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Abstract

BACKGROUND: Water scarcity is currently affecting many areas of the world, reaching worrying levels in drought areas such as
southern Spain. To cope with this issue, researchers in the agricultural sector have implemented deficit irrigation strategies
intended to reduce water consumption by increasing fruit quality. Almond is among the most popular tree nuts worldwide
and also the most nut cultivated in Spain. Almond consumption, together with other nuts, has been widely associated with
improvements in cardiovascular health, metabolic syndrome and diabetes owing to their bioactive compounds such as poly-
phenols. Water deficit strategies generate hydroSOStainable almonds, raised under water stress conditions, with high content
of bioactive compounds. The aim of this work was to study the relationship between water stress, color and polyphenols in
hydroSOStainable almonds. For this, instrumental color, total phenolic content and phenolic compounds were measured and
correlated using Pearson's correlation.

RESULTS: The results showed a strong relationship between water stress, color and polyphenols of almonds, showing that
increasing water stress in plants up to ~100 MPa x day values of stress integral increase the polyphenols in almonds, leading
to a reddish color.

CONCLUSION: Finally, this research demonstrated that implementing water-saving strategies help to improve the phenolic con-
tent and color of hydroSOStainable almonds and also that isorhamnetin-3-O-rutinoside, isorhamnetin-3-O-glucoside and
kaempferol-3-O-glucoside could be important markers of hydroSOStainable almonds (cv. Vairo). Besides, hydroSOStainable
almonds could be an important source of phenols, providing 25% of the estimated total polyphenolic daily intake.
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using DI strategies hydroSOStainable almonds are generated with
a greater amount of bioactive compounds and higher sensory
properties in the fruits.?

Almonds are considered a healthy product owing to their func-
tional composition (polyphenols, mono- and polyunsaturated
fatty acids, tocopherols, etc.) and are a tasty snack because of their
characteristic flavor.” Thus they are widely appreciated and con-
sumed in the Mediterranean diet as a snack or as an ingredient
in confectionery (turrén) and bakery products.’® The average
intake of almond consumption in 2018 in Spain was estimated
at around 0.68 g per person per day, with an average cost of
3.07 euros per person per year, according to Ministery of Agricul-
ture, Fishery and Food in Spain.

HydroSOStainable almonds, as previously stated, grow under
water stress conditions, suffering changes in their metabolism.
Higher values of color coordinates, together with higher values
of total phenolic content, were previously reported in hydroSOS-
tainable almonds as a consequence of water stress.'' > Polyphe-
nols significantly contribute to the color of the almond seed coat
due to flavonoids, which play a key role in yellow pigmentation,
and to those compounds in the high-molecular-weight fraction
that contribute to brown pigmentation.'

Consequently, the aim of this study was to check the above-
mentioned tendency exploring the possible relationship between
water stress, color coordinates and phenolic compounds in
hydroSOStainable almonds. In addition, the total polyphenolic
daily intake from almonds was also estimated.

MATERIALS AND METHODS

Irrigation treatments

The experiment was performed during the 2017 season in a
7-year-old commercial orchard (‘La Florida’, 37.23° N, —=5.91° W,
Dos Hermanas, Seville, Spain) under the same conditions as previ-
ously reported by Lipan et al.'* The threshold values of midday
stem water potential (SWP) were measured with a pressure cham-
ber (PMS Instrument Co., Albany, OR, USA) and were used to cal-
culate the plant stress integral from the following equation:

Sl= ‘ Z[l//stem_(_o'z)]xn (1)

where Sl is the stress integral, e is the average minimum stem
water potential for any interval and n is the number of days in the
interval.”
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Figure 1. Quadratic correlation between a* color coordinate and stress
integral (Sl). Four repetitions per treatment were used for the correlations.
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The irrigation treatments applied to the experimental crops
consisted of: (i) full irrigation (T1), irrigated to assure crop require-
ments (433 mm water was applied during the whole growing
cycle); (ii) moderate regulated deficit irrigation (RDI) (T2), in which
the water stress was imposed during the kernel filling period; thus
almonds were irrigated when SWP < —1.5 MPa, and for the rest of
the time trees were irrigated to keep SWP as the baseline pro-
posed by McCutchan and Shackel (148 mm);'® (iii) severe RDI
(T3) (103 mm); the same as T2 except that trees were irrigated
when SWP < —2.0 MPa during kernel filling; and (iv) SDI (T4); the
same as T3, but tree water status was not considered. Irrigation
was applied at a constant daily rate of around 1-2 mm per day,
creating a gradual stress during the growing cycle, instead of cre-
ating a stress only in the kernel filling phase as in T3 (114 mm).
The main difference between both strategies (T3 and T4) was that
T4 limited postharvest irrigation more than T3.

Almonds were harvested, dried in sunlight (below 5% moisture
content) and delivered to Miguel Hernandez University for
analysis.

Instrumental color

A colorimeter (model CR-300, Minolta, Osaka, Japan) was used for
instrumental color determination at 25 + 1 °C. Exterior color was
directly measured on the skin of 100 individual almond kernels
per treatment. CIE L*a*b* color coordinates describe the color in
a three-dimensional space as follows: L* for lightness (L* = 0,
black; L* = 100, white); a* for green-red (a* = red; —a* = green);
b* for blue-yellow components (b* = yellow; —b* = blue).

Total phenolic content (TPC) and phenolic compound
identification and quantification

TPC was determined as previously described.' The results were
calculated from the gallic acid calibration curve and expressed
as gallic acid equivalents (g GAE kg™"). The measurements were
completed in a UV-visible spectrophotometer (Helios Gamma
model UVG 1002E, Helios, Cambridge, UK).

Polyphenol identification and quantification were analyzed as
previously described by Lipan et al.'” Phenolic compound separa-
tion was performed using an ultra-performance liquid chromato-
graph coupled with a photodiode detector (Waters, Milford, MA,
USA) quadrupole and tandem time-of-flight mass spectrometer
(Waters, Manchester, UK), equipped with an electrospray ioniza-
tion source. All analyses were performed in triplicate.

Statistical analysis

Pearson's correlation test was run using XLSTAT Premium 2016
and statistically significant correlations were considered when
P < 0.05. Moreover, a nonlinear (quadratic) correlation was car-
ried out to check at which point the compounds started to
decrease. For preparation of figures, Sigma Plot 11 was used.

RESULTS

Relationship between stress integral with color

coordinates, phenolic compounds and total phenolic
content

The correlation between Sl with a* color coordinate was studied.
Figure 1 shows that this correlation produced a quadratic relation-
ship, in which it can be highlighted that higher stress in the plant
(higher values of Sl) generates higher values of a* color coordi-
nates, which means redder color notes in hydroSOStainable
almonds.
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Figure 3. Heat map of correlation matrix of color parameters, phenolic compounds and stress integral. Each square indicates Pearson's correlation coef-
ficient for a pair of data and the color represents the positive and negative correlation as follows: &R = 1; = significant (P < 0.05) positive correlation;

positive but not correlated (P > 0.05);

negative but not correlated values. Note: S| = stress integral; a* and L* = color coordinates; PB = procyanidin B-

type trimer; NG = naringenin-7-O-glucoside; IR = isorhamnetin-3-O-rutinoside; TPC = total phenolic compounds.

which means that up to 107 MPa x day Sl (stem water poten-
tial = —2.2 MPa) values the plant was still able to produce phenolic
compounds. Horner'® reported a nonlinearity of phenolic com-
pound concentration with water deficit. The demonstration that
water stress in the tree produces an increase in phenolic com-
pound precursors (free phenylalanine) and their synthesis could
be more sensitive in moderate water stress conditions.'® Previ-
ous study also reported higher a* values in almond cv. Vairo,
Marta, Guara, Lauranne and also in tomato cv. Sunstart growth
under deficit irrigation conditions.*'"'® In addition, the TPC
was also reported to increase with water stress in almond cv.
Vairo but also in growth of other crops under water deficit con-
ditions such as pistachio cv. Kerman, olive cv. Arbequina and
cherry tomato cv. Kosaco, Josefina and Katalina.>®'>'® The liter-
ature has reported that almond color skin is given by the poly-
phenol profile being unique for each cultivar,'® which was also
demonstrated for the hydroSOStainable almonds within this
study. Figure 3 presents the clear correlation between SI and
isorhamnetin-3-O-rutinoside (R = 0.64; P < 0.01), and between
this phenolic compound and a* color coordinate, demonstrating
that higher water stress in the plant increases isorhamnetin-3-O-
rutinoside and increases the values of reddish notes (a®) in
almond. Isorhamnetin is a phenolic compound that is soluble

wileyonlinelibrary.com/jsfa
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in hot water (thus removing the skin through blenching must
decrease its content) less reddish-yellow than quercetin,
although it is considered the principal yellow coloring matter
present in the dried fruits and flowering stem of Tithonia diversi-
folia (Hemsl.), in red clover (Trifolium pratense L.), Indian reed-
mace and (Typha elephantina).®®° Flavonoids have been
reported to be determining pigments in plants possessing
color,?" and a positive correlation between a* values with nine
individual flavonols, total kaempferols and total flavonols was
previously reported in a study on the relationship between the
color of rose petals (Rosa spp.) and polyphenol content.?? More-
over, a positive correlation between a* color coordinate and
total anthocyanins (R = 0.80) was also reported for the pink-
flowered group of herbaceous peony cultivars (P. lactiflora
Pallas).”

The significant and positive correlation between TPC and SI, and
between TPC and a* color coordinate, together with the relation-
ship between L* color coordinate with two phenolic compounds,
clearly demonstrated that water stress increased polyphenols in
hydroSOStainable almonds, leading to anomalies in color coordi-
nates. Higher values of L* color coordinate were also reported in
almond cv. Vairo under sustained deficit irrigation, which were
the samples with the higher values of these two phenolic
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compounds.''” This supports the present positive correlation
found between L* values and procyanidin B-type trimer and
naringenin-7-O-glucoside, showing that water stress produces
almonds with a lighter color.

Almond polyphenols are concentrated at the lipid interface and
contribute to almond quality such as color, astringency, shelf life
and antimicrobial activity.'* Evidence also suggests that almond
polyphenols contribute to health benefits by its consumption.>*
Many chronic and degenerative diseases such as cancer, heart, Alz-
heimer's, Parkinson's, as well as aging, were associated with oxida-
tive stress.”> The human body is able to eliminate free radicals but
not entirely; thus diets rich in fruits and vegetables have been con-
sidered an excellent source of antioxidants to fight free radical accu-
mulation.? Polyphenols are believed to account for a major part of
the antioxidant activity in many plants,?® and almonds have been
reported to provide health benefits owing to their polyphenols
and antioxidant activity.'* The total polyphenolic intake has been
reported as ~1 g per day,”” while the TPC of hydroSOStainable
almonds has been calculated at 583 mg 100 g~"."> Consequently,
eating 43 g hydroSOStainable almonds to reduce the risk of heart
disease, as claimed by the Food and Drug Administration's
recommendation,®® is equivalent to ingestion of 25% of the esti-
mated total polyphenolic daily intake. Knowing that the average
intake of almonds consumption in 2018 in Spain has been esti-
mated at around 0.71 g per person per day according to Ministry
of Agriculture, Fishery and Food in Spain, the total phenolic content
intake in Spanish people is estimated at 4.13 mg TPC per person per
day only from almond consumption. This represents 4% of the esti-
mated total polyphenolic compounds, and could be raised to 25%
by increasing the daily almond intake up to 43 g.

CONCLUSIONS

All these findings lead us to conclude that water stress created in
plants increase the polyphenols responsible for almond's skin pig-
mentation and consequently produce changes in L* and a* color
coordinates. This study reveals important results showing that
isorhamnetin-3-O-rutinoside, isorhamnetin-3-O-glucoside and
kaempferol-3-O-glucoside could be important markers of hydro-
SOStainable almond cv. Vairo. However, it is important to assure
that this tendency occurs in a long-term experiment, as year fac-
tor might influence in the almond chemical composition. Finally,
hydroSOStainable almonds might be an important source of phe-
nols when ingesting 25% of the estimated total polyphenolic daily
intake. The results play a key role in the marketability of hydro-
SOStainable almonds by contributing to their functionality and
consumer acceptability. In addition, this work encourages the
agro-food sector to invest in water use efficiency strategies, pro-
ducing fruits with high functional and sensorial characteristics.

ACKNOWLEDGEMENTS

The study has been funded by the Spanish Government
(Ministerio de Ciencia e Innovaciéon (MCl), Agencia Estatal de
Investigaciéon (AEl), through a coordinated research project
(hydroSOS) including the Universidad Miguel Hernandez de Elche
(AGL2016-75794-C4-1-R, Productos hidroSOStenibles: identifica-
ciéon de debilidades y fortalezas, optimizacion del procesado,
creacién de marca propia, y estudio de su aceptacién en el mer-
cado europeo, hydroSOS foods) and the Universidad de Sevilla
(AGL2016-75794-C4-4-R); these projects have been also funded
by Fondo Europeo de Desarrollo Regional (FEDER) ‘Una manera

J Sci Food Agric 2020

© 2020 Society of Chemical Industry

WWW.SOCi.org

de hacer Europa’, (MCI/AEI/FEDER, UE). The author M. Cano-
Lamadrid was funded by a Formacion de Profesorado Universi-
tario (FPU) grant from the Spanish Ministry of Education
(FPU15/02158).

REFERENCES

1 European Environment Agency Report EEA (2019). Climate change
adaptation in the agriculture sector in Europe: EEA Report 4/2019.
Available: https://www.eea.europa.eu/publications/cc-adaptation-
agriculture [18 April 2020].

2 Lazzarini GA, Visschers VHM and Siegrist M, How to improve con-
sumers’ environmental sustainability judgements of foods. J Clean
Prod 198:564-574 (2018).

3 Sanchez-Rodriguez E, Rubio-Wilhelmi MM, Cervilla LM, Blasco B,
Rios JJ, Rosales MA et al., Genotypic differences in some phys-
iological parameters symptomatic for oxidative stress under
moderate drought in tomato plants. Plant Sci 178:30-40
(2010).

4 Nuruddin MM, Madramootoo CA and Dodds GT, Effects of water stress
at different growth stages on greenhouse tomato yield and quality.
HortScience 38:1389-1393 (2003).

5 Egea G, Nortes PA, Domingo R, Baille A, Perez-Pastor A and Gonzalez-
Real MM, Almond agronomic response to long-term deficit irriga-
tion applied since orchard establishment. Irrig Sci 31:445-454
(2013).

6 De Ollas C, Morillén R, Fotopoulos V, Puértolas J, Ollitrault P, Gomez-
Cadenas A et al., Facing climate change: biotechnology of iconic
mediterranean woody crops. Front Plant Sci 10:427 (2019).

7 Garcia-Tejero IF, Gutiérrez Gordillo S, Souza L, Cuadros-Tavira S and
Duréan Zuazo VH, Fostering sustainable water use in almond (Prunus
dulcis Mill.) orchards in a semiarid Mediterranean environment. Arch
Agron Soil Sci 65:164-181 (2019).

8 Noguera-Artiaga L, Sdnchez-Bravo P, Pérez-L6épez D, Szumny A, Calin-
Sanchez A, Burgos-Hernandez A et al., Volatile, sensory and func-
tional properties of hydroSOS pistachios. Foods 9:158 (2020).

9 Xiao L, Lee J, Zhang G, Ebeler SE, Wickramasinghe N, Seiber J et al., HS-
SPME GC/MS characterization of volatiles in raw and dry-roasted
almonds (Prunus dulcis). Food Chem 151:31-39 (2014).

10 Vazquez-Aradjo L, Verdd A, Navarro P, Martinez-Sanchez F and
Carbonell-Barrachina AA, Changes in volatile compounds and sen-
sory quality during toasting of Spanish almonds. Int J Food Sci Tech-
nol 44:2225-2233 (2009).

11 Lipan L, Martin-Palomo MJ, Sdnchez-Rodriguez L, Cano-Lamadrid M,
Sendra E, Hernandez F et al., Almond fruit quality can be improved
by means of deficit irrigation strategies. Agric Water Manage 217:
236-242 (2019).

12 Lipan L, Moriana A, Lépez Lluch DB, Cano-Lamadrid M, Sendra E,
Hernandez F et al, Nutrition quality parameters of almonds as
affected by deficit irrigation strategies. Molecules 24:2646 (2019).

13 Lipan L, Garcia-Tejero IF, Gutierrez-Gordillo S, Demirbas N, Sendra E,
Hernandez F et al., Enhancing nut quality parameters and sensory
profiles in three almond cultivars by different irrigation regimes.
J Agric Food Chem 68:2316-2328 (2020).

14 Bolling BW, Almond polyphenols: methods of analysis, contribution to
food quality, and health promotion. Compr Rev Food Sci Food Saf 16:
346-368 (2017).

15 Myers BJ, Water stress integral: a link between short-term stress and
long-term growth. Tree Physiol 4:315-323 (1988).

16 McCutchan H and Shackel KA, Stem-water potential as a sensitive indi-
cator of water stress in prune trees (Prunus domestica L. cv. French).
J Am Soc Hortic Sci 117:607-611 (1992).

17 Lipan L, Collado-Gonzélez J, Wojdylo A, Dominguez-Perles R, Gil-
Izquierdo A, Corell M et al., How does water stress affect the low
molecular weight phenolics of hydroSOStainable almonds? Food
Chem 339:127756 (2020).

18 Sanchez-Rodriguez L, Kranjac M, Marijanovi¢ Z, Jerkovi¢ |, Corell M,
Moriana A et al.,, Quality attributes and fatty acid, volatile and sen-
sory profiles of ‘Arbequina’ hydrosostainable olive oil. Molecules
24:2148 (2019).

19 Horner JD, Nonlinear effects of water deficits on foliar tannin concen-
tration. Biochem Syst Ecol 18:211-213 (1990).

20 Singh HB and Bharati KA, Handbook of Natural Dyes and Pigments
(2014).

wileyonlinelibrary.com/jsfa


https://www.eea.europa.eu/publications/cc-adaptation-agriculture
https://www.eea.europa.eu/publications/cc-adaptation-agriculture
http://wileyonlinelibrary.com/jsfa

O

WWW.S0Ci.org

21 Li X, Lu M, Tang D and Shi Y, Composition of carotenoids and flavo-
noids in narcissus cultivars and their relationship with flower color.
PLoS One 10:e0142074 (2015).

22 Wan H, Yu C, Han Y, Guo X, Luo L, Pan H et al., Determination of flavo-
noids and carotenoids and their contributions to various colors of
rose cultivars (Rosa spp.). Front Plant Sci 10:123 (2019).

23 Jia N, Shu QY, Wang LS, Du H, Xu YJ and Liu ZA, Analysis of petal antho-
cyanins to investigate coloration mechanism in herbaceous peony
cultivars. Sci Hortic 117:167-173 (2008).

24 Mandalari G, Tomaino A, Arcoraci T, Martorana M, Turco VL, Cacciola F
et al., Characterization of polyphenols, lipids and dietary fibre from
almond skins (Amygdalus communis L.). J Food Compos Anal 23:
166-174 (2010).

wileyonlinelibrary.com/jsfa

© 2020 Society of Chemical Industry

L Lipan et al.

25 Wu X, Beecher GR, Holden JM, Haytowitz DB, Gebhardt SE and Prior RL,
Lipophilic and hydrophilic antioxidant capacities of common foods
in the United States. J Agric Food Chem 52:4026-4037 (2004).

26 Duthie G and Crozier A, Plant-derived phenolic antioxidants. Curr Opin
Clin Nutr Metab Care 3:447-451 (2000).

27 Taguchi C, Fukushima Y, Kishimoto Y, Suzuki-Sugihara N, Saita E,
Takahashi Y et al., Estimated dietary polyphenol intake and major
food and beverage sources among elderly Japanese. Nutrients 7:
10269-10281 (2015).

28 Food and Drug Administration (FDA). (2017). Qualified Health Claims:
Letter of Enforcement Discretion — Nuts and Coronary Heart Disease
(Docket No. 02P-0505). Available: https://www.fda.gov [18 April
2020].

J Sci Food Agric 2020


https://www.fda.gov
http://wileyonlinelibrary.com/jsfa

	Correlation between water stress and phenolic compounds of hydroSOStainable almonds
	INTRODUCTION
	MATERIALS AND METHODS
	Irrigation treatments
	Instrumental color
	Total phenolic content (TPC) and phenolic compound identification and quantification
	Statistical analysis

	RESULTS
	Relationship between stress integral with color coordinates, phenolic compounds and total phenolic content

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


