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Abstract: The essentiality of selenium (Se) and iodine (I) for the human organism and the
relationship between these two trace elements in mammal metabolism highlight the importance of
the joint Se-I biofortification to vegetable crops in the frame of sustainable farming management. A
research study was carried out in southern Italy to determine the effects of the combined
inoculation with arbuscular mycorrhizal fungi (AMF) and biofortification with Se and I on plant
growth, seed yield, quality, and antioxidant and elemental status, as well as residual biomass
chemical composition of chickpea grown in two different planting times (14 January and 28
February). The AMF application improved the intensity of I and Se accumulation both in single and
joint supply of these elements, resulting in higher seed yield and number as well as dry weight, and
was also beneficial for increasing the content of antioxidants, protein, and macro- and
microelements. Earlier planting time resulted in higher values of seed yield, as well as Se, I, N, P,
Ca, protein, and antioxidant levels. Se and I showed a synergistic effect, stimulating the
accumulation of each other in chickpea seeds. The AMF inoculation elicited a higher protein and
cellulose synthesis, as well as glucose production in the residual biomass, compared to the single
iodine application and the untreated control. From the present research, it can be inferred that the
plant biostimulation through the soil inoculation with AMF and the biofortification with Se and I,
applied singly or jointly, proved to be effective sustainable farming tools for improving the
chickpea seed yield and/or quality, as well as the residual biomass chemical composition for energy
production or beneficial metabolite extraction.

Keywords: Cicer arietinum L.; AMF; biofortification; proteins; antioxidants; mineral elements; waste
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1. Introduction

I and Se are essential microelements for mammals. Se is known to be a part of the
tri-iodothyronine deiodinases that participate in thyroid hormones synthesis [1]. These two trace
elements are significant in antioxidant protection of the human organism; immunity maintenance;
enhancement of brain activity; and protection from viral, cardiovascular, and oncological diseases
[2,3]. The close relationship between the two elements entails the importance of the joint Se and I
status optimization in the human organism [4]. Notably, Se and I deficiency is widespread in many
countries of the world and, in this respect, plants biofortified with these two mineral elements are of
great interest, providing consumption of highly available organic derivatives of Se [5] and I [6],
especially considering the fact that marine products are less accessible to continental residents.

The difficulties related to this research area are associated with the scant knowledge of the
relationship between Se and I in plants, where both elements are not essential [7,8], though they are
able to participate in the antioxidant defense system [6,9]. Moreover, many factors affect the
efficiency of biofortification, namely, the element chemical form (iodides, iodates, selenates,
selenites, organic selenium, Se nanoparticles), the method of supply (soil, foliar, soilless nutrient
solution), the dose, and genetic tolerance [6,10].

Previous works in this field revealed that the interaction between Se and I is not univocal —in
several cases, these two elements enhanced the accumulation of each other [11], whereas in other
investigations, no interaction arose [12-14]. Indeed, an experiment in hydroponics on spinach plants
revealed no relationship between Se and I accumulation [13]. Soil application of selenite and iodate
demonstrated no interaction between the two elements in biofortifying winter wheat, maize,
soybean, potato, canola, and cabbage [14].

Smolen et al. found that the joint application of I and Se increased Se accumulation in lettuce
leaves [12,15,16], whereas in carrot the joint application of I and Se decreased the I content compared
to the single I application [17].

Moreover, the joint Se-I biofortification was investigated on Indian mustard [11], wherein plant
biofortification with the single application of I or Se enhanced the leaf accumulation of Se and I by
4.3 and 2.64 times, respectively. The combined application of selenite and iodide improved Se
content in pea seeds, whereas no effect of Se on I accumulation was recorded [18].

In general, the results of the previous investigations indicated a complex relationship between
Se and I and a much higher efficiency of Se accumulation compared to that of I, with no effect on
growth stimulation by the application of Se and I combined. In this respect, the utilization of marine
algae [19,20], salicylic acid [21], and vanadium salt application [22] was employed to improve the
efficiency of joint I and Se plant enrichment. However, to date, no efforts have been made to test the
efficiency of arbuscular mycorrhizal fungi (AMF) inoculation. These fungi are known to establish
symbiotic relationships with most plants, thus improving their nutrient and water uptake thanks to
the widened root-hyphae system [23], and enhancing the plant’s resistance against biotic and abiotic
stresses. Although in previous research the AMF has never been applied in combination with plant I
biofortification, both alone or jointly with Se, separate investigations have reported the AMF
efficiency in Se biofortification [24-26].

Among the targets of I-Se biofortification, plant species with intensive metabolism and high
protein content are of special interest. In this respect, chickpea (Cicer arietinum L.) is one of the most
important grain legume crops in the Mediterranean region, showing a high nutritional value [26,27]
and protein level, as well as the ability to accumulate Se in the forms of SeMet and SeCys, known to
be highly bioavailable for the human organism [28]. Among legumes, the chickpea is known to
attain the highest Se concentration [29]. To date, no findings have been reported on I or combined
I-Se biofortification in chickpea or other legumes, with this being partially due to the low I
accumulation in cereal and legume seeds [30]. The exception is represented by the Se-I
biofortification of pea plants [18], where iodide did not show a stimulation effect on Se accumulation
upon selenate supply, contrary to selenite, for which iodide application doubled the Se
concentration in pea seeds. The effect of AMF inoculation in enhancing the growth of chickpea
plants was recorded by Farzaneh et al. [31].
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The positive effect of AMF application on plant nutritional value may become very important in
combination with Se and I biofortification. In this respect, no reports in the literature regard the
biochemical characteristics of crop wastes, legumes wastes in particular, with the latter being known
as a significant source of energy, fiber, protein, antioxidants, and fatty acids [32-35].

On the basis of the above-mentioned topics, the aim of the present research was to assess the
interaction between Se and I under single or joint supply and AMF on seed yield, quality, and
antioxidant and mineral element content, as well as on the residual biomass chemical composition of
chickpea in southern Italy.

2. Results and Discussion

The interactions between I, Se, and AMF on yield, antioxidant status, mineral composition,
protein content, and other biochemical characteristics were investigated in chickpea crops grown in
two different planting times (January and February), as the experimental treatments applied are
abiotic factors of great practical importance.

2.1. Root Mycorrhizal Colonization, Yield, Growth, and Biometrical Parameters

Indeed, the mean weight of the 1000 seeds was higher when the crop cycle started on 14 January
compared to the 28 February planting, whereas the harvest index showed the opposite trend (Table
1). The latter finding is in accordance with the results of Verghis [36], who recorded significant
differences in harvest index between plants grown from different sowing times. Moreover, the latter
parameter attained the highest values upon the inoculation with the AMF, whereas the mean weight
of the 1000 seeds was not significantly affected by joint AMF, Se, and I application. As observed in
Table 1, the root mycorrhizal colonization (as a mean of the two determinations at 45 day from
transplant and at the crop cycle end which did not differ statistically from each other) was not
significantly affected by the crop cycle, whereas it attained the highest values in the chickpea plants
inoculated with AMF in comparison with the untreated control and the biofortification treatments.
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Table 1. Yield parameters as affected by planting time and arbuscular mycorrhizal fungi (AMF) - bic

ROOt, Seed Seeds 1000 Seeds Seed/
Mycorrhizal
Experimental Treatment Colonization Yield No. Per Plant Weight  Pod Weig
% t-ha? 8 %
Planting time
14 January 42 6.44 134.1 480.3 75.1
28 February 44 4.29 111.7 384.7 74.6
n.s. * * * n.s.
AMF - Biofortification
Control 31 b 502 b 117.8 b 424.3 74.7
Se 33 b 508 b 116.6 b 433.3 74.8
I 32 b 503 b 118.9 b 420.3 74.6
Se+1 33 b 512 b 119.2 b 425.4 74.1
AMF 53 a 55 a 126.3 a 437.7 74.4
AMEF + Se 54 a 571 a 126.2 a 446.7 75.2
AMEF +1 53 a 556 a 126.6 a 433.5 75.1
AMF +Se +1 55 a 580 a 131.7 a 438.9 76.1

n.s.: not statistically significant; * significant at p < 0.05. Within each column, values followed by different letters are signific
test at p <0.05.
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In the earlier crop cycle starting on 14 January, AMF inoculation enhanced the chickpea yield
and number of seeds per plant, both without and with Se and I treatment, whereas no significant
differences were recorded between the experimental treatments in the later planting time (Figures S1
and S52).

In the present research, within the selected doses of the two trace elements applied, the plant
biofortification with I and Se, both singly or combined, did not significantly affect the yield
parameters of chickpea seeds. In previous research, the growth stimulating effect of Se and I was
recorded under the application of very narrow concentration ranges, peculiar of each plant species
and cultivar. In this respect, Smolen et al. [17] demonstrated that I and Se did not affect lettuce yield.
The biofortification of beans with Se revealed that seed yield largely depended on Se dose, ranging
from zero up to a 1.7-fold increase [37]. A similar phenomenon has been reported for plant
biofortification with I [38]. Notably, the growth stimulating effect of the combined application of Se
and I has never been described to date.

The results stemming from the present investigation regarding the beneficial AMF effect on
chickpea productivity are in accordance with the reported AMF growth stimulating effect on
different legume species [39-43].

Significant differences in chickpea yield were recorded between the two planting times
examined (Table 1, Figures S1 and S2), as the earlier crop cycle resulted in a longer cycle duration
that enhanced the plant growth and the seed formation. With respect to the latter, the data reported
in Table 2 show that the longer crop consequent to the earlier planting led to higher weights of seed
dry weight (1.5 times), shoots and leaves (2.8 times), and total plant dry weight (2 times). These
results are in an accordance with the findings obtained by Avelar et al. [44] in Brazil, who
demonstrated that out of three sowing periods compared (May, June, July), they recorded the
highest yield of chickpea seeds with the earliest planting time.
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Table 2. Biometrical and growth parameters as affected by planting time and AMF - biofortification.

Seeds Pods Shoots + Leaves Plant
Experimental Treatment Pods Seeds Dry Weight Dry Weight Dry Weight Dry Weight
No. per Plant No. per Pod , t , A
g per m g per m g per m g per m
Planting time
14 January 111.6 1.20 575.0 190.6 785.1 1550.7
28 February 92.3 121 382.8 130.1 2784 791.3
* n.s. * * * *
AMF - Biofortification
Control 103.1 1.15 b 448.3 b 153.0 529.6 1130.8 b
Se 101.2 1.15 b 453.8 b 151.3 524.3 1129.4 b
I 102.4 1.16 b 449.3 b 152.8 527.7 1129.8 b
Se +1 102.0 1.17 b 457.0 b 160.1 521.7 1138.7 b
AMF 100.9 1.25 a 499.1 a 170.7 539.0 1208.9 a
AMEF + Se 100.9 1.25 a 509.7 a 166.9 534.6 1211.2 a
AMF +1 101.3 1.25 a 496.3 a 165.2 540.7 1202.3 a
AMF +Se +1 103.9 1.27 a 517.8 a 162.7 536.9 1217.3 a
n.s. n.s. n.s.

n.s.: not statistically significant; * significant at p < 0.05. Within each column, values followed by different letters are significantly different according to Duncan’s
test at p <0.05.
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Notably, both the pods and the shoot and leaves dry weight were not significantly affected by
the AMF or biofortification treatments (Table 2). Accordingly, the significant effect of AMF on the
seed dry weight increase observed in the earlier crop cycle (Figure S3), reflected the corresponding
enhancement of the total plant dry weight per square meter (Figure 54).

2.2. Quality Indicators and Antioxidants of Chickpea Seeds

As reported in Table 3, the single and combined applications of I and Se as well as the planting
time did not affect the chickpea seed dry residue, which is consistent with the results of Avelar et al.
[44]; only the AMF inoculation showed significant effects on the aforementioned parameters, both
with or without I and Se biofotification. The increase of the total dissolved solids (TDS) was recorded
under the single or joint Se, I, and AMF application, with significantly higher levels in the crop cycle
starting on 28 February.

The plant inoculation with AMF mostly led to the best effects on the seed quality and
antioxidant parameters when combined with the Se and I biofortification (Table 3). In particular, the
single I application resulted in higher TDS, polyphenols, and antioxidant activity, whereas Se was
more effective than I on the protein synthesis. In addition to its nutritional significance, this
phenomenon may turn out beneficial for seed germination efficiency [45], as the antioxidants are
known to protect seedlings from biotic and abiotic stresses [45]. Being an analog of S, Se reportedly
affects the biosynthesis of amino acids and proteins [46] and, in this respect, an increase in rice
storage protein as a result of Se biofortification was recorded by Reis et al. [47], consistently with the
findings of the present investigation. In previous research [48], phenolics content and total
antioxidant activity were enhanced by low doses of I, but there are no reports in the literature about
the effect of the joint biofortification with Se and I concurrently with AMF inoculation on antioxidant
compounds and activity, as recorded in chickpea seeds in the present study. An increase in plant
antioxidant status due to AMF inoculation was previously recorded in garlic and onion fortified
with Se [25]. Furthermore, AMF is known to regulate the oxidative system, hormones, and ionic
equilibrium, triggering stress tolerance in plants [49]. It should be also noted that proteins,
polyphenols, and antioxidant activity were better influenced by the crop cycle starting on 14
January.
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Table 3. Quality indicators and antioxidants of chickpea seeds as affected by planting time, AMF inoculation, and Se and I biofortification.

Experimental Re]zirc}l,ue TDS Proteins Polyphenols Antioxidant Activity
Treatment % Mg g'd.w. g'kg'dw. mg GAEg'd.w. mg GAEg'd.w.
Planting time
14 January 88.8 14.7 170.2 10.5 21.1
28 February 89.1 15.2 141.9 9.4 18.6
n.s. * * * *
AMF - Biofortification
Control 87.8b 135e 1282 e 8.8 ¢ 178 e
Se 88.5 ab 14.1d 152.0 cd 91c 178 e
I 88.0b 152 ¢ 1282 10.1 ab 19.1d
Se +1 88.6 ab 15.3 be 149.9d 99b 20.1 cd
AMF 89.0a 14.5d 164.3 b 10.2 ab 20.7 be
AMEF + Se 89.3a 15.7 ab 1784 a 10.5a 219a
AMF +1 89.1a 15.6 ac 159.9 bc 10.5a 20.0 cd
AMEF +Se +1 89.5a 15.8 a 187.3 a 10.5a 21.4 ab

d.w.: dry weight; n.s.: not statistically significant; * significant at p < 0.05.

Within each column, values followed by different letters are statistically different
according to Duncan’s test at p < 0.05. TDS: total dissolved solids.
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2.3. Elemental Composition

2.3.1. Selenium and Iodine Accumulation

The efficiency of I and Se accumulation in plants is governed by many factors including
hormonal regulation and plant age. In this respect, as observed in Table 4, the earlier crop planting
time caused the increase of Se and I content in chickpea seeds by 23% and 13%, respectively,
compared to the 28 February planting time, presumably due to the longer cycle duration.

Despite the relatively low concentrations of I in chickpea seeds, I and Se showed a close
relationship upon the foliar biofortification with these two elements (Figure 1). Indeed, compared to
the untreated control, the plants fortified with I had a 2.6 times increase in Se accumulation in the
seeds, and the combined Se + I application resulted in a twofold higher Se level than the single Se
treatment (Figure 1a). The I content was enhanced by 1.4 times under the joint application of I and Se
(Figure 1b). Similar Se-I relationships have been observed in previous investigations regarding the I
and Se combined biofortification of Indian mustard [11].

45
40 % i_ 1.7
® 35
=30 1.6 :
=l o
3 25 _‘i 3
2 20 1{). 8
£ ER |
r R=)
10 -
5 a a H b
, alld el 0
N COQ.. xcg\.; %\Q ‘Qx\ XCDQ XCDZ. 1.3
™ Y& N -
K X S N
RESHIRN = N N
v N &
~

(a) (b)

Figure 1. Effect of AMF, Se, and I biofortification on Se (a) and I (b) biofortification values. Values
followed by the same letter are not significantly different according to Duncan’s test at p < 0.05.

Innovatively, the findings from the present research reveal the significant role of AMF in
enhancing the I, Se, and Se + I effect on chickpea plants. This phenomenon is of special interest due
to the intensive investigation of factors that can improve the combined Se + I biofortification
[18,21,22]. The AMF stimulation of Se and I accumulation in chickpea seeds may be partially
connected with two processes: the increase in root surface, which encourages nutrient accumulation,
and the specific AMF action inside the plant. Interestingly, the AMF utilization seems to open new
chances in Se/I fortification, considering that thus far only the application of phytohormones such as
salicylic acid [17,21] and the vanadium compounds that participate to iodine metabolism of marine
algae [22] have been investigated.

In previous investigations, the increased efficiency of Se biofortification under AMF inoculation
has been documented in several plants, such as Allium species [25], wheat [50], and soybean [51].
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Legumes have been reported to positively react to the AMF application in terms on Se accumulation,
contrary to lettuce, maize, alfalfa, and forage grass (Urochloa decumbens) [51-53].

On the basis of the results of the present research, 23 grams of chickpea seeds fortified with Se
upon AMF inoculation provided the adequate Se consumption level, whereas the single application
of sodium selenate led to a twice lower effect.

The levels of I accumulation in chickpea seeds were rather low (Table 4), which is in agreement
with the reported leaf/seed distribution of this element in plants [30,54]. With respect to the latter,
the AMF beneficial effect on I biofortification recorded in the present study gives rise to high
prospects for the application of these fungi in valorizing joint Se and I biofortification, even in other
plant species.

Table 4. Se and I content in chickpea seeds, as affected by planting time and AMF - biofortification.

Treatment Se I
ug-kg'dw.
14 January 1632.5 13.8
Planting time 28 February 1252.5 12.0
Significance of differences * *
Control 84.0 f 0.0d
Se 1642.5 ¢ 0.0d
I 2195e 95c¢
AMEF - Se +1 1937.5b 13.0b
Biofortification AMF 207.0e 0.0d
AMEF + Se 31770 a 0.0d
AMF +1 967.5d 14.0 ab
AMF + Se +1 3305.0 a 15.0a

d.w.: dry weight; * significant at p < 0.05. Within each column, values followed by different letters are
statistically different according to Duncan’s test at p < 0.05.

2.3.2. Macro-Element Content

The earlier planting time resulted in higher levels of N, P, and Ca and lower K content in
chickpea seeds (Table 5); nitrates were not significantly affected by the crop cycle.

The inoculation of the AMF singly or, even more, combined with I and Se supply elicited the
accumulation of Ca, Mg, P, and K in chickpea seeds compared with the untreated control (Table 5).
The single I application did not show significantly higher effects than the untreated control, except
for K. Notably, the biofortification with Se resulted in the highest nitrate concentration, and the
combined Se + I supply also caused a higher level than the control.

Previous research investigating the effect of the single applications of Se, I, and AMF on plant
elemental status confirmed the above findings, suggesting the positive contribution of AMF to the
macro-element accumulation as a consequence of the nutrient uptake improvement [49]. Moreover,
the modification of the macro-elemental composition elicited by the AMF inoculation to plants
concurrently fortified with Se was also described in garlic, onion, and shallot [24,25].
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Table 5. Macro-element contents in chickpea seeds as affected by planting time and AMF - biofortification.

Treatment N P K Ca NOs
g'kg! dw. mg-kg! d.w.
Planting time
14 January 27.2 3.21 8.86 1.39 589.1
28 February 22.7 2.67 9.43 1.14 578.6
* * * * n.s.

AMF - Biofortification

Control 20.5e 2.36d 8.64 d 1.00 d 550.0 cd
Se 24.3 cd 2.80c 8.83 cd 1.22 ¢ 673.0 a

I 20.5¢e 240d 9.21 ac 1.03d 588.0 bc

Se+1 24.0d 2.87 ¢ 9.29 ab 1.23 ¢ 625.5b
AMF 26.3b 3.08b 9.24 ab 1.34b 594.0 bc
AMEF + Se 285a 340 a 9.58 a 146 a 567.5 ¢
AMEF +1 25.6 bc 3.13b 9.06 b 1.34b 545.0 cd
AMEF +Se +1 30.0 a 348 a 9.29 ab 1.50 a 528.0d

d.w.: dry weight; n.s.: not statistically significant; * significant at p < 0.05. Within each column, values followed
by different letters are statistically different according to Duncan’s test at p to Duncan’s test at p <0.05.

2.3.3. Microelement Content

In the present investigation, only Mn was significantly influenced by the planting time, with a
higher content in the seeds grown in the later crop cycle. Most of the single and differently combined
Se, I, and AMF applications enhanced the microelement concentration in the chickpea seeds
compared to the untreated control, with particular reference to the treatment AMF + Se + I (Table 6),
wherein Fe showed the highest content. Contrastingly, the single I supply depressed the Fe and Cu
accumulation (Table 6, Figure 2), which may be connected to redox reactions between the three
elements [6].

On the basis of literature reports, the AMF effect on the efficiency of Se biofortification is
species-specific: in chickpea seeds, the AMF did not affect the Fe content, but increased the Zn, Cu,
and Mn levels; in shallot [24], garlic, and onion [25], they elicited the Fe and Zn accumulation, but
did not significantly influence Cu and Mn.

Similar to the above description, the joint biofortification with I and Se to chickpea plants
increased the Zn, Fe, and Mn levels, but did not affect the Cu content in the seeds. As shown in
Figure 2, both the single and combined Se, I, and AMF application caused increases of Zn in
chickpea seeds, compared to the untreated control, with the highest value corresponding to the joint
Se + I application followed by Se + I + AMF. No elemental composition changes were recorded in
carrot by Smolen et al. [55], who deem the changes in macro- and microelement composition under
both single and combined Se + I biofortification to be dependent on year rather than on Se and L.
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Table 6. Microelement content in chickpea seeds as affected by planting time and AMF -

biofortification.
Treatment Zn Fe Cu Mn
mg-kg! d.w.
Planting time
14 January 8.5 28.1 4.5 8.2
28 February 8.3 28.7 4.6 8.7
n.s. n.s. n.s. *
AMEF-Biofortification

Control 62e 25.0d 42d 74d
Se 8.7 ¢ 30.5b 43d 84b
I 7.7d 233 e 36e 85Db
Se+1 10.8 a 333 a 45cd 8.8a
AMF 7.7d 249d 4.7 bc 89a
AMF + Se 8.3 ¢ 29.6b 5.6a 8.0c
AMF +1 8.2 ¢ 28.4 ¢ 44d 85b
AMF +Se +1 9.7b 323 a 49b 9.0a

d.w.: dry weight; n.s.: not statistically significant; * significant at p < 0.05. Within each column, values
followed by different letters are statistically different according to Duncan’s test at p < 0.05.
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Figure 2. Effect of AMF, Se, and I application on microelement content in chickpea seeds. Values
followed by different letters are significantly different according to Duncan’s test at p < 0.05.

2.4. Chemical Composition of Residual Biomass

Although the AMF application increased the harvest index from 40 to 45% (Table 1), about 55%
of chickpea biomass remained in the field as waste. As found through the chemical analysis,
cellulose, lignin, and hemicellulose were the main components of residual biomass cell walls, as they
determine the stem mechanical strength. The biosynthesis of the aforementioned compounds is
closely connected with each of them, despite the fact that they are remarkably different from a
chemical point of view: cellulose is a glucose polymer, hemicellulose a polymer of various
monosaccharides, and lignin is a high molecular weight phenylpropane polymer containing oxygen.
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Table 7. Chemical composition of chickpea residual biomass as affected by planting time and AMF - biofortification.

Treatment Lignin % Cellulose % Hemicellulose % Pe;tm Proteins g-kg! Saccharification R_ate
o g Glucose kg h!
Planting time
14 January 15.4 444 14.1 6.3 120.6 30.8
28 February 18.1 40.0 14.7 6.6 100.4 27.4
* * n.s. n.s. * *
AMF - Biofortification
Control 18.1 a 39.6 b 15.7 a 6.2 91.0 e 27.3 b
Se 17.0 ab 41.3 ab 15.0 ab 65 107.7 e 28.5 ab
I 18.0 a 39.8 b 15.7 a 6.3 91.3 cd 27.4 b
Se+1 16.8 ab 41.5 ab 14.8 ab 65 105.5 d 28.7 ab
AMF 16.3 b 43.5 a 13.9 bc 6.6 116.3 b 30.0 a
AMEF + Se 16.1 b 443 a 13.4 c 6.7 127.2 a 30.4 a
AMF +1 16.3 b 43.6 a 13.8 bc 65 113.1 bc 29.9 a
AMF +1+Se 16.0 b 44.2 a 13.3 c 6.6 132.0 a 30.5 a
n.s.

All the values are expressed as dry weight basis; d.w.: dry biomass weight; n.s.: not statistically significant; * significant at p < 0.05. Within each column, values
followed by different letters are statistically different according to Duncan’s test at p < 0.05.
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As observed in Table 7, the cellulose content in the cell wall residual biomass was higher upon
the earlier planting time and was positively correlated with the saccharification rate, i.e., with the
glucose production rate; the lignin synthesis, instead, was better enhanced by the 28 February
transplant.

The AMEF inoculation elicited a higher cellulose synthesis compared to the untreated control
and the I biofortification, but it did not show significant improvements in comparison with the Se
supply. The saccharification rate showed a positive correlation with the cellulose content and,
accordingly, the same statistical differences between the experimental treatments regarding the two
aforementioned variables.

The hemicellulose composition was not significantly affected by the two experimental factors
applied. Xylose was the most represented monosaccharide (38.6% on average), followed by glucose
(16.1%) and mannose (12.4%).

Pectin was not significantly affected by both the planting time and the AMF - biofortification
treatments.

The protein content showed the same trends as the cellulose content, either referring to the crop
cycles or to the AMF inoculation, and Se and I supply.

Contrary to the findings of the present investigation, in previous research carried out on broad
bean [35] and sorghum [56], the authors reported a decrease in biomass lignin and hemicellulose
content with the planting delay.

Significant correlations (at p < 0.01) were recorded between the cell wall chemical compounds of
the chickpea residual biomass: a negative correlation between cellulose and lignin (-0.88), cellulose
and hemicellulose (-0.67), saccharification rate and lignin (-0.77), and saccharification rate and
hemicellulose (-0.69), and a positive correlation between saccharification rate and cellulose (0.83),
and lignin and hemicellulose (0.78).

The saccharification potential, suggesting how easily a biomass feedstock can be hydrolyzed to
fermentable sugars, reflected the impact of AMF biostimulation and Se + I biofortification on the
residual biomass chemical composition of chickpea plants. The high correlation coefficients between
the parameters investigated express the beneficial effect of the AMF inoculation on the stem/leaf
quality, similar to what was observed for the seeds. Although the biofortification with I and Se was
not proven to enhance the cellulose content and, accordingly, the potential for energy production of
the chickpea waste, the domestic animal feeding industry could exploit their occurrence of fiber [34].
Other possible targets associated with chickpea residual biomass utilization are represented by the
baking supplements enriched with Se and I, or the extraction of Se + I containing protein additives
for cosmetics [34].

The possible chances for residual biomass valorization described above exclude the goal to
plough this material into the soil for supplying its content of N, P, and K to the subsequent crop.
Indeed, its use as a green manure is neither practiced in wealthy countries, due to the higher use
efficiency of chemical fertilizers compared to the legume-derived extra N, nor in poor agricultural
areas [57]. Moreover, N from legume waste is closely dependent on the genotype [57], and it is
available for the next crop absorption if there is no nitrate leaching downwards of the soil profile.

3. Material and Methods

3.1. Growth Conditions and Experimental Protocol

The research was carried out on chickpea (Cicer arietinum L.) landrace Cicerale, which is an
ecotype originating from the National Park of Cilento and Vallo di Diano that was grown in an open
field at the Department of Agricultural Sciences, University of Naples Federico II, Portici (Naples,
southern Italy), in 2016-2017 and 2017-2018. The soil used for the trial was sandy-loam (76% sand,
17% silt, 7% clay), with a pH of 6.9 and an electrical conductivity of 512 mS cm; the temperature
and rainfall in the two research years are shown in Figure 3.
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Figure 3. Trend of temperature and rainfall in Portici (Naples, Italy): mean values of 20162017 and
2017-2018, from the second 10-day interval of January to the first 10-day interval of July.

The experimental protocol was based on the comparison between two planting times (14
January and 28 February) in factorial combination with the following eight treatments: (1) foliar
supply of potassium iodide (300 mg-m2, by 100 mg-L 0.6 mM solution); (2) foliar supply of sodium
selenate (150 mg'm2, by 50 mg-L-' 0.26 mM solution); (3) combined application of potassium iodide
(KI) and sodium selenate (Na:SeOs) at the same concentrations mentioned above; (4) soil inoculation
of an AMF-based formulate (Rhizotech Plus at 2 g-m= soil); (5) combined application of AMF and
potassium iodide at the same concentrations mentioned above; (6) combined application of AMF
and sodium selenate (Na25eOs) at the same concentrations mentioned above; (7) combined
application of AMF, potassium iodide, and sodium selenate (Na:5eOs) at the same concentrations
mentioned above; and (8) untreated control. A split plot design with three replicates was used for
the treatment distributions in the field, with each plot having a 4 m? (2 x 2 m) surface area and 40
plants (10 plants'm2).

The choice of the two planting times examined aimed to compare a 45 day transplant
anticipation with the commonly chickpea crop starting on 28 February in the area where the
landrace Cicerale is grown.

The four-leaf seedlings were transplanted with 20 cm spacing between the plants along the
rows, which were 50 cm apart.

The AMF-based formulate Rhizotech MB (Msbiotech S.p.A., Larino, Campobasso, Italy) was
applied twice, just before transplant and 45 days later; it is a plant growth-stimulating preparation
that predominantly contains the endomycorrhizal fungus Rhizophagus intraradices, along with low
concentrations of Trichoderma harzianum and Bacillus subtilis.

The foliar applications of Se and I solutions were practiced four times at 1-week intervals,
starting from the first pods set.

Root mycorrhizal colonization (as a percentage) was assessed twice, 45 days after transplant
and at the crop cycle end, with reference to the method of Giovannetti and Mosse [58].

The following farming practices were performed: fertilization just prior to transplant with 30
kg-ha' N, 58 P20s, and 74 K2O; drip irrigation was activated when the soil available water at 10 cm
depth dropped to 80%.

The chickpea pods were harvested when the plants became completely dry at the following
dates: on 30 June and 7 July for the 14 January and the 28 February planting times, respectively, in
2017; on 3 and 11 July for the 14 January and the 28 February planting times, respectively, in 2018.
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At harvest, the following determinations were performed in each plot: weights of
seed-containing pods and of seeds, and the ratio between the two aforementioned weights; number
of pods and of seeds, and their mean weight on randomly collected 200-pod samples; harvest index,
calculated as the ratio between seeds and total weight per plant; dry weight of whole plants and of
their parts in an oven at 70 °C until constant weight.

The residual biomass was harvested by cutting the plants at ground level and it showed no
fungal symptoms; therefore, samples were randomly collected in each plot and immediately
transferred to the laboratory, where they were dried in an oven at 70 °C under vacuum until they
reached constant weight. After assessing the dry residue, the whole samples were carefully milled
using a laboratory mill in order to avoid segregation of materials belonging to different plant organs.
The final material, composed of particles <1 mm diameter, was stored in air-tight bags at -20 °C and
further dried just before being processed.

3.2. Sample Preparation

Chickpea seeds were freeze-dried and homogenized to a fine powder and kept in polyethylene
closed bags until the analysis.
3.3. Harvest Index

The harvest index of chickpea crops was expressed as a percentage and calculated according to
the following formula: (total seeds weight): (total weight of the above ground biomass) x 100.
3.4. Dry Residue

The dry residue was assessed gravimetrically by drying the samples in an oven at 70 °C until
constant weight.
3.5. Total Dissolved Solids (TDS)

TDS were determined in chickpea water extracts (1 g of dry powder in 50 mL of distilled water)
using a portable conductometer TDS-3 (HM Digital Inc., Seoul, Korea). The results were calculated
in milligram per gram of dry weight.

3.6. Nitrogen and Proteins
The total nitrogen concentration was determined according to the Kjeldahl method, and the
protein content was obtained as N multiplied by 6.25 [59].

3.7. Polyphenols

Polyphenols were determined in ethanol extract from 1 g of dry powder of chickpea seeds by
using the Folin—Ciocalteu colorimetric method as previously described [60], being expressed as
milligram of gallic acid equivalents (GAE) per gram of dry weight.

3.8. Antioxidant Activity (AOA)

The antioxidant activity of chickpea seeds was assessed using a redox titration method via
titration of 0.01 N KMnO: solution with ethanolic extract [61]. The reduction of KMnOx to colorless
Mn*? in this process reflects the quantity of antioxidants dissolvable in 70% ethanol. The values were
expressed in milligram of gallic acid equivalents (GAE) per gram of dry weight.

3.9. Elemental Composition

Nitrates were assessed using an ion selective electrode by ionomer Expert-001 (Econix-expert,
Moscow, Russia). A total of 1 g of chickpea seed powder was homogenized with 50 mL of distilled
water. A quantity of 45 mL of the resulting extract was mixed with 5 mL of 0.5 M potassium sulfate
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background solution (necessary for regulating the ionic strength) and analyzed through the ionomer
for nitrate determination.

P and Ca were determined as previously described [62]. Potassium content was detected using
an ion-selective electrode. Content of Fe, Mn, Cu, and Zn in chickpea seeds was detected using an
AAS spectrophotometer Shumatzu-7000 after acidic digestion of samples.

Se was analyzed using the fluorimetric method previously described for tissues and biological
fluids [63]. Dried homogenized samples were digested via heating with a mixture of nitric and
chloral acids, subsequent reduction of selenate (Se*¢) to selenite (Se**) with a solution of 6 N HC], and
formation of a complex between Se* and 2,3-diaminonaphtalene. Calculation of the Se concentration
was achieved by recording the piazoselenol fluorescence value in hexane at 519 nm A emission and
376 nm A excitation. Each determination was performed in triplicate. The precision of the results was
verified using a reference standard of maize grain powder in each determination with a Se
concentration of 35 ug-Kg (Agricultural Research Center, Finland).

Determination of iodine was achieved according to [64] using the Voltamperometric Analyzer
TA-4 (Tomanalyte, Tomsk, Russia) equipped with built-in UV lamp and three-electrode
electrochemical cell: auxiliary and reference electrodes—silver chlorides (in 1 M KCl), and working
electrode—a modified silver electrode. Then, 2 mL of 10% KOH solution was added to 0.1 g of dried
homogenized samples, which were ashed in a mode 40-550 °C. The mixtures were cooled down, 1
mL of 10% zinc sulfate solution was added, and ashing was repeated in the same mode. The
resulting white probes were dissolved in 10 mL of distilled water, and iodine concentration was
determined using concentrated formic acid as a background electrolyte and standard potassium
iodide solutions of 0.1 mg-mL-, 1 mg-mL~, and 10 mg-mL-.

3.10. Cellulose, Hemicellulose, Pectin, and Non-Cellulosic Monosaccharide Determinations

These determinations were performed according to the methods described by Gomez et al. [35].

3.11. Saccharification Assay

Loading of plant powder into 96-well plates, using a custom-made robotic platform (Labman
Automation, Stokesley, North Yorkshire, United Kingdom), and saccharification assays were
performed according to Gomez et al. [65] after water, acid, or alkali pretreatment. Enzymatic
hydrolysis was carried out using an enzyme cocktail with a 4:1 ratio of Celluclast and Novozyme
188.

3.12. Statistical Analysis

Data were processed by analysis of variance, and mean separations were performed through
Duncan’s multiple range test, with reference to the 0.05 probability level, using SPSS software
version 21. Data expressed as percentage were subjected to angular transformation before
processing.

4. Conclusions

From the research carried out on chickpea (Cicer arietinum L.) in southern Italy, it can be inferred
that AMF inoculation, planting time, and a synergism between selenium and iodine have been the
most important factors affecting yield, antioxidant status, and mineral and protein content, as well
as Se and I accumulation in chickpea seeds.

The residual biomass left in the field at the end of the earlier crop cycle showed a better
suitability towards both protein extraction and the energy production; the latter is indeed
encouraged by the higher content of cellulose and the correspondent higher saccharification rate.

The combined strategy including the AMF inoculation along with the Se and I supply proved to
represent a new approach for enhancing the yield and/or the quality and nutritional value of seeds
and crop waste.
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S1: Interaction between planting time and AMF - biofortification on the seed yield. Values followed by different
letters are significantly different according to Duncan’s test at p < 0.05, Figure S2: Interaction between planting
time and AMF - biofortification on the seed number per plant. Values followed by different letters are
significantly different according to Duncan’s test at p < 0.05, Figure S3: Interaction between planting time and
AMEF - biofortification on seed dry weight. Values followed by different letters are significantly different
according to Duncan’s test at p < 0.05, Figure S4: Interaction between planting time and AMF - biofortification
on plant dry weight. Values followed by different letters are significantly different according to Duncan’s test at
p <0.05.

Author Contributions: N.G., L.D.G,, HK,, RH., V.T.,, AK, and R.M. were involved in laboratory analyses;
E.C, AT, V.C, and A.C. conducted the field experiment and determinations; N.G., L.D.G., HK, R.H., AK,
and G.C. contributed to data statistical processing and data interpretation; N.G., L.D.G., and G.C. planned the
experimental protocol and were involved in writing the draft and final manuscript; G.C. performed the
research supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any grants from public, commercial, or not-for-profit agencies.

Acknowledgments: The authors wish to thank Giovanna Voria, Assunta Niglio, Marco Colasanto, and Antonio
Abbagnale for their contribution to select and provide the seeds of the chickpea landrace Cicerale, as well as
some materials used for the present research.

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

References

1. Arthur, J.R. The role of selenium in thyroid hormone metabolism. Can. J. Physiol. Pharmacol. 1991, 69(11),
1648-1652.

2. Schomburg, L.; Kohrle, J. On the importance of selenium and iodine metabolism for thyroid hormone
biosynthesis and human health. Mol. Nutr. Food Res. 2008, 52(11), 1235-1246. DOI: 10.1002/mnfr.200700465.

3.  Golubkina, N.A.; Papazyan, T.T. Selenium in Nutrition. Plants, animals, human beings-Moscow, Pechatny
Gorod-2006.

4. Lyons, G. Biofortification of Cereals With Foliar Selenium and Iodine Could Reduce Hypothyroidism.
Front Plant Sci. 2018, 9, article 730. DOI: 10.3389/fpls.2018.00730.

5. Rayman, M.P; Infante, H.G.; Sargent, M. Food-chain selenium and human health: spotlight on speciation.
Br. ]. Nutr. 2008, 100, 238-253.

6. Medrano-Macias, J.; Leija-Martinez, P.; Gonzalez-Morales, S.; Judrez-Maldonado, A.; Benavides-Mendoza,
A. Use of Iodine to Biofortify and Promote Growth and Stress Tolerance in Crops. Front. Plant Sci. 2016, 7,
article 1146. DOI: 10.3389/fpls.2016.01146.

7.  Terry, N, Zayed, AM.; De Souza, M.P.; Tarun, A.S. Selenium in higher plants. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 2000, 51, 401-432. DOI: 10.1146/annurev.arplant.51.1.401.

8.  Kabata-Pendias, A. Trace Elements in Soils and Plants, 4th ed.; CRC press: New York, NY, USA, 2010.

9. Golubkina, N.A.; Seredin, T.M.; Antoshkina, M.S.; Kosheleva, O.V.; Teliban, G.C.; Caruso, G. Yield,
quality, antioxidants and elemental composition of new leek cultivars under organic or conventional
systems in a greenhouse. Horticulturae 2018, 4, article 39. DOI:10.3390/horticulturae4040039.

10. Pilon-Smits, E.A.H. On the ecology of selenium accumulation in plants. Plants 2019, 8, article 197; DOI:
10.3390/plants8070197.

11.  Golubkina, N.A.; Kekina, H.G.; Caruso, G. Yield, Quality and Antioxidant Properties of Indian Mustard
(Brassica juncea L.) in Response to Foliar Biofortification with Selenium and Iodine. Plants 2018, 7(4), article
80. DOI: 10.3390/plants7040080.

12. Smolen, S.; Skoczylas, L., Rakoczy, R, Ledwozyw-Smolen, I; Kopeé¢, A.; Piatkowska, E,;
Biezanowska-Kope¢, R.; Pysz, M.; Koronowicz, A.; Kapusta-Duch, J.; Sady, W. Mineral composition of
field-grown lettuce (Lactuca sativa L.) depending on the diversified fertilization with iodine and selenium
compounds. Acta Sci. Pol. Cultus 2015, 14, 97-114.

13. Zhu, Y.-G,; Huang, Y.; Hu, Y.; Liu, Y.; Christie, P. Interactions between selenium and iodine uptake by
spinach (Spinacia oleracea L.) in solution culture. Plant Soil 2004, 261, 99-105.



Plants 2020, 9, 804 19 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mao, H.; Wang, J.; Wang, Z.; Zan, Y.; Lyons, G.; Zou, C. Using agronomic biofortification to boost zinc,
selenium, and iodine concentrations of food crops grown on the loess plateau in China. J. Soil Sci. Plant
Nutr. 2014, 14 (2), 459-470.

Smolen, S.; Kowalska, I.; Sady, W. Assessment of biofortification with iodine and selenium of lettuce
cultivated in the NFT hydroponic system. Sci. Hortic. 2014, 166, 9-16. DOI:10.1016/j.scienta.2013.11.011.
Smolen, S.; Kowalska, I, Czernicka, M.; Halka, M.; Keska, K. Sady, W. Iodine and Selenium
Biofortification with Additional Application of Salicylic Acid Affects Yield, Selected Molecular Parameters
and Chemical Composition of Lettuce Plants (Lactuca sativa L. var. capitata). Front. Plant Sci. 2016, 7, article
1553. DOI: 10.3389//fpls.2016.01553.

Smolen, S.; Skoczylas, L., Ledwozyw-Smolerr, I; Rakoczy, R. Kope¢, A.; Piagtkowska, E.;
Biezanowska-Kope¢, R.; Koronowicz, A.; Kapusta-Duch, ]. 2016. Biofortification of Carrot (Daucus carota
L) with Jodine and Selenium in a Field Experiment. Front. Plant Sci. 2016, 7, article 730.
DOI:10.3389/fpls.2016.00730.

Jerse, A.; Marsi¢, N.K,; Krofli¢, A.; Germ, M.; éircelj, H.; Stibilj, V. Is foliar enrichment of pea plants with
iodine and selenium appropriate for production of functional food? Food Chem. 2018, 267, 368-375;
https://doi.org/10.1016/j.foodchem.2018.02.112.

Weng, H.-X,; Liu, H.-P.; Li, D.-W.; Ye, M,; Pan, L., Xia, T.-H. An innovative approach for iodine
supplementation using iodine-rich phytogenic food. Environ. Geochem. Health 2014, 36, 815-828. DOI:
10.1007/s10653-014-9597.

Weng, H.; Hong, C.; Xia, T.; Bao, L.; Liu, H.; Li, D. Iodine biofortification of vegetable plants—An
innovative method for iodine supplementation. Chin. Sci. Bull. 2013, 58 2066-2072. DOI:
10.1007/s11434-013-5709-2.

Smolen, S.; Wierzbi’ nska, J.; Sady, W.; Kotton, A.; Wiszniewska, A.; Liszka-Skoczylas, M. lodine
biofortification with additional application of salicylic acid affects yield and selected parameters of
chemical composition of tomato fruits (Solanum lycopersicum L.). Sci. Hort. 2015a, 188, 89-96. DOI:
10.1016/j.scienta.2015.03.02.

Smolen, S.; Kowalska, I.; Halka, M.; Ledwozyw-Smolen, I.; Grzanka, M.; Skoczylas, L.; Czernicka, M.;
Pitala, J. Selected Aspects of Iodate and Iodosalicylate Metabolism in Lettuce Including the Activity of
Vanadium Dependent Haloperoxidases as Affected by Exogenous Vanadiu. Agronomy 2020, 10, article 1.
DOI:10.3390/agronomy10010001.

Begum, N.; Qin, C; Ahanger, M.A.; Raza, S.; Khan, M.I; Ashraf, M.; Ahmed, N.; Zhang, L. Role of
Arbuscular Mycorrhizal Fungi in Plant Growth Regulation: Implications in Abiotic Stress Tolerance. Front.
Plant Sci. 2019, 10, article 1068. DOI: 10.3389/fpls.2019.01068.

Golubkina, N.; Zamana, S.; Seredin, T.; Poluboyarinov, P.; Sokolov, S.; Baranova, H.; Krivenkov, L.;
Pietrantonio, L.; Caruso, G. Effect of selenium biofortification and arbuscular mycorrhizal fungi on yield,
quality and antioxidant properties if shallot bulbs. Plants 2019, 8, article 102. DOI:10.3390/plants8040102.
Golubkina, N.; Amagova, Z.; Matsadze, V.; Zamana, S.; Tallarita, A.V.; Caruso, G. Effects of arbuscular
mycorrhizal fungi on yield, biochemical characteristics and elemental composition of garlic and onion
under selenium supply. Plants 2020, 9, article 84. DOI:10.3390/plants9010084.

Duran, P.; Acufia, ].J.; Jorquera, M.A.; Azcén, R.; Paredes, C.; Rengel, Z.; de la Luz Mora, M. Endophytic
bacteria from selenium-supplemented wheat plants could be useful for plant-growth promotion,
biofortification and Gaeumannomyces graminis biocontrol in wheat production. Biol. Fertil. Soils 2014, 50,
983-990. DOI: 10.1007/s00374-014-0920-0.

Wallace T.C.; Murray, R.; Zelman, K.M. The Nutritional Value and Health Benefits of Chickpeas and
Hummus. Nutrients 2016, 8(12), article 766. DOI: 10.3390/nu8120766.

Poblaciones, M.J.; Rodrigo, S.; Santamaria, O.; Chen, Y.; McGrath S.P. Selenium accumulation and
speciation in biofortified chickpea (Cicer arietinum L.) under Mediterranean conditions. . Sci. Food Agric.
2014, 94, 1101-1106. DOI: 10.1002/jsfa.6372.

Matos-Reyes, M.; Cervera, M.; Campos, R.; de la Guardia, M. Total content of As, Sb, Se, Te and Bi in
Spanish vegetables, cereals and pulses and estimation of the contribution of these foods to the
Mediterranean daily intake of trace elements. Food Chem. 2010, 122, 188-194.

Jha, A.B.; Warkentin, T.D. Biofortification of Pulse Crops: Status and Future Perspectives. Plants 2020, 9,
article 73. DOI:10.3390/plants9010073.



Plants 2020, 9, 804 20 of 21

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Farzaneh, M.; Wichmann, S.; Vierheilig, H.; Kaul H.-P. The effects of arbuscular mycorrhiza and nitrogen
nutrition on growth of chickpea and barley. Pflanzenbauwissenschaften 2009, 13(1), S. 15-22.

Ercolano, ML.R;; Gomez, L.D.; Andolfi, A. Simister, R.; Troise, C.; Angelino, G.; Borrelli C,;
McQueen-Mason, S.J.; Evidente, A.; Frusciante, L.; Caruso, G. Residual biomass saccharification in
processing tomato is affected by cultivar and nitrogen fertilization. Biomass Bioenerg. 2015, 72, 242-250.
Amalftano, C.; Gomez, L.D.; Frendo, P.; De Pascale, S.; Pepe, O.; Simister, R.; Ventorino, V.; Agrelli, D.;
Borrelli, C.; McQueen-Mason, S.J.; Caruso, G. Plant-Rhizobium symbiosis, seed nutraceuticals, and waste
quality for energy production of Vicia faba L. as affected by crop management.. Chem. Biol. Technol. Agric.
2018, 5, article 15; https://doi.org/10.1186/s40538-018-0126-z.

Tassoni, A.; Tedeschi, T.; Zurlini, C.; Cigognini, LM.; Petrusan, J.-I.; Rodriguez, O.; Neri, S.; Celli,
A.; Sisti, L; Cinelli P; Signori, F.; Tsatsos, G.; Bondi, M.; Verstringe, S.; Bruggerman, G.;
Corvini, P.F.X. State-of-the-Art Production Chains for Peas, Beans and Chickpeas - Valorization of
Agro-Industrial Residues and Applications of Derived Extracts. Molecules 2020, 25(6), article 1383. DOI:
10.3390/molecules25061383PMID: 32197427.

Gomez L.D.; Amalfitano C.; Andolfi A.; Simister R., Somma S.; Ercolano, M.R.; Borrelli, C.;
McQueen-Mason, S.J.; Frusciante, L.; Cuciniello, A.; Caruso, G. Valorising faba bean residual biomass:
effect of farming system and planting time on the potential for biofuel production. Biomass Bioenerg. 2017,
107, 227-232. DOI: 10.1016/j.biombioe.2017.10.019.

Verghis, T.I. Yield and yield development of chickpea (Cicer arietinum L.). Ph. Dr. Thesis, Lincoln
University, Canterbury, New Zealand-1996.

Boghdady, M.S.; Desoky, E.M.; Azoz, S.N.; Nassar, D.M.A. Effect of Selenium on Growth, Physiological
Aspects and Productivity of Faba Bean (Vicia faba L.). Egypt. ]. Agron. 2017, 39, 83-97;
DOI:10.21608/agro.2017.662.1058.

Rehman, HM.; Cooper, ] W.; Lam, H.-M.; Yang, S.H. Legume biofortification is an underexploited
strategy  for combatting hidden hunger. Plant, Cell Environ. 2018, 42(1), 52-70.
https://doi.org/10.1111/pce.13368.

Naz, F.; Yaseen, T.; Khan, SSW.; Kamil, M.; Khan, W. Effect of arbuscular mycorrhizal fungi (AMF)
inoculation on proximate analysis of chickpea varieties. Int. |. Bioorg. Chem. 2019, 4(1), 64-69, 2019.
DOI:10.11648/5.ijbc.20190401.19.

Khan, SW.; Yaseen, T.; Naz, F.; Abidullah, S.; Kamil, M. Influence of AMF inoculation on growth and
mycorrhizal dependency of (Lens culinaris L.) carieties. Int. |. Bioorg. Chem. 2019, 4, 47-52. DOI:
10.11648/j.ijbc.20190401.17.

Afolayan, E.T.; Eguavon, M.I. Morphological and Yield Assessment of Soybean (Glycine max L.) as
Influenced by Arbuscular Mycorrhizal Fungi and Other Soil Amendments. J. Agri. Sci. Food Res. 2017, 8
(4), article 193.

Jin, H.; Germida, J.J.; Walley, F.L. Impact of arbuscular mycorrhizal fungal inoculants on subsequent
arbuscular mycorrhizal fungi colonization in pot-cultured field pea (Pisum sativum L.). Mycorrhiza 2013,
23(1), 45-59. DOI: 10.1007/s00572-012-0448-9.

Tran, B.T.T.; Watts-Williams, S.J.; Cavagnaro, T.R. Impact of an arbuscular mycorrhizal fungus on the
growth and nutrition of fifteen crop and pasture plant species. Funct. Plant Biol, 2019, 46(8), 732-742;
https://doi.org/10.1071/FP18327.

Avelar, R.IS.; da Costa, C.A.; Janior, D. da Silva Brandao; Paraiso, H.A.; Nascimento, W.M. Production
and quality of chickpea seeds in different sowing and harvest periods. J. Seed Sci. 2018, 40 (2), 146-155;
http://dx.doi.org/10.1590/2317-1545v40n2185719.

Govindaraj, M.; Masilamani, P.; Albert, V.A.; Bhaskaran, M. Role of antioxidant in seed quality - A
review. Agric. Rev. 2017, 38 (3), 180-190. DOI:10.18805/ag.v38i03.8977.

Malagoli, M.; Schiavon, M.; dall’Aqua, S.; Pilon-Smits, E.A.N. Effect of selenium biofortification on crop
nutritional quality. Front. Plant Sci. 2015, 6, article 280. DOI:10.3389/fpls.2015.00280.

Reis, H.P.G.; Barcelos, ].P.Q,; Silva, V.M,; Santos, E.F.; Tavanti, R.F.R,; Putti, F.F.; Young, S.D.; Broadley,
M.R.; White, P.J.; dos Reis, A.R. Agronomic biofortification with selenium impacts storage proteins in
grains of upland rice. J. Sci. Food Agric, 2019, 100 (5), 1990-1997; https://doi.org/10.1002/jsfa.10212.

Gonzali, S.; Kiferle, C.; Pereta, P. Iodine biofortification of crops: agronomic biofortification, metabolic
engineering and iodine Dbioavailability. = Curr. Opin. Biotech.,, 2017, 44, 16-26. DOI:
10.1016/j.copbio.2016.10.004.




Plants 2020, 9, 804 21 of 21

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hashem, A, Alqarawi, A.A; Radhakrishnan, R.; Al-Arjani, Al-B.F.; Aldehaish, H.A.;
Egamberdieva, D.; Abd-Allah, E.F. Arbuscular mycorrhizal fungi regulate the oxidative system,
hormones and ionic equilibrium to trigger salt stress tolerance in Cucumis sativus L. Saudi . Biol. Sci. 2018,
25 (6),1102-1114.

Wanging, L.; Li, J.; Ma, X;; Niu, H.; Hou, S;Wu, F. Effect of arbuscular mycorrhizal fungi on uptake of
selenate, selenite, and selenomethionine by roots of winter wheat. Plant Soil 2019, 438, 71-83. DOI:
10.1007/s11104-019-04001-4.

Bamberg, S.M.; Ramos, S.J.; Carneiro, M.A.C.; Siqueira, J.O. Effects of selenium (Se) application and
arbuscular mycorrhizal (AMF) inoculation on soybean (Glycine max) and forage grass (Urochloa
decumbens) development in oxisol. Aust. J. Crop Sci, 2019, 13 (3), 380-385. DOI:
10.21475/ajcs.19.13.03.p1245.

Sanmartin, C.; Garmendia, I.; Romano, B.; Diaz, M.; Palop, J.A.; Goicoechea, N. Mycorrhizal inoculation
affected growth, mineral composition, proteins and sugars in lettuces biofortified with organic or
inorganic selenocompounds. Sci. Hortic. 2014, 180, 40-51.

Kowalska, I.; Konieczny, A. Effect of mycorrhiza on yield and quality of lettuce grown on medium with
different levels of phosphorous and selenium. Agr. Food Sci. 2019, 28, 84-92.

Davila-Rangel, I. E.; Leija-Martinez, P.; Medrano-Macias, ].; Fuentes-Lara, L.O.; Gonzéalez-Morales, S.;
Juarez-Maldonado, A.; Benavides-Mendoza A. Iodine Biofortification of Crops. In: Jaiwal P., Chhillar A.,
Chaudhary D., Jaiwal R. (eds) 2019, 79-113. Nutritional Quality Improvement in Plants. Concepts and
Strategies in Plant Sciences. Springer, Cham.; https://doi.org/10.1007/978-3-319-95354-0_4.

Smolen, S.; Baranski, R.; Ledwozyw-Smolen, I.; Skoczylas, L. Combined biofortification of carrot with
iodine and selenium. Food Chem. 2019, 300, article 125202; https://doi.org/10.1016/j.foodchem.2019.125202.

Mahmood, A.; Shahzad, A.N.; Honermeier, B. Biomass and biogas yielding potential of sorghum as
affected by planting density, sowing time and cultivar. Pak. ]. Bot. 2015, 47, 2401-2408.

Nebiyu, A.; Vandorpe, A.; Diels, J.; Boeckx, P. Nitrogen and phosphorus benefits from faba bean (Vicia faba
L.) residues to subsequent wheat crop in the humid highlands of Ethiopia. Nutr. Cycl. Agroecosyst. 2014, 98,
253-266.

Giovannetti, M.; Mosse, B. An evaluation of techniques for measuring vesicular-arbuscular mycorrhiza in
roots. New Phytol. 1980, 84, 489-500.

Bremner, J.M. Total nitrogen. In Methods of Soil Analysis Agronomy Monograph, No 9, part 2, Black C.A.,
Evans D.D., White LL., Ensminger L.E. and Clark F.E. eds., Madison, WI, American Society of Agronomy
1965, 1149-1178.

Golubkina, N.A.; Kosheleva, O.V.; Krivenkov, L.V.; Nadezhkin, S.M.; Dobrutakaya, H.G.; Caruso, G.
Intersexual differences in plant growth, yield, mineral composition and antioxidants of spinach (Spinacia
oleracea L.) as affected by selenium form. Sci. Hortic. 2017, 225, 350-358.

Golubkina, N.A.; Kekina, H.G.; Molchanova, A.V.; Antoshkina, M.S.; Nadezhkin, S.M.; Soldatenko, A.V.
Antioxidants of plants and methods of their determination. Moscow 2020, INFRA-M, 189 pp.

Caruso, G.; De Pascale, S.; Cozzolino, E.; Giordano, M.; El-Nakhel, C.; Cuciniello, A.; Cenvinzo, V.; Colla,
G.; Rouphael, Y. Protein Hydrolysate or Plant Extract-based Biostimulants Enhanced Yield and Quality
Performances of Greenhouse Perennial Wall Rocket Grown in Different Seasons. Plants 2019, 8, 208.
DOI:10.3390/plants8070208.

Alfthan, G.V. A micromethod for the determination of selenium in tissues and biological fluids by
single-test-tube fluorimetry. Anal. Chim. Acta 1984, 165, 187-194.

Baranov, V.L; Soldatenkova, N.A.; Kekina, H.G. Iodine determination in marine products using inversion
voltamperometry. Hygiene and Sanitation 2008, 3, 35-37.

Gomez, L.; Whitehead, C.; Barakate, A.; Halpin, C.; McQueen-Mason, S.J. Automated saccharification
assay for determination of digestibility in plant materials, Biotechnol. Biofuels 2010, 3, 1-12.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is

@ @ an open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



