absorption

Plrorar Plass [8Ro/(1 — 8Ro)] performance index for energy conservation from photons absorbed by PSII to the
reduction of PSI end acceptors

DFrorar log(PIrorar) estimated sum of individual components involved in the PSII-driven processes

RC/ABS oPy (Vy/My) number of Q4 reducing RCs per PSII antenna chlorophyll

RC/CS, (RC/ABS) (ABS/CSy) density of RCs per excited cross section (CS)
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