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ABSTRACT

The non-climateric character of pomegranate (P. granatum) fruit underlines the importance of
determining the optimum harvest time to improve fruit quality. The effect of irrigation
withholding during 6, 15, 25 and 36 d before harvest was evaluated in order to clarify
whether fruit ripening is critical or non-critical from the vyield, fruit characteristics and
composition point of view. The results indicated that this phenological period is critical
because irrigation is essential during most of this phenological period to achieve maximum
yield. However, a 6 d of irrigation restriction at the end of ripening period can be used as a
tool to come early harvest time, saves irrigation water, enhances the bioactive compounds
(anthocyanins, phenolic compounds, punicalagin and ellagic acid) and increases the price of

the fruit without affecting marketable yield and fruit size.

INTRODUCTION

All Mediterranean agrosystems must cope with water scarcity, and any policy involving
greater use of the water available is unsustainable. For this, pomegranate (Punica granatum
L.) farming must be directed towards the use of deficit irrigation strategies, maximizing crop
water productivity rather than maximizing the yield per land unit, allowing significant water
savings, and the profitable production of high quality fruits. Regulated deficit irrigation (RDI)
is an irrigation strategy designed to save water while having a minimum impact on yield and
fruit quality (Naor, 2006). This requires precise knowledge of the crop response to drought
stress during the different phenological phases in order to identify phenological periods when
adverse effects on productivity are minimal (non-critical periods) or maximal (critical periods).
Intrigliolo et al. (2013) and Laribi et al. (2013) indicated that the period comprising flowering
and pomegranate fruit set could be regarded as non-critical from the yield point of view, that
irrigation water restriction during linear fruit growth period increased the concentration of

many bioactive compounds in the juice, such as anthocyanins, that could be related to health
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and taste and that irrigation water restriction during the last part of fruit growth and ripening
enhances peel red colour intensity and TSS in the juice

The aim of this research was to evaluate whether water restrictions only during the ripening
stage can affect yield and whether water deficit during this period has secondary effects on
fruit characteristics, which could be used to improve fruit maturity and come early harvest

time.

MATERIALS AND METHODS

Drip irrigated adult own-rooted pomegranate (P. granatum L. cv. Mollar de Elche) plants
spaced at 3 m x 5 m were irrigated above crop water requirements (control plants, T0). Also,
T1, T2, T3, and T4 treatments were irrigated as TO except for 6 (DOY 277-283, fruit late
ripening), 15 (DOY 268-283, second half fruit ripening), 25 (DOY 258-283, fruit ripening)
and 36 (DOY 247-283, end fruit growth and ripening) days before harvest (DOY 283),
respectively, when irrigation was withheld. The total amount of water received by each
treatment during the experimental period (DOY 247-283) was 128, 110, 86, 49 and 0 mm for
TO, T1, T2, T3 and T4 treatments, respectively, without considering precipitation (basically
the 84 mm rainfall that fell on DOY 271).

Midday leaf conductance (g.a) Was measured with a porometer (Delta T AP4, Delta-T
Devices, Cambridge, UK) on the abaxial surface of two leaves per tree. Midday leaf (Wca)
and stem (Wsem) Water potentials were measured in two leaves similar to those used for gjea
using a pressure chamber (PMS 600-EXP, PMS Instruments Company, Albany, USA)
(Galindo et al., 2014a). Midday fruit water potential (W) was measured following the
procedure described by McFadyen et al. (1996) and Galindo et al. (2014a). Water stress

integral (SI) was calculated from the Qear, Wieas, ¥sem and W, data according to the

SI, = |Z(§ - H}n|

where A can be gieas Wieans Wstem OF Piuir and 4 is the average giear, Piear, Pstem OF Wit Value for

expression

any interval, H is the maximum value measured during each interval and n is the number of
days in the interval.

Fruit juice total soluble solids (TSS), total titrable acidity (TA), juice colour, total phenolic
compounds (TPC), total anthocyanin content (TAC), total antioxidant activity (TAA),
punicalagin (isomers a and B) and ellagic acid contents were determined following the
procedures described by Galindo et al. (2014b) and Calin-Sanchez et al. (2013).
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RESULTS AND DISCUSSION

In spite of the rainfall events, the cumulative water stress tended to increase with the number
of days irrigation was withheld, the treatments T1 and T2 producing a similar and moderate
water stress level and a more pronounced water stress level being observed in the
treatments T3 and T4. Slgeat, Slystem; Slyiear aNd Slysic Values showed some differences in
describing the cumulative water deficit reached by the plants. Sl Was the most reliable
indicator to detect differences between the treatments at moderate water stress (TO and T2),
while Slyear Was the only indicator able to detect differences between the treatments at more
pronounced water stress levels (T3 and T4) (Table 1).

The decrease in fruit yield in T2 and T3 (Table 2) confirmed the hypothesis that fruit ripening
is a critical period from the yield point of view (Laribi et al., 2013; Intrigliolo et al., 2013).
However, the fact that plants that were water stressed only at fruit late ripening stage (T1)
showed similar marketable yield and fruit size to TO plants clarifying some aspects of the
concept of phenological critical period. In this sense, it is probable that sensitivity to water
stress during a given critical phenological period is not constant and/or it is necessary to
exceed a certain level of water stress to achieve adverse effects on productivity during a
critical period. Whatever the case, although pomegranate trees are able to withstand severe
drought conditions, irrigation was essential during most of the ripening stage to achieve
optimum yield.

The first pomegranate fruits reaching the market fetch higher prices and, in this sense,
‘Mollar de Elche’ cultivar is often harvested when the peel has a sufficient red colouratiing.
The significant increase in juice colour from T3 and T4 fruits (Table 3) is also very interesting
for producers because pomegranate fruit attractiveness is primarily related to colour and
taste parameters of the arils and their juice (Borochov-Neori et al., 2009). However, despite
the fact that pomegranate colouration is predominantly due to anthocyanins, TAC levels in
T3 and T4 fruits were similar to that observed in TO fruits (Table 4).

The fact that (i) TAC juice levels increased only in T1 fruits, (ii) TAA levels were similar in
juices from the different irrigation treatments, and (iii) redness significantly increased only in
T3 and T4 fruit juices (Tables 3 and 4), confirmed the view that juice antioxidant capacity is
not linearly correlated with the red colour intensity, meaning that the anthocyanins are not
major contributors to the antioxidant capacity exhibited by the pomegranates and their juice
(Borochov-Neori et al., 2009). Moreover, the fact that withholding water irrigation decreased
TPC levels and did not affect TAA levels (Table 4) does not agree with the linear relationship
between soluble phenolic levels and antioxidant capacity indicated by Borochov-Neori et al.
(2009), who supported the idea that phenolic compounds are the main contributors to the
antioxidant activity in pomegranate juice. In this sense, further analysis of fatty acids and

organic acids must be conducted to fully understand the antioxidant capacity and bioactivity
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of pomegranate fruits subjected to deficit irrigation strategies (Alcaraz-Marmol et al., 2015;
Calin-Sanchez et al., 2013).

It is well known that water stress influences the content of secondary metabolites in plant
tissues, having also contradictory results in other crops. For example, Chaves et al. (2007)
reported the substantial accumulation of anthocyanins in grape berries under water stress. In
contrast, Kennedy et al. (2002) showed that osmotic stress had little or no effect on
anthocyanin accumulation in grape berries. This, at first sight, confusing relation between
water stress and the production of bioactive compounds could be attributed to the fact that
most manuscripts are not meticulous when it comes to recording aspects of plant water
stress (precise phenological period at which it takes place, water stress rate of development,
duration of maximum water stress, incidence of partial recoveries and other aspects)
although such information is essential for the characterisation of experimental water stress
conditions. In addition, it is essential to underline that is not possible to establish a linear
correlation between water stress and secondary metabolite contents (Gobbo-Neto and
Lopes, 2007). For this reason, Horner (1990) proposed a quadratic model to predict the
concentration of phenolic compounds as a function of plant water status. So, under a mild
water stress, CO, assimilation could be maintained and carbon-based secondary metabolites
will probably increase when carbohydrates exceed the amount required for growth. Thus,
mild osmotic stress may lead to a reduction in plant growth, accompanied by an increasing
concentration of non-nitrogenous secondary metabolites. When water stress increases,
stomatal regulation takes place and CO, assimilation is reduced. In this situation, carbon will
be preferentially allocated to the synthesis of primary metabolites to the detriment of the

synthesis of secondary metabolites.

CONCLUSION

The results indicated that the Sl calculated from giea, Wieas Wstem and Wy data vary as
regards their ability to describe the cumulative water deficit reached by plants. Slyg Was the
most feasible indicator for detecting differences between the treatments at moderate water
stress levels while Slgesr Was the only indicator able to detect differences between the
treatments at higher water stress levels. Fruit ripening is a critical period from the yield point
of view because irrigation is essential during most of this phenological period if maximum
yields are to be achieved. Nevertheless, the fact that a very short irrigation restriction period
(around 6 days) at the end of ripening bring the harvest time forward and so increase
pomegranate fruit price, saves irrigation water and enhances the bioactive compound
content (anthocyanin, phenolic compounds, punicalagin and ellagic acid) without affecting
marketable yield and fruit size suggests that the sensitivity to water stress during a given
critical phenological period is not constant and/or it is hecessary to exceed a certain level of

water stress to achieve adverse effects on productivity during a critical period. Moreover, the
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increase in fruits colouration as a result of water stress during fruit ripening may be
considered as an interesting aspect because the appeal of pomegranate fruit is directly
associated with colour. In spite of this, it is important to note that a very short irrigation
restriction (around 6 days) at the end of the ripening period advances the harvest time,
increases pomegranate fruit price, saves irrigation water and enhances the bioactive
compound contents (anthocyanin, phenolic compounds, punicalagin and ellagic acid).
Finally, the results confirmed the hypothesis that there is no a linear correlation between
pomegranate water stress and secondary metabolite contents, because mild water stress
may lead to a reduction in plant growth and a higher concentration of secondary carbon
metabolites, whereas under a more pronounced water stress carbon are preferentially

allocated to the synthesis of primary metabolites to the detriment of secondary metabolites.
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Table 3. Effect of irrigation treatments on pomegranate peel and
juice lightness (CIE L*), red/greenness (CIE a*), blue/yellowness
(CIE b*), chroma (C*) and hue angle (H°) values.

Treatment L* a* b* c* He°

Table 1. Effect of irrigation treatments on leaf
conductance (Slgear, mmol m2 s x day), stem T0 642a 265b 312a 416b  50.1a
(Shpstem, MPa x day), leaf (Slyiear, MPa x day) and
fruit (Slymit, MPa x day) water stress integral. T 608ab 30.7a 305a 439a  45.3ab
Treatment Slglea Slysem  Slyieat  Shyfuit Peel T2 60.1b  32.0a 30.1ab 44.5a 43.7abc
T0 54345¢c 10.5b  27.6¢ 8.5¢ T3 57.2bc 33.5a 27.6bc 439a 40.1bc
T1 59115¢ 15.0b 29.1c 15.1bc T4 55.1c  34.6a 26.8c 44.3a 38.2¢
12 6414.0c 215 31dbe  22.7b TO 3240 83b 23 86b  14.8b
T3 9784.0b 4952 49.2ab 43.7

a e 2 T1  334ab 105ab 3.1ab 10.9ab  165ab
T4 15215.3a 62.8a 53.5a 529a

Juice T2 331ab 96ab 27ab 9.9ab 15.3ab

T3 339a 11.7a 36a 123a 17.2ab

T4 33.7a 118a 39a 125a 18.2a

Means within a column that do not have a common letter are significantly different by LSDo gs test.

Table 2. Effect of irrigation treatments on Table 4. Effect of irrigation treatments on pomegranate juice total
marketable pomegranate fruit yield (MY, kg tree-1), polyphenols content (TPC, mg GAE L), total anthocyanin content (TAC, mg
average fruit weight (FW, g), fruit equatorial L"), total antioxidant activity (TAA, mM Trolox), o- punicalagin, B-
diameter (ED, mm), and fruit length (FL, mm). punicalagin, and ellagic acid (mg L).
Treatment MY  FW  ED  FL Treatment TPC TAC TAA & B FElage
punicalagin  punicalagin  acid
0 %8 29 8% 7502 T0 3133 695b 121a 1687ab  1645b  19.0b
T %% 2%8ab  804b 697D T1  2681b 1231a 133a 1842a  1742a  196a
T2 %2 2520 81db 7idab T2 1M5 764b 133a 1695ab 17202 19.5a
T8 8% 2% 816b 698 T3 1534c 754b 119  1622b  1702ab  19.5a
T4 178b  253b  78.1b  67.2b

T4 1589¢  75.1b  12.0a 157.7b 168.7ab  19.3ab

Means within a column that do not have a common letter are significantly different by LSDg s test.
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