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Abstract

Agronomic biofortification can be used to alleviate the deficient intake of selenium (Se) and zinc (Zn) by livestock. These two
essential micronutrients for human and animals play an important role in many physiological functions and biological processes.
The aim of the present study was to evaluate the suitability of forage peas, crop with an increasing importance as plant protein
source, to be biofortified with a combined treatment of Zn (as ZnSO4-7H,0) and Se (as Na,SeO,). A 2-year field experiment was
established in southern Spain under semiarid Mediterranean conditions, by following a split-split-plot design. The study year
(2017/2018, 2018/2019) was considered the main-plot factor, soil Zn application (50 kg Zn ha™", nil Zn) as a subplot factor, and
foliar application (nil, 10 g Seha ', 8 kg Znha ', 10 g Se ha ' + 8 kg Zn ha ') as a sub-subplot factor. The combined application
of 50-kg soil Zn ha™" and the foliar application of 10 g Se ha ' + 8 kg Zn ha ' was the most effective treatment to increase the
concentration in forage of Zn and Se, 4-fold and 5-fold, respectively, as well as the Zn bioavailability, forage yield (close to 30%),
and crude protein (~ 8%). Thus, forage peas could be considered a very suitable crop to be included in biofortification programs

under Mediterranean conditions with Zn and Se as target minerals.
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1 Introduction

Forage crops are very important worldwide to provide an out-
standing part of the animal feeding in intensive livestock pro-
duction systems, and as a supplement of the diet in extensive
grazing systems. In Spain, around 1.2 million ha are dedicated
to forage crops (MAPA 2020). Among them, the use of legume
species is highly recommended. This is, among other reasons,
because legumes are considered a great protein source in animal
feeding, improving, in addition, the physical and chemical soil

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s42729-020-00360-5) contains supplementary
material, which is available to authorized users.

D1 Oscar Santamaria
osantama@usal.es

Department of Agronomy and Forest Environment Engineering,
University of Extremadura, Avenida Adolfo Suarez s/n,
06007 Badajoz, Spain

Department of Construction and Agronomy, University of
Salamanca, Avenida Cardenal Cisneros 34, 49029 Zamora, Spain

@ Springer

properties after their cropping. Forage feeding can provide live-
stock most of its carbohydrate, fat, protein, vitamin, and mineral
requirements (Suttle 2010). Mineral content in herbage is clear-
ly linked to their concentration in the soil where plants have
been grown and to the capacity of the different plant species to
uptake and accumulate them into the edible parts (Fan et al.
2020). Among the essential minerals for animals, most of them
are required in so tiny amounts or are so abundant into soil that
plants fulfill their requirements easily. However, some minerals
such as selenium (Se) or zinc (Zn), frequently appear in scarce
concentrations in soil, providing forage with inadequate con-
centrations of them and causing, consequently, a variable de-
gree of Se and/or Zn deficiency to livestock.

Selenium concentration in many soils all over the world,
although very variable, can be considered low, ranging be-
tween 10 and 2000 pg kg ', with an average value of
400 pg kg ' (Arthur 2003). In the southwestern Iberian
Peninsula, several studies have established values of Se in
soils of about 140 ug total Se kg ' and 12 pg extractable Se
kg71 (Poblaciones et al. 2014; Rodrigo et al. 2014). These
levels can be considered deficient to marginal according to
the classification given by Dinh et al. (2018). In relation to
Zn, its concentration in soils worldwide ranges between 10
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and 300 mg kg~ ' (Alloway 2009). Studies of Gomez-
Coronado et al. (2016) in the southwest of the Iberian
Peninsula showed values lower than 25 mg total Zn kg™’
and 0.3 mg Zn-DTPA kg ', considered also very deficient
according to Alloway (2009).

Selenium plays in livestock an essential role in many phys-
iological functions and biological processes (Ghaderzadeh
et al. 2016), integrating many mammalian enzymes, such as
glutathione peroxidases (Reich and Hondal 2016) and
selenoproteins (Allmang and Krol 2006). The recommended
values of Se intake for livestock range from 0.1 to 0.5 mg Se
kg ! feed dry matter (DM; Suttle 2010). A deficient intake of
Se can cause in cattle and sheep a large number of
diseases, such as reduced growth and white muscle dis-
ease (nutritional muscular dystrophy), a myopathy of
heart and skeletal muscle in young animals, or poor
reproductive performance in older animals (Mehdi and
Dufrasne 2016). In swine, Se deficiency can cause
hepatosis dietetica, mulberry heart disease, or pancreatic
fibrosis (Oropeza-Moe et al. 2015). Regarding Zn, it is
involved in enzyme systems and protein synthesis, but
also in carbohydrate metabolism and other biochemical
processes. The required amount of Zn by livestock is
about 35 mg Zn kg ' feed DM (Suttle 2010), although
it might depend on the livestock type. Its deficiency can
causes numerous disorders in livestock, such as skin
parakeratosis, reduced or cessation of growth, general
debility, lethargy, and increased susceptibility to infec-
tion (Hill and Shannon 2019).

In those conditions of low soil concentrations, in order to
prevent or limit Se and Zn deficiency, their intake should be
highly increased to reach the recommended values. Among
the different strategies to achieve this increase, the agronomic
biofortification of crops has demonstrated to be very success-
ful in a wide range of plants (White and Broadley 2005). This
practice has been intensively studied in crops for human food,
such as wheat, rice, or chickpea (Germ et al. 2013; Ram et al.
2016; Hla Hla et al. 2019; Manojlovi¢ et al. 2019), and to a
lesser extent in grain crops for animal feeding (Rodrigo et al.
2013; Novoselec et al. 2018). The very few studies which
have been conducted in forage crops deal mainly with alfalfa
(Petkovi¢ et al. 2019). Among forage crops, legume species
seems to be especially suitable for agronomic
biofortification, since many studies have demonstrated a
higher capacity to accumulate Se and Zn in their tissues
(Poblaciones et al. 2014; Poblaciones and Rengel 2016).
Although several legumes can be used with this purpose,
forage peas have a high productive potential in the semiarid
Mediterranean climate of Spain under rainfed conditions be-
cause of their drought and diseases tolerance, and excellent
nutritional value. Also, this crop is included in the greening
payment of European CAP subsidies. As a consequence of
all of these aspects, peas are the most cultivated legume in

Spain with more than 173,000 ha (MAPA 2020), although
mainly as field peas.

Biofortification of field or market peas has already been
demonstrated to be successful with either Se (Gawalko et al.
2009; Thavarajah et al. 2010; Poblaciones et al. 2013;
Poblaciones and Rengel 2018) or Zn (Poblaciones and
Rengel 2016), but very few is known about its suitability in
forage peas. In those studies, the optimal application condi-
tions were established. For Se, there is a broad agreement to
consider a foliar application of 10 g Se ha ' at the start of the
flowering stage the most effective. In many studies, the use of
sodium selenate seems to be the most appropriated, although
potassium selenate might be also more efficient than other
less-soluble forms as barium selenate or sodium selenite
(Broadley et al. 2006; Poblaciones et al. 2013). For Zn, al-
though this general consensus lacks, many studies may have
suggested the application of zinc sulfate (ZnSO4-7H,0) as
either a soil application before sowing (50 kg Zn ha™') or a
foliar application at the start of flowering (4-8 kg Zn ha "),
each one alone or in combination. There are other forms of Zn
used, like ZnEDTA, which might be more efficient but its
higher cost made it less accessible to farmers (Cakmak
2008; Das et al. 2019).

‘When soils are deficient in several micronutrients, a simul-
taneous biofortification might be more effective and profitable
for farmers, as previously suggested by Zou et al. (2019) in
other crops, such as wheat. In peas, the combined Se and Zn
biofortification has demonstrated to be effective in the in-
crease of Se and Zn in the grain under greenhouse conditions
(Poblaciones and Rengel 2017). In addition to the total min-
eral concentration in forage, the bioavailability of these min-
erals and the presence of certain anti-nutritional components,
mainly phytic acids (myo-inositol 1,2,3,4,5,6-
hexakisphosphate), are also important to be evaluated, due
to their known capacity in reducing mineral bioavailability
and absorption by animals (Gupta et al. 2015). Thus, accord-
ing to the previous literature indicated above, the use of forage
peas in biofortification programs applying simultaneously Zn
and Se seems to have a great potential in animal feeding, but it
needs to be evaluated on the real semiarid Mediterranean con-
ditions in the field and using forage as the main harvesting
product instead of grain.

Therefore, in order to contribute to nutrient deficien-
cy alleviation in livestock, the general aim of the pres-
ent study was to evaluate the suitability of forage peas
to be biofortified by Zn and Se in field conditions under
a semiarid Mediterranean climate. With the aim of ana-
lyzing the best application strategy to boost the Se and
Zn accumulation in forage, their bioavailability (via
phytate concentration determination), and its effect on
productive (forage yield) and nutritive value parameters
(protein, fiber, lignin, ashes, digestibility, and quality
indexes and concentration of several nutrients, like
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magnesium [Mg], calcium [Ca], and iron [Fe]), foliar Se
and foliar Zn were applied alone or in combination with
soil Zn application to a forage peas crop during two
consecutive growing seasons.

2 Material and Methods
2.1 Site, Experimental Design, and Crop Management

A field experiment was conducted in Badajoz, southern
Spain (38° 54' N, 6° 44" W, 186 m above sea level), in a
Xerofluvent soil (USDA 1998) under rainfed Mediterranean
conditions in the 2017/2018 and 2018/2019 growing sea-
sons. Weather-related parameters for this area for the study
years, as well as for the average year obtained from a 30-
year period, are shown in Fig. 1. All climate data were
taken from a weather station located at the study site. As
expected, because of the great irregularity characteristic of
the Mediterranean climate, the two study years were sub-
stantially different. In 2017/2018, rainfall was quite similar
to that of the average, although March and April were two
very rainy months, accounting almost 252 mm, precipita-
tion values much higher than on average. The second study
year (2018/2019), however, can be considered a very dry
year, since total rainfall (295 mm in total) was close to
35% lower than on average, with important drought periods
during February and March.

The experiment was arranged as a split-split-plot design
with four replicates randomly distributed, including the year
(2017/2018 and 2018/2019) as the main-plot factor, Zn soil
application (2 treatments, i: without any application [0SZn]
and ii: a soil application of 50 kg ZnSO4-7H,O ha '
[50SZn]) as the subplot factor, and foliar application (4 treat-
ments, i: without any application [OF], ii: two foliar applica-
tions of 4 kg ZnSO,-7H,0 ha ' each at the start of flowering
and 2 weeks later [8FZn], iii: a foliar application of 10 g Se
ha ' as Na,SeOy, at the start of flowering [10FSe], and iv: a
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combination of ii and iii [8FZn+10FSe]) at the start of
flowering as the sub-subplot factor.

Plot size for each treatment was 15 m? (3 m x 5 m). Before
the sowing of the first season (in October 2017), Zn soil treat-
ment was carried out with 50 kg ZnSO,4-7H,0 ha ! which was
sprayed to the soil surface and then incorporated into the soil
by conventional tillage. Soil treatment was only made at the
beginning of the first year of the experiment, in order to eval-
uate its residual effect along the essay duration. For the foliar
Zn treatment, 4 kg ZnSO,4-7H,O ha ! was diluted in 800 L
H,O ha ! to obtain a 0.5% (w/v) solution. This volume was
selected as it allowed a very uniform and regular application.
The treatment was applied with a backpack sprayer at the start
of the flowering stage late in the day, to avoid an eventual
burning in plants. With this procedure, which might resemble
a real application in field, mainly the adaxial side of the leaf
was sprayed. Foliar treatment was repeated 2 weeks later.
Finally for the Se treatment, 10 g Na,SeO, ha ! was diluted
in 800 L H,O ha ! to obtain a 0.003% (w/v) solution and
applied as in the case of foliar Zn. Due to the high solubility
of the fertilizers, the use of any adjuvant was not necessary.
These treatments, volumes, sprayers, etc. were chosen based
on the previous experience of Cakmak et al. (2010),
Poblaciones et al. (2013), and Gomez-Coronado et al.
(2016) in similar conditions. All the treatments were arranged
at the same position in the two experimental years. Residual
effect of foliar applications could be ruled out due to the low
dose rates used for the treatments.

The forage pea (Pisum sativum L.) cultivar used was
“Guifredo.” Conventional tillage treatment was used to pre-
pare a proper seedbed before sowing. The sowing was per-
formed at a rate of 160-kg seeds ha ', in rows of 20 ¢cm in
early November in the first year (2017) and late December in
the second year (2018). Sowing delay in the second year was
due to the intense precipitations in November which did not
allow an earlier sowing. No further fertilization, other than
that of Zn and Se, was applied since soil phosphorus (P) and
potassium (K) levels were adequate. Weed control was carried
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Fig. 1 Monthly and annual rainfall and mean maximum and minimum temperatures in 2017/2018, 2018/2019, and an average year from a 30-year

period in Badajoz (Spain)

@ Springer



J Soil Sci Plant Nutr (2021) 21:286-300

289

out by applying Afalon 50 WP (wettable powder containing
500 g kg7l linuron; AAKO, Leusden, The Netherlands) in the
sowing day. Forage harvest took place in late April and May,
in 2018 and 2019 respectively.

2.2 Soil Analysis

Before any treatment, four representative soil samples of
30 cm deep were taken from the experimental site. Soil sam-
ples were air dried and sieved to <2 mm using a roller mill.
Texture was determined granulometrically (Day 1965), soil
pH was measured using a calibrated pH meter (ratio, 10-g
soil:25-ml deionized H,0O), and soil organic matter (SOM)
was determined by oxidation by dichromate (Walkley and
Black 1934). Electrical conductivity (EC) was determined
using an EC meter. Total N was determined using the
Kjeldahl method (Bremner 1996), by means of a Kjeltec™
K350 distillation Unit (Buchi Ltd., Flawil, Switzerland).
Extractable P was determined by using the Olsen procedure,
and K and sodium (Na) were extracted with ammonium ace-
tate (1 N) and quantified by atomic absorption spectrophotom-
etry (Helyos alpha, 9423-UVA, Unicam, Cambridge, UK).

Extractable Ca, Mg, Fe, and Zn were determined by using
DTPA (diethylenetriaminepentaacetic acid) at a soil:solution ra-
tio of 1:2 and shaking time of 2 h at 120 rpm. Concentrations of
those minerals were determined using an inductively coupled
plasma mass spectrometer (ICP-MS) (Agilent 7500ce, Agilent
Technologies, Palo Alto, CA, USA) operating in the hydrogen
gas mode—this analytical method was developed by the
Elemental and Molecular Analysis Service of the University of
Extremadura (Spain). To evaluate the residual effect in those Zn
treatments with a soil application, four additional samplings (with
their corresponding extractable Zn determination) were per-
formed along the experiment: in January and in harvest time, in
both growing seasons. Finally, extractable Se was determined by
using KH,PO, (0.016 mM, pH 4.8) at a ratio of 10-g dry weight
s0il:30 ml KH,PO4 w/v (Zhao and McGrath 1994). The Se
concentration in the extracts was determined by ICP-MS, as
described above. For quality assurance in each batch of samples,
blanks and an internal patron were used as reference material
(1.12 mg Zn-DTPA kg ' and 10 pg extractable Se kg "), being
the recovery of 95 and 90%, respectively. All the results were
reported on a dry weight basis.

2.3 Forage Analyses

Once harvested, forage was oven dried at 70 °C until constant
weight and then the DM recorded. The dried samples, after
grinding, were also used to determine the main quality param-
eters. Thus, total N content was analyzed by using the
Kjeldahl method (Kjeltec™ 8200 Auto Distillation Unit.
FOSS Analytical. Hillerod, Denmark) and used to estimate
crude protein (CP) by multiplying the biomass N x 6.25

(Sosulski and Imafidon 1990). Official procedures (AOCS
2006) were followed to determine neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) by means of a fiber analyzer (ANKOMS8-98,
ANKOM Technology, Macedon, NY). Total ash content
was determined by ignition of the sample in a muffle furnace
at 600 °C, such as that indicated in the official procedure
(AOCS 2006). The relative feed value (RFV) of dry matter
and the organic matter digestibility (OMD) of the forage were
calculated by following the procedure proposed by Linn and
Martin (1991) and Chibani et al. (2010), respectively.

Forage Zn, Se, Ca, Fe, and Mg concentrations were also
determined as follows: forage of each treatment was finely
grounded (< 0.45 mm) using an agate ball mill (Retch PM
400 mill); a 1-g aliquot was digested with ultra-pure concen-
trated nitric acid (2 ml) and 30% w/v hydrogen peroxide
(2 ml) using a closed-vessel microwave digestion protocol
(Mars X, CEM Corp, Matthews, NC) and diluted to 25 ml
with ultra-purified water (Adams et al. 2002). Sample vessels
were thoroughly washed with acid before use. For quality
assurance, a blank and a standard reference material (tomato
leaf, NIST 1573a) were included in each batch of samples.
The nutrient specific recovery was 94% compared with certi-
fied reference material values. Concentrations of Zn, Se, Ca,
Fe, and Mg were determined by ICP-MS as described above
for soil samples. In order to consider the dilution effect caused
by the different forage yield between growing seasons, total
content of each mineral per ha was also determined by multi-
plying its concentration in forage and forage yield.

Forage Zn bioavailability was obtained by determining the
phytate concentration, estimated through phytic acid. Phytic acid
was determined by following the procedure described by
Thavarajah et al. (2009), based on precipitation of ferric phytate
and measurement of the supernatant remaining iron (Fe). Phytic
acid was extracted from about 0.2 g of ground field pea biomass
in 10 mL of 0.2 M HCI (pH 0.3) after shaking for 2 h. One
milliliter of supernatant was treated with 2 mL of ferric solution
(NH4Fe(SO4),-12H,0) in a boiling water bath for 30 min. After
cooling, samples were centrifuged, and 1 mL of supernatant was
treated with 1.5 mL of 0.064 M bipyridine (2-pyridin-2-
ylpyridine, C;oHgN,) to measure Fe. After mixing, the solution
was incubated for 10 min at room temperature, and absorbance
was measured with a spectrophotometer at 419 nm. Relation
between phytates and Zn, Se, Ca, Fe, or Mg molar ratio was
calculated.

2.4 Statistical Analysis

The effect of the Zn soil application on the concentration of
extractable Zn in soil was evaluated by a mixed-design anal-
ysis of variance model (or split-plot ANOVA), including the
main-plot factor “sampling time” (before starting, in January
and harvest of the 1st growing season, and in January and
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harvest of the 2nd growing season), the subplot factor “Zn
application” (0SZn+0F, 50SZn+0F, and 50SZn+8FZn), and
its interaction in the model, in order to analyze its residual
effect. Data of Se and Zn concentration in forage, its phytate
concentration (estimated through phytic acid), and the
phytate/mineral molar ratios, as well as forage yield, nutritive
value parameters (CP, NDF, ADF, ADL, RFV, and DMO),
and the mineral concentration in forage (Ca, Fe and Mg), were
subjected also to mixed-design models, in this case to split-
split-plot ANOVAs, including the main-plot factor “year”
(2017/2018 and 2018/2019), the subplot factor “soil Zn appli-
cation” (0SZn and 50SZn), the sub-subplot factor “foliar ap-
plication” (OF, 8FZn, 10FSe, and 8FZn+10FSe), and their
interactions in the model. When significant differences were
found in ANOVA, means were compared using Fisher’s
protected least significant difference (LSD) test at P<0.05.
In order to normalize the variable distribution as well as to
stabilize the variance of residues, the transformation \x was
performed for forage yield and Ln(x + 1) for the concentration
of Zn into soil and Fe and Se in forage. All these analyses were
performed with the Statistix v. 8.10 package.

3 Results

3.1 Soil Characteristics and Extractable Zn Evolution
into Soil During the Experiment

The analysis of the soil samples of the study site indicated a clay
loamy soil with slightly acid pH (6.4 +0.02; mean =+ standard
error), without problems of salinity (electrical conductivity =
1321.4+24.04 uS cm ') and with a very low organic matter
content (SOM) (1.31 £0.09%). This information, as well as the
soil mineral concentrations, can be observed in Table 1. Among
them, the extractable Se concentration in the topsoil could be

considered very low with a value of 1.27£0.01 ug Sekg ™', and
the Zn-DTPA low, with a value of 0.38+0.08 mg kg '. The
split-plot ANOVA performed to evaluate the residual effect of
the Zn applications in the concentration of Zn into the topsoil
showed sampling time (degree of freedom, df =4, F value =
5.24, P=0.0226), Zn application (df=2, F value =44.99,
P<0.001), and their interaction (df=8, F value =3.26, P=
0.0152) to be all significant variables (considering a P <0.05).
The Zn concentration into topsoil increased after the soil appli-
cation in October 2017, and then, no significant variation was
found during the 2 years of the experiment, regardless of the
foliar application, accounting an average value of 1.22 mg kg
of extractable Zn-DTPA after the application (Fig. 2).

3.2 Zn and Se Concentrations and Contents in Forage
and Its Bioavailability

Zn concentration and total Zn content were both affected by the
main effects “study year” and “foliar application” and by their
interaction (Table 2). For both response variables, only the foliar
treatments containing Zn provided forage with a higher Zn con-
centration in comparison with the controls (Fig. 3 and Fig. S1).
The Se application did not affect the Zn accumulation in forage.
The study year modulated the intensity of the effect of the foliar
Zn application on the Zn concentration, reaching the highest
accumulation values in 2017/2018 (Fig. 3). When the total Zn
content was considered to avoid an eventual dilution effect, as the
study year affected forage yield, the highest values were also
reached in 2017/2018 (Fig. S1).

As expected, the foliar treatments containing Se were sig-
nificantly the most effective in boosting the Se concentration
in forage (Table 2 and Fig. 4). A very interesting synergic
effect was observed between Se and Zn, as the foliar treat-
ments including both minerals produced the highest Se accu-
mulation in the forage in comparison with the corresponding

Table 1 Soil properties expressed

as mean + standard deviation (SE) Parameter Value Interpretation*

from four samples (n=4). An in-

terpretation of such values for Texture Clay loam

cropping is also shown pH (H,0) 6.4 +0.02 Slightly acidic
Electrical conductivity (uS cm ') 1321.4 + 24.04 Very slightly saline
Organic matter (%) 1.31 £0.09 Very low
Total N (%) 0.12 + 0.007 Medium
P Olsen (gPkg ") 4.9 +0.05 Low
Assimilable K (meq K 100 gfl) 0.82 +0.02 Low
Exchangeable Ca (meq Ca 100 g ) 6.23 £ 0.67 Low
Exchangeable Na (cmol Na kg ™) 0.26 £ 0.01 Very low
Extractable Se (ug Se kg ™" 1.27 £ 0.01 Very low
Zn-DTPA (mg Zn kg ") 0.38 £ 0.08 Low
Exchangeable Mg (meq Mg 100 g ) 3.72 £0.37 Medium

@ Springer
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Fig. 2 Zn-DTPA concentration into topsoil of the study area as affected
by the interaction “sampling time (5 times)*Zn application (3 treatments:
NoSZn, 50SZn+0F and 50SZn+8FZn).” Error bars indicate standard
error (n=3). Different letters mean significant differences between
means according to the LSD test (P <0.05). Although the LSD test was
performed on the transformed variable, back-transformed values are pre-
sented to ease interpretation

treatment without Zn, i.e., when foliar Se was applied, the Se
accumulation was significantly higher if foliar Zn was also
applied, but when Se was not applied, the mere foliar Zn
application also caused an increase of the Se concentration
in forage (Fig. 4). When the total Se content per ha was con-
sidered instead of Se concentration to avoid an eventual dilu-
tion effect, the interaction “study year*foliar application” also

showed a significant influence (Table 2). In this case, the
synergic effect was also evidenced, but especially in
2017/2018, and only when Se was also applied (Fig. S2).

Phytic acid in forage was only affected by the interaction
“study year*Zn soil application.” However, the molar ratios
between phytates and both Zn and Se were mainly influenced
by the “foliar application,” although the effect of this factor
was mostly dependent on the study year (Table 2). Soil Zn
application increased the concentration of phytic acid, but
only in 2017/2018 (Table 3). Foliar Zn application clearly
decreased phytate:Zn ratio, as expected considering that these
treatments had broadly increased the Zn concentration in for-
age. This effect, even when present in both study years, was
more defined in 2017/2018 (Table 3). Also as expected, foliar
Se application clearly decreased phytate:Se ratio, but the foliar
Zn application alone also caused a diminution in this param-
eter, although of a lower intensity (Table 3).

3.3 Effect of Zn and Se Application on Forage Yield
and Nutritive Value Parameters

The analysis of the forage showed that the “study year” clearly
and significantly affected almost all the parameters studied as
main factor, but also when its interaction with “Zn soil

Table 2 Summary of the split-

split-plot ANOVAs (1 =4) show- Year (Y) Zn soil applic. (S)  Foliar applic. (F)  Y*S Y*F S*F  Y*S*F

ing the effect of the main-plot

factor (year), subplot factor (Zn DF 1 1 3 1 3 3 3

soil application), sub-subplot fac-  zn 26.91% 0.31 135,18 0.75 9.84%* 011 1.08

tor (foliar application), and their g, 13344 001 79,105 026 032 052 0.08

interactions on each forage pa- o . -

rameter evaluated. DF, degree of 120 78.18 5.59 62.58% 0.10 7.70% 037 0.62

freedom; F values, including the TSe 277.6%%* 2.30 31.28%%#%* 0.04 7.60%* 0 0.19

level of significance (*P<0.05, Phyticacid 1.4 2.87 0.80 11.19%  0.76 101 0.63

sk sk

P<0.01, ***P<0.001), are Ph/Zn 0.54 2.19 198.0%#+ 0.15 888k 102 047

shown in the rest of the rows
Ph/Se 12227+%  1.04 61.16% 0.01 5.5 0.51  0.04
Yield 10.67* 14,725 0.41 0.00 0.01 0.08 0.04
CP 479.3%%  0.90 5.06%* 5.15 1.59 003 1.14
NDF 124.6%* 0.02 0.84 0.87 2.17 072 023
ADF 882.7%%% (.44 0.67 224 0.56 094 0.87
ADL 982.5%xx  1021* 0.49 4.74 0.65 034 0.8
Ashes 190.5%#%  8.85% 3.30% 6.85% 1.57 090 1.49
RFV 2343.6%F 282 0.25 0.04 1.38 0.13  0.59
OMD 8855.2%%% 257 121 0.60 0.86 0.17 023
Mg 6427 1.30 6.627* 8.1% 8.62%%% 057  0.90
Ca 6.21 7.11% 3.79+% 19.58%  7.76%%% 031  0.53
Fe 160.9%+ 0.15 6.25%* 2.56 2.16 119 0.07
Ph/Mg 85.7%% 2.58 9,08 6.98* 14.54%% 103 035
Ph/Ca 2.12 3.60 430% 236 5.71%* 021  0.65
Ph/Fe 146.9%+* 0.74 4.11% 6.05* 0.80 178 0.02

TZn, total Zn content = Zn*yield; TSe, total Se content = Se*yield; Ph/mineral, molar ratio phytate/each mineral;
Yield, forage yield; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid
detergent lignin; RFV, relative forage value; OMD, organic matter digestibility
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Fig. 3 Concentration of Zn in the forage as affected by the main effects
“study year (Y),” “foliar application (F),” and by their interaction (Y*F).
Charts indicate means (n=4), and error bars indicate standard error.
Within each factor, different letters mean significant differences

application” and “foliar application” was analyzed (Table 2).
Considering the “study year” the main effect, in 2017/2018, the
forage yield, CP, fibers (NDF and ADF) and lignin (ADL),
ashes, the concentration of Fe, and the molar ratio phytate:Mg
showed higher values than in 2018/2019, while the RFV
(145.3+2.4 in 2018/2019 vs 103.8 1.8 in 2017/2018),
OMD (58.6£0.2% in 2018/2019 vs 52.8+0.2% in
2017/2018), Mg concentration, and the molar ratio phytate:Fe
were higher in 2018/2019 (Tables 3 and 4, and Fig. 5).
Besides “study year”, forage yield was significantly affect-
ed by the main effect “Zn soil application” (Table 2). When
50 kg ZnSO4-7H,0 ha ' was applied to the soil, forage yield
increased nearly 30%, from around 6933 on average in the no-
soil Zn application situation to around 8944 kg DM ha ' on
average after Zn application (Fig. 5a). In relation to the nutri-
tive value parameters of the forage, soil Zn application also

180 4| Se concentration (ug kg1) |—A_
160 1
140 1
a

120 1 B
100 1

80 A

60 A b C

D
40
20 - -
0
2017/18 2018/19 OF | 10FSe | 8FZn |8FZn+10FSe
Study year Foliar application

Fig. 4 Concentration of Se in the forage as affected by the main effects
“study year (Y)” and “foliar application (F).” Charts indicate means (n =

4), and error bars indicate standard error. Within each factor, different
letters mean significant differences between means according to the LSD
test (P <0.05). In order to make the differences clearer, a different set of
letters was assigned to each factor (lowercase letters for “Y” and
uppercase letters for “F”). Although the LSD test was performed on the
transformed variable, back-transformed values are presented to ease
interpretation
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between means according to the LSD test (P <0.05). In order to make
the differences clearer, a different set of letters was assigned to each factor
(lowercase letters [a, b, c, d] for “Y*F,” lowercase letters [z, y] for “F,”
and uppercase letters [A, B] for “Y”)

significantly affected ADL and ashes (Table 2). When soil Zn
was applied, lignin content in forage was lower comparing
with no-soil Zn application (6.59% vs 7.08% on average, re-
spectively, Fig. 5d), while the ash content significantly in-
creased (P < 0.05) under the soil Zn application (50SZn treat-
ment: ashes =0.29 £0.04%, 0SZn treatment: ashes =0.25+
0.03%). Ashes were also affected by the main effect “foliar
application” (Table 2), producing significantly the lowest
values when both foliar Zn and Se (treatment 8FZn+10FSe¢)
were applied, with a value of 0.20 +0.04%. The treatments
containing foliar Zn produced significantly the highest values
of CP, regardless of whether foliar Se was also applied or not.
When foliar Se was applied alone, CP in the forage was not
significantly different from that of the control forage, without
foliar application (Fig. 5b). Finally, RFV and OMD were not
affected by any application either soil or foliar.

In relation to the mineral accumulation in forage, all the
minerals analyzed (Mg, Ca, and Fe) were affected by either
“foliar” or “soil application” alone or in interaction with the
“study year” (Table 2). Thus, when “foliar application” was
analyzed as the main effect, Mg concentration increased with
the Se application in relation to control, but only when it was
applied alone, not when foliar Zn was also applied. However,
when each year was analyzed separately, such an effect was
not so clearly observed (Table 4); thereby, soil Zn application
reduced the Mg concentration in 2017/2018. The concentra-
tion of Ca in forage decreased when soil Zn was applied,
especially in 2017/2018. Foliar Se seemed to increase the
accumulation of Ca when it was applied alone, but such an
effect is unclear when each year was evaluated separately
(Table 4). Finally, the Fe concentration in forage tended to
decrease when foliar Zn was applied (Table 4).

When the bioavailability of Mg, Ca, and Fe was analyzed
through the molar ratios phytates:mineral, soil Zn application
increased the ratio phytate:Mg in forage, but only in 2017/
2018 (Table 3). Foliar Zn application also increased the ratio
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Table 3 Phytate concentration (estimated through phytic acid) in the
forage and the molar ratio phytate:each mineral (Zn, Se, Mg, Ca, and Fe),
expressed as mean value + standard error (n =4) as affected by the main
effects “study year (Y),” “Zn soil application (S),” and “foliar application
(F)” (in italics) and by the interactions “Y*S” and/or “Y*F”. Within each
parameter and factor, different letters mean significant differences

between means according to the LSD test (P <0.05). In order to make
the differences clearer, a different set of letters was assigned to each factor
(lowercase letters [a, b, ¢, d] for “Y*F”, lowercase letters [z, y, x] for
“Y*S”, Greek letters for “S”, uppercase letters [Z, Y] for “F”, and upper-
case letters [A, B] for “Y™). If letters do not appear, this factor did not
have a significant effect according to split-split-plot ANOVA

Mineral Factor Treatment Study year
2017/2018 2018/2019 Average
Phytic acid (g kg ") Zn soil application 0SZn 6.89+0.02y 6.92+0.02 zy 6.91£0.02
50SZn 6.97+0.02 z 6.90+0.02 y 6.93+£0.02
Average 6.93+0.02 6.91+0.01
Phytate:Zn Foliar application OF 29.1+19ab 28.1+13Db 286x1.17Z
10FSe 31.7+13 a 246+1.6¢ 281+13Z
8FZn 8.0£0.6 de 109+1.0d 94+0.7Y
8FZn+10FSe 7.0+04 ¢ 10.1+0.7 de 85+06Y
Average 19.0+2.1 18.4+1.6
Phytate:Se Foliar application OF 226+2.7¢ 41.6+3.1a 32.1+367
10FSe 69+04f 13.2+1.2de 10.0+1.0X
8FZn 16.1+1.7d 31.1+£2.6b 23.6+24Y
8FZn+10FSe 49+1.0f 9.7+0.6 ef 73+2.7X
Average 190+1.5B 239+26A
Phytate:Mg Zn soil application 0SZn 0.13+0.01y 0.11+0.00 x 0.12£0.00
50SZn 0.15+0.01 z 0.10+0.00 x 0.13£0.01
Foliar application OF 0.12+0.00 ¢ 0.11+0.01 cd 0.12£0.00Y
10FSe 0.12+0.01 ¢ 0.10+0.01d 0.11+0.01 Y
8FZn 0.15+0.01 b 0.10£0.00d 0.13+£0.01 Z
8FZn+10FSe 0.17+0.01 a 0.10+0.00d 0.13+0.01 Z
Average 0.14£0.00 A 0.10£0.00 B
Phytate:Ca Foliar application OF 0.05+0.00 be 0.04+0.01 ¢ 0.05+0.00 YX
10FSe 0.04+£0.01 ¢ 0.05+0.00 be 0.04+0.00 X
8FZn 0.06 +0.00 ab 0.05+0.00 ¢ 0.05+0.00 ZY
8FZn+10FSe 0.06+0.00 a 0.04+0.00 ¢ 0.05£0.00 Z
Average 0.05+0.00 0.04+0.00
Phytate:Fe Zn soil application 0SZn 0.34+0.05 x 0.88+0.04 z 0.61£0.05
50SZn 0.42+0.08 x 0.71+0.04 y 0.57+0.04
Foliar application OF 0.32+0.06 0.79+0.04 0.56+0.07 YX
10FSe 0.28+0.03 0.72+0.06 0.50+0.07 Y
8FZn 0.39+0.03 0.85+0.07 0.62+0.07 ZY
8FZn+10FSe 0.52+0.10 0.84+0.05 0.68+0.07 Z
Average 0.38+0.03 B 0.80+0.03 A

In the case of Fe concentration, although the LSD test was performed on the transformed variable, back-transformed values are presented to ease

interpretation

phytate:Mg in 2017/2018, especially when foliar Se was also
applied. A similar foliar application effect happened in rela-
tion to the ratio phytate:Ca. Here, also the foliar Zn application
increased such values but again only in 2017/2018 (Table 3).
Phytate:Fe molar ratio was decreased by the soil Zn applica-
tion in the second study year (2018/2019), but this ratio in-
creased with foliar Zn application, when “foliar treatment”
was considered the main effect.

4 Discussion

The analysis of the soil conditions of the study site indicated a
low or a very low availability of Zn and Se, respectively. The
soil concentration of these minerals is the major factor affect-
ing their accumulation in the edible parts of plants. This was
supported by the fact that in the non-fertilized plots, the con-
centration of total Zn and Se in the forage of peas was on
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Table 4  Concentration of Mg, Ca, and Fe in the forage (expressed as
mean value + standard error; n = 4) as affected by the main effects “study
year (Y)”, “Zn soil application (S)”, and “foliar application (F)” (in italics)
and by the interactions “Y*S” and “Y*F”. Within each parameter and
factor, different letters mean significant differences between means
according to the LSD test (P <0.05). In order to make the differences

clearer, a different set of letters was assigned to each factor (lowercase
letters [a, b, c, d] for “Y*F”, lowercase letters [z, y, x] for “Y*S”, Greek
letters for “S”, uppercase letters [Z, Y] for “F”, and uppercase letters [A,
B] for “Y”). If letters do not appear, this factor did not have a significant
effect according to split-split-plot ANOVA

Mineral Factor Treatment Study year
2017/2018 2018/2019 Average
Mg (g kg™ Zn soil application 0SZn 1.99+0.08 y 240+0.07 z 2.20+0.07
50SZn 1.71+0.11 x 2.53+0.06 z 2.11£0.08
Foliar application OF 2.03+0.06 d 2.30+0.10 be 2.16+0.07Y
10FSe 2.11£0.11 cd 2.59+0.13 a 235+£0.10Z
8FZn 1.71+0.06 ¢ 2.42+0.07 ab 2.06+0.10Y
8FZn+10FSe 1.54+0.08 ¢ 2.55+0.08 a 2.05+0.14Y
Average 1.85+0.06 B 246+0.05A
Ca(g kgﬁl) Zn soil application 0SZn 890+0.32z 9.17+0.37 z 9.03+0.24
50SZn 7.60+0.27y 9.49+0.32z 855+0.27 3
Foliar application OF 8.84+0.32 ab 8.63+0.26 be 874+£020Y
10FSe 9.56+0.35 ab 9.53+0.72 ab 9.55+039Z7
8FZn 7.64+0.20 cd 9.23+0.40 ab 844+0.30Y
8FZn+10FSe 6.96+0.37d 992+041a 844+047Y
Average 825+0.24 9.33+0.24
Fe (mg kg 1) Foliar application OF 221.6+32.9 76.1+4.0 148.9+24.7 7Y
10FSe 230.4+28.9 86.9+7.7 158.7+23.57
8FZn 156.9+12.1 72.3+5.8 114.6+12.7 XY
8FZn+10FSe 128.8+12.6 71.4+4.7 100.1+£9.9X
Average 184.4+13.6 A 76.7+2.9 B

In the case of Fe concentration, although the LSD test was performed on the transformed variable, back-transformed values are presented to ease

interpretation

average 22.7 mg kg ' DM and 28.6 ug Se kg ' DM, respec-
tively, in both cases under the threshold of the recommended
values for livestock (Suttle 2010). Therefore, the soil condi-
tions found in the present study might provide a very appro-
priate framework to evaluate the suitability of forage peas to
be included in biofortification programs, proposed in this case
with Se and Zn. Thus, the present study might provide a very
reliable insight into the effectiveness of the biofortification
with Zn and Se in areas with low soil availability, which are
quite frequent in Spain (Poblaciones et al. 2013; Gomez-
Coronado et al. 2016) and other parts of the world (Arthur
2003; Alloway 2009), presenting then a very broad applica-
tion range.

Besides the pursued objective of increasing the Zn and Se
concentrations in the edible part of crops, the idea of a com-
bined application of those minerals was also to reduce appli-
cation costs for farmers under rainfed extensive cropping sys-
tems where gains are usually not very above the profitability
threshold. As well with this purpose, the present study was
designed to perform the soil Zn application only once at the
beginning of the experiment and with the minimum amount
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possible, in order to cheapen the total inputs as this application
might be the most costly, with the premise that such an
amount might be enough to satisfy the crop requirements
and that residual effect could persist at least for the following
cropping year. The analyses of the extractable Zn into soil
along the two experimental years showed that after the soil
application, the Zn concentration in soil increased up to
1.22 mg kg~ ' on average, remaining always above
0.5 mg kg ', critical value to meet the crop needs according
to Sims and Johnson (1991). This fact confirmed then the
assumption that the used soil fertilization rate was high
enough to reach the values of available Zn into soil above
the crop requirements in both the application year and at least
in the following cropping year. This result was in agreement
with that stated in previous studies in other crops such as
maize (Karimian and Yasrebi 1995; Shaver et al. 2007), where
an important Zn residual effect into soil after a Zn sulfate
fertilizer application was reported.

The environmental conditions of the study year had a key
importance in the present study by affecting directly most of
the parameters analyzed in forage or by influencing the



J Soil Sci Plant Nutr (2021) 21:286-300 295
—_ . 1 (
10500 f{ Forage y|e|d (kg ha-l) J z 21 a L Crude protein (%
9000 A T 18 4 ——
7500 o b Y 15 | b
6000 - 12 4
4500 + 9
3000 6
1500 - 3
0 0
2017/18 2018/19 0Szn 50SZn 2017/18 | 2018/19 10FSe 8FZn |8FZn+10FSe
a) Study year Zn soil application b) Study year Foliar application
60 3 { Fibers (%) J 10 73— Acid detergent lignin (%) F———————
50 1 b 8 1 z
y
40 A a
6 4
30 1 b b
4 .
20 1
10 - 27
0 0
2017/18 2018/19 2017/18 2018/19 2017/18 2018/19 0SZn 50SZn
C) Neutral detergent fiber Acid detergent fiber d) Study year Zn soil application

Fig. 5 Influence of main effects a study year and Zn soil application on
forage yield, b study year and foliar application on crude protein, ¢ study
year on neutral and acid detergent fiber, and d study year and Zn soil
application on acid detergent lignin. Charts indicate means (n =4), and
error bars indicate standard error. Within each parameter and factor,
different letters mean significant differences between means according

effectiveness of the evaluated biofortification with Zn and Se.
This influence could be mainly attributed to the very impor-
tant differences between years in the climatic conditions, char-
acteristic of Mediterranean climate, which are known to play a
major role in the growth and performance of crops, especially
precipitation in a rainfed cropping system. In this respect, the
rainfall distribution pattern was completely different between
the study years, and both years were quite different to the
average year. the first year (2017/2018) showed a higher than
usual rainfall, especially in spring, while the second year
(2018/2019) was extremely dry, accounting a rainfall around
35% lower than normal, with important drought periods dur-
ing February and March. The direct effect of the climatic
conditions, especially rainfall, on the growth, performance,
grain and forage yield, and nutritive value parameters has
already been the object of multiple studies in many crops, such
as those of Pascoa et al. (2017). Therefore, no further discus-
sion is going to be made here about the climatic influence,
other than that affecting the effects of the Zn and Se applica-
tion, main objective of the present study. Even though, to
consider the dilution effect caused by the different forage yield
between growing seasons, the total content of Zn and Se per
ha was also determined. However, as discussed later, not very
different results to those obtained with the Zn and Se concen-
trations were observed.

to the LSD test (P<0.05). In order to make the differences clearer, a
different set of letters was assigned to each factor (lowercase letters [a,
b] for study year, lowercase letters [z, y] for Zn soil application, and
uppercase letters for foliar application). In the case of forage yield,
although the LSD test was performed on the transformed variable,
back-transformed values are presented to ease interpretation

Forage pea has demonstrated a great capacity to increase Zn
and Se accumulation in the forage after the foliar application,
although in the case of Zn, the efficiency depended on the
specific conditions of the study year. Thus, the foliar applica-
tion of 8 kg ZnSO4-7H,0 ha ' sprayed in two doses of
4 kg ha "' each produced a 4-fold increase in the Zn concentra-
tion of forage in 2017/2018 and a 2.8-fold increase in
2018/2019. Therefore, considering that the study year 2017/
2018 was much more rainy than 2018/2019, it can be hypoth-
esized that water availability might increase the uptake and
accumulation of Zn. Adequate soil moisture has been shown
to increase the Zn uptake through roots by facilitating diffusion
(Moraghan and Mascagni Jr 1991). However, in this case, as
the application was foliar, the higher accumulation in the most
humid year could be related to the greater vegetative volume of
the crop which could absorb a higher amount of the fertilizer in
the moment of the application. This consideration might also
explain the similar results obtained when the total Zn content
per ha was considered instead of Zn concentration in forage.
This fact, which might allow discarding a dilution effect, could
mean that Zn absorption might be more dependent on the
amount of leaf area per ha, rather than the amount of Zn ap-
plied, as long as the Zn applied is enough. The absorption of
nutrients by leaves has been proposed to occur mainly through
the cuticle, stomata, and/or trichomes (Fernandez et al. 2013).
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In some other crops, such as soybean, tomato, or sunflower,
cuticle and trichomes seem to be the main pathways of Zn
absorption (Li et al. 2018, 2019). According to that and con-
sidering the absence of trichomes in pea leaves (Villani and
Demason 1999), cuticle might be the relevant tissue related to
the absorption for this crop. However, as it was not specifically
studied in the present research, further research should be per-
formed to confirm it. In any case, those conditions that result in
a larger leaf area may produce a higher number of stomata,
trichomes, or cuticle surface per ha, and consequently may lead
a higher Zn absorption.

Although the Zn accumulation was higher in the most fa-
vorable conditions for plant development, even in a very dry
year such as 2018/2019, the foliar Zn application produced
forage with a Zn concentration able to meet widely the live-
stock requirements, regardless the livestock type (Suttle
2010). Therefore, the Zn biofortification by means of foliar
applications on forage peas might be perfectly suitable under
semiarid conditions, where the climatology is very variable
between years. The soil Zn application might be convenient
to increase the forage yield of the crop as long as the soil
concentration is deficient such as in our conditions.
However, this soil Zn application did not increase the Zn
concentration in forage, which is in disagreement with those
observed in other legumes, like chickpea (Ullah et al. 2020),
where the soil application was the most effective treatment in
the Zn enrichment, but in this case of the grain. It is possible
that in our case, the amount of soil Zn supplemented might
have compensated only partially the initial high Zn deficiency
into soil, enough to allow plants increasing their vegetative
growth, but not for an extra Zn accumulation in forage. The
application of foliar Se did not present any significant inci-
dence in the accumulation of Zn in peas forage, probably
because it did not have any influence in the forage production
as Se is not considered an essential nutrient to plants.

The biofortification with Se in peas was also quite effective,
as the foliar application of 10 g Se ha ' was able to produce
more than a 3-fold increase in the Se concentration of forage,
up to 95 pg Se kg ', amount which almost meets the threshold
of 100 pg Se kg ' recommended for livestock (Suttle 2010).
However, the most interesting result regarding Se accumulation
was the important synergic effect with foliar Zn application.
Thus, Se accumulation in forage reached a value of almost
150 ug Se kg ', close to 5-fold increase in relation to the
control, when combining foliar Zn and Se treatments. Even in
the case of no Se application, when Zn was foliarly applied, Se
concentration in forage increased 36% comparing to the con-
trols. This high enhancement or strengthening in the Se accu-
mulation in plant parts caused by the Zn application has already
been evidenced for wheat by Germ et al. (2013). These authors
proposed that as Se is assimilated in plants via a sulfur assim-
ilation pathway (Broadley et al. 2012), the over-expression of
sulfate transporters caused by the application of Zn, which it is
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already known to happen (Na and Salt 2011), might produce a
more efficient Se assimilation. However, the inverse relation
did not happen as the application of foliar Se did not increase
the accumulation of Zn in forage. Therefore, further studies
should be performed to clarify more deeply the mechanisms
involved in this interaction. As in the case of Zn, when total Se
content per ha was used as response variable instead of Se
concentration, results were also quite similar, limiting then
the importance of a dilution effect.

In biofortification programs, besides the increase in the total
amount of the target nutrients in the edible parts, the enhance-
ment of their bioavailability might be also crucial. In this re-
gard, an important aspect linked with nutrient bioavailability is
the phytate concentration because it is a phosphorous-
containing compound that reduces the nutrient absorption, es-
pecially for Ca, Fe, Mg, and Zn (Gupta et al. 2015). By con-
trast, in the case of Se, a positive relationship between phytate
and Se status has been found in chicks (Shan and Davis 1994).
Therefore, to evaluate the effectiveness of biofortification, it is
also important to consider how the application of the target
nutrients, Se and Zn in this case, may affect the phytate con-
centration in the edible parts. In the present study, phytate con-
centration (estimated through phytic acid) was affected by the
soil Zn application, although only in 2017/2018, the most rainy
year. In this year, the Zn application produced an increase in the
phytate concentration, reaching 6.97 g kg ' (vs the 6.89 g kg
in the no-soil Zn application treatment), values which were
very similar to those obtained previously in the grain of peas
(Poblaciones and Rengel 2016, 2017). However, the
phytate:Zn molar ratio is considered a better indicator of Zn
bioavailability than total acidity in the diet (Ghasemi et al.
2013). Ratios greater than 15 were associated with Zn deficien-
cy (Morris and Ellis 1989). According to that, only foliar Zn
treatments provided forage with values of molar ratio
phytate:Zn lower than 15 (9 on average), regardless the study
year and the Se application. Therefore, the application of foliar
Zn, besides increasing the Zn concentration in forage, increased
its bioavailability. The application of foliar Se did not have any
significant effect in the phytate content, as it had also been
found in previous studies for other legume crops, such as cow-
peas (Silva et al. 2019).

Although the key aspect of the present research was to
evaluate the combined biofortification in forage peas in terms
of Zn and Se accumulation in forage, the knowledge of how it
affects the yield and the main nutritive value characteristics of
the forage might also be of great interest. According to that,
soil Zn application significantly affected forage yield. The
addition of 50 kg ZnSO4-7H,0 ha ™' produced an increase of
about 28-30%, very similar in both study years, supporting
the statement above about the residual effect of Zn into soil.
The increase of forage yield when Zn was applied can be
explained because Zn is an essential nutrient for plants, in-
volved in many important physiological plant processes such
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as growth status, protein metabolism, and phytohormone for-
mation (Cakmak et al. 1989). Although peas are considered a
crop with a low relative sensitivity to soil Zn deficiency
(Alloway 2008), several authors obtained increments in pea
yield after Zn application under soil Zn deficiency conditions
(Pandey et al. 2013; Poblaciones and Rengel 2016). In the
present study, Zn and/or Se foliar application did not affect
forage yield, probably due to the low application rate of these
foliar treatments and because Se is not considered an essential
nutrient to plants. Furthermore, foliar application was
performed for both minerals at the start of the flowering
stage, when most of the forage biomass had already been
developed and the vegetative growth is clearly slowed in
favor of flowering, limiting or preventing then any
significant incidence in the forage yield during this short
time remaining until harvesting. This result was in clear
agreement with those obtained in peas by Poblaciones and
Rengel (2017) for Zn and Se under greenhouse conditions
and Poblaciones et al. (2013) for Se under field conditions.
Regarding the nutritive value parameters in forage, the var-
iable “foliar treatment” did affect the crude protein and ash
content. Crude protein in forage was increased by the foliar
treatments containing Zn, fact supported by other studies
(Pandey et al. 2013; Poblaciones and Rengel 2016). This fact
has been associated with the involvement of Zn in protein syn-
thesis, avoiding RNA degradation, decreased activity of RNA
polymerase, ribosomal deformation, and a decrease in the num-
ber of ribosomes (Cakmak et al. 1989). Foliar Zn fertilization
has also been found to increase Rhizobium nodulation in other
legumes, such as lentils (Singh and Bhatt 2013). The highest N-
fixation that a larger nodulation might produce could also ex-
plain the higher crude protein content observed after the foliar
Zn application. This increase of protein content, besides the
already indicated forage yield increase, might be of vital impor-
tance to get the involvement of farmers in the implementation
of these biofortification programs, as forage peas might be
mainly cultivated as a protein resource for animal feeding due
to its high content and its excellent quality derived of its amino
acid composition (Robinson et al. 2019). Regarding ashes, their
content in forage decreased when both foliar Zn and Se were
applied. It was also affected by the soil Zn application, increas-
ing its value when Zn was applied but only in the case of
2017/2018, the year with the highest rainfall. This parameter
determines the mineral content (the inorganic fraction) of bio-
mass. Therefore, as the most important minerals for animal
feeding were also analyzed individually, the interpretation of
this fraction is going to be made specifically for each nutrient.
On the other hand, soil Zn application also affected ADL
content in forage, increasing its value when soil Zn was ap-
plied. Although the difference was very limited, this fact could
be considered negative since a nutritive value point of view as
lignin is indigestible for both ruminants and non-ruminants,
decreasing then the digestibility of forage (Van Soest 1967).

As lignin tends to increase throughout the plant life cycle
(Santamaria et al. 2014), an acceleration of plant maturity
caused by an increase in Zn soil availability could explain
these higher lignin values when Zn was applied to soil.
Studies of Chen and Ludewig (2018) suggesting a delay in
flowering under Zn deficiency may support that explanation,
but further experiments including an exhaustive analysis of
the exact growth stage of the plant after treatments should be
performed in order to confirm this hypothesis.

In relation to the mineral content in forage, soil Zn appli-
cation affected Mg and Ca concentrations, decreasing their
values when Zn was applied but only in 2017/2018, the most
humid year. This fact could be explained by a dilution effect
caused by the highest forage yield obtained with the Zn appli-
cation, considering that no application of those mineral was
performed in the experiment. This effect only happened in
2017/2018, probably because of the combination of high rain-
fall and high Zn availability for plants, which resulted in a
higher forage yield, multiplying and enhancing such a dilution
effect. Nevertheless, those minerals have been shown to be
antagonistic between them (René et al. 2017), which could
also explain the negative relationship. The concentration of
both minerals, Mg and Ca, in forage was also affected by
foliar application, tending to decrease when foliar Zn was
applied, especially in the most humid year 2017/2018.
Several macronutrients, including Ca and Mg, are known to
inhibit the Zn absorption (Alloway 2008). As this antagonism
might be supposedly bidirectional, the increase in forage of Zn
concentration when foliar Zn was applied might explain then
the diminution of Ca and Mg. Finally regarding Fe, the foliar
applications containing Zn caused a clear decrease in the Fe
concentration. Iron-zinc interaction seems to be complex as
both positive and negative (even neutral) effects between them
can be found in the literature (Saha et al. 2017; Zou et al.
2019). Therefore in general terms, the Zn application had a
negative influence in the concentration in forage of Mg, Ca,
and Fe, all of them are essential nutrients for livestock, but in
any case, even in the more severe diminutions, the concentra-
tion levels of those three minerals were above the threshold of
recommended values (Suttle 2010). Finally, soil Zn and foliar
Zn and/or Se application also affected somehow the
phytate:Mg, Ca, and Fe molar ratio, which might affect also
their bioavailability, but such effects were very limited.

5 Conclusions

The present study showed the suitability of forage peas to be
used for a combined agronomic biofortification of Zn and Se
under Mediterranean conditions in order to increase their con-
centration in forage, alleviating their deficiency in livestock.
For biofortification purposes, the sole simultaneous foliar ap-
plication of Zn and Se, at the flowering stage at a rate of 8 kg
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zinc sulfate ha ' (sprayed in two doses of 4 kg ha™' each) and
10 g sodium selenate ha !, was enough to increase the Zn and
Se concentration in forage above the recommended values.
However, when 50 kg zinc sulfate ha ' was also applied to soil
before sowing, besides the Zn and Se accumulation increase,
forage yield increased also a 30%, fact of great interest for
farmers. Other positive aspects of the combined biofortification
were to obtain forage with a higher crude protein content and to
enhance Zn bioavailability. The simultaneous Zn and Se appli-
cation, which might reduce cropping costs for farmers, resulted
quite effective and without undesirable antagonistic effects be-
tween these two trace elements; conversely, a certain synergis-
tic effect was observed between them.
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