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ABSTRACT

Climate change and pervasive zinc deficiency have increased hidden hunger by decreasing the nutritional qual-
ity of cereal and forage crops. Zinc biofortification offers a promising and sustainable technique to enhance
crop zinc concentration and support livestock nutrition. The present research enhanced alfalfa yield, quality
and zinc content by implementing zinc sources. The experiment was performed during the Rabi season around
mid-October. Two cultivars of alfalfa, V, =Supersonic FD 9 (Australian Origin) and V2 = Sargodha Lucerne
2002 (Pakistan Origin), were employed in the experiment. The experiment consists of two sources of zinc, S,
= ZnS0O, and S, = Zinc oxide nanoparticles, with four different zinc doses: L1 = 0 kg/ha, L2 = 3 kg/ha, L3 = 6
kg/ha, L4 = 9 kg/ha. Results revealed that nano ZnO markedly enhanced alfalfa performance compared with
conventional ZnO. The highest shoot fresh weight (26.57 g), root fresh weight (2.10 g), number of leaves (76.0
plant™), chlorophyll a (1.690 mg g'), chlorophyll 5 (2.356 mg g™'), total chlorophyll (3.980 mg g'), crude
protein (24.48%), crude fiber (29.48%), green fodder yield (49,626.67 kg ha™'), dry matter yield (9,925.33 kg
ha™), and zinc content (84.53 mg kg ') were obtained in variety V2 under nano ZnO at the highest zinc level,
representing the best overall treatment performance.

Keywords: alfalfa, zinc biofortification, conventional zinc oxide, nano zinc oxide, forage quality.

soil structure and boosts biodiversity (Naseer et
al., 2026; Shakeel et al., 2021)

Malnutrition, sometimes termed as hid-
den hunger widespread in the world. Multiple
developing countries are dealing with a silent
raise in the shortage of micronutrients in fod-
ders. (Sajjad et al., 2026). Due to the lack of
micronutrients, the level of vital nutrients also
decreased, which affects animal health. It re-
lates to insufficient intake, absorption and uti-
lization of essential minerals. (Campisi et al.,
2021). It performs an irreplaceable role in
biochemical processes comprising metabolic

INTRODUCTION

The most popular perennial fodder legume in
the world, alfalfa (Medicago sativa L.), belongs
to the Fabaceae family (Feier et al., 2023). Ow-
ing to its highest nutrient contents and dry matter
yield, alfalfa is substantial for forage production
around the world. Alfalfa belongs to the Medi-
terranean basin, although extensively scattered
around Europe (Hadidi et al., 2023). Alfalfa is
widely recognized as the “Queen of Forages” be-
cause of its high biomass production, excellent

nutritional quality, and the ability to adjust to a
variety of environmental conditions (Feier et al.,
2023). It is an excellent fodder legume composes
huge levels of crude proteins and secondary me-
tabolites. Alfalfa minimizes greenhouse gas emis-
sions from fertilizers, maintains water via good
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reactions, immune responses, and synthesis
of various enzymes and proteins (Rashid et
al., 2023). An animal demands 20-75 mg kg
of zinc, although deficiency causes anorexia,
reduced growth, impaired health and bone tis-
sues, increased susceptibility to infection, and
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skin parakeratosis (Ranjan et al., 2021). Zinc
deficiency is commonly claimed in ruminants,
particularly in regions with zinc-deficient soils.
It is substantial for completing worldwide
food security and improved health outcomes
by managing zinc deficiencies with dietary
amendment, biofortification, and agricultural
modifications (Amin et al., 2023).

Biofortification, a potent biological tech-
nique, is one possibility to reduce micronutrient
inadequacy. It is a beneficial tool in resisting
hunger and micronutrient starvation (Windsor
et al., 2024). The livestock sector has emerged
as the biggest contributor to agriculture, ac-
counting for almost 62.68% of agriculture and
14.36% of the national GDP. Livestock depend
on grains and fodder for feed, which could be
low in nutrients due to changes in climate. This
method enhances the nutritional worth of crops
by means of agronomic biofortification, includ-
ing the application of zinc fertilizer, seed prim-
ing, genetic practices, and microbial bioforti-
fication (Kiran et al., 2022). ZnONPs support
crop growth and improve soil health, presenting
a controlled approach to zinc applications in ag-
riculture (Kiani et al., 2024).

Despite the growing concern in zinc bioforti-
fication, restricted information is available on the
comparative effectiveness of conventional zinc
oxide and zinc oxide nanoparticles in improving
zinc accumulation and fodder quality in alfalfa.
Furthermore, the potential of ZnO nanoparticles
as an innovative approach for improving zinc bio-
availability in alfalfa remains largely unexplored.
Although both conventional ZnSO4 and nano-
ZnO have been investigated as zinc sources, lim-
ited information is available on their comparative
effectiveness for improving zinc accumulation,
growth, yield, and nutritional quality of alfalfa
under the same experimental conditions. There-
fore, the present study was designed to directly
compare conventional ZnSOs with nano-ZnO at
different Zn application levels, providing insights
into their relative effectiveness for alfalfa bioforti-
fication and nutritional improvement. The imple-
mentation of an optimal zinc source will enhance
zinc biofortification while increasing overall crop
performance. This research aimed to evaluate the
capability of soil-applied zinc sources in improv-
ing zinc accumulation and fodder quality, and to
recognize the most effective zinc source for zinc
biofortification and enhanced forage productivity.

MATERIALS AND METHODS

Experimental site and design

At the Student Research Farm, Department of
Agronomy, University of Agriculture Faisalabad,
at elevation of 184 meters above sea level, field
research was carried out to examine zinc bioforti-
fication for improving forage yield and nutritional
quality in alfalfa (Medicago sativa L.). This area
falls under a semi-arid subtropical climate zone,
geographically lying at 31°26" N latitude and
73°06" E longitude. The experiment was carried
out in a randomized complete block design using
a split-split plot arrangement with three replica-
tions. The experiment was performed during the
Rabi season around mid-October. Two cultivars
of alfalfa, V| =Supersonic FD 9 (Australian Ori-
gin) and V2 = Sargodha Lucerne 2002 (Pakistan
Origin), were employed in the experiment. The
experiment consists of two sources of zinc, S, =
ZnSO, and S, = Zinc oxide nanoparticles, with
four different zinc doses: L1 =0 kg/ha, L2 =3 kg/
ha, L3 = 6 kg/ha, L4 = 9 kg/ha. Treatments were
subsequently applied 30 and 45 days after sowing.
Data recorded after 15 days of the 2nd applica-
tion. Table 1 displays the physiochemical charac-
teristics of the experimental soil. Additionally, the
University of Agriculture Faisalabad’s Meteoro-
logical Cell provided the meteorological data used
in this study, which is shown in Figure 1.

Crop husbandry

Recommended N, P, and K fertilizers were ap-
plied uniformly to all treatments in addition to the
zinc treatments. This ensured adequate plant nu-
trition and allowed the effects of zinc application
to be evaluated accurately. The nano-ZnO used
in this study was commercially procured, and its
physicochemical characteristics were based on
the specifications provided by the manufacturer.
The product information, including particle size,
purity, and other available characteristics, has
been added to the Materials and Methods section
to improve the reproducibility of the study. Each
experimental plot measured 1.5 x 1.5 m (2.25
m?). Alfalfa was sown at a row spacing of 20 cm
using a seed rate of 20 kg ha™'. Recommended N,
P, and K fertilizers were applied uniformly to all
treatments at 23, 35, and 40 kg ha™, respectively.
Zinc treatments (ZnSOs and nano-ZnO) were ap-
plied to the soil at 30 and 45 days after sowing at
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the specified rates of 0, 3, 6, and 9 kg ha™'. The re-
quired quantity of each zinc source was weighed
according to the treatment rate, mixed thoroughly
with soil, and uniformly applied around the plants
to ensure even distribution. All other agronomic
practices were kept uniform across treatments.

Data recording procedure

Growth attributes

The plants were properly removed and thor-
oughly cleaned with water. Roots were separated
by means of a blade, and the fresh weight was
measured in grams by using a weight balance.
Plants were uprooted and cleaned with water.
Roots were detached, and the fresh weight was
determined through a weight balance. Each
plant’s number of leaves was counted and noted.

Biochemical attributes

Chlorophyll pigments were calculated by the
protocol of Arnon (1949). In 80% acetone, fresh
plant leaves were chopped and placed in the re-
frigerator overnight. The spectrophotometer con-
centrations of total chlorophyll, chlorophyll a,
and chlorophyll b were recorded at 665, 663, and
480 nm. Given formula used to evaluate the chlo-
rophyll contents.

Chlorophyll a (fresh leaf weight mg/g) =

=[12.7(0D663) — 2.69(0D645)] X ﬁ xw

(1)

Table 1. Soil physiochemical attributes

Chlorophyll b (fresh leaf weight mg/g) =
= [22.9(0D645) — 4.68(0D663)] x o x w ()

Total Chlorophyll = Chlorophyll a +

+ chlorophyll b 3)

where: V' — Volume of acetone in extract (mL)
and W — Weight of fresh leaf (mg).

Quality attributes

The Kjeldahl technique was used to calcu-
late the crude protein content. A 5 g digesting
mixture and 30 mL of concentrated H,SO, were
used to digest one gram of oven-dried materi-
al. Distilled water was used to dilute the digest
to 250 mL. 10 mL of 40% NaOH was used to
distill a 10 mL aliquot, and the ammonia that
was liberated was collected in 10 mL of 4%
boric acid that included methyl red indicator.
Using 0.1 N H2SOs, the trapped ammonia was
titrated to a light-pink endpoint. To estimate
the amount of crude protein, the nitrogen con-
tent was determined by multiplying the amount
of acid consumed by 6.25 (Goyal et al., 2022).
The Soxhlet and acid-alkali digestion methods
were used to calculate the crude fiber content.
Two grams of oven-dried sample were defatted
using a Soxhlet device, followed by sequential
digestion with 1.25% H2SO4 and 1.25% NaOH
for 30 min each. The residue was cleaned, dried
to constant weight at 105°C, then ashed at 600

Characteristics | Phosphorus | Potassium Nitrogen Saturation Electn(_:a_l Organic Texture pH
conductivity matter
Unit mg kg™ mg kg™ mg kg™ % dSm’ % - -
Values 33.4 162 150 36 1.08 1.62 Loam 7.2
2023-2024

() —l¥l— =W A Lo —]
8 8 8 B8 8 ® o2 2 B 9 9 9 9o o o s g £ &2 o5 9o
o Q Q Q Q o o O Q 93 < g < <
S99 99222 2Al88A88s S8 8g g &L

| 0 1 1 ! ! ! ~ < —~ o0
IR I S BRSO - O = T = &8 & Y =z 28
e===Max. Temp°C ====Min. Temp°C ====Rainfall (mm) ET® Sunshine (hours)

Figure 1. The experimental site’s daily minimum and maximum temperatures, rainfall, ET,
and relative humidity throughout the growth seasons
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°C in a muffle furnace. The dry residue and ash
weights were subtracted to determine the crude
fiber content. A cotton-sealed extraction thimble
containing two grams of dried material. The
Soxhlet extraction equipment was filled with
the thimble. A condenser was attached to a 250
mL flask containing ether. Ether evaporated at
40-60 °C, and vapors condensed. Following the
extraction of fat, the sample was aligned in the
flask using the siphon tube. It took six to eight
hours to extract all of the fat. Ether evaporated
and fat shifted in petri dish and was calculated
by using the formula.

Yield attributes

After harvesting, fresh forage yield was es-
timated by an electronic scale. From each plot,
chopped fodder was dried in a laboratory oven un-
til the sample acquired a constant weight. An elec-
tronic balance was used to calculate the dry weight.

Total zinc content

After harvesting, total zinc content was evalu-
ated through plant dry matter (Elango et al., 2021).

Statistical analysis

Fisher’s analysis of variance (ANOVA) was
used to evaluate the data, and Tukey’s honestly
significant difference (HSD) test was used to
compare treatment means at the 5% probability
level (Steel and Torrie, 1997).

RESULTS

Statistical analysis of the studied parameters
presented in Table 2.

Growth attributes

Shoot fresh weight (SFW)

Regardless of the zinc source, shoot fresh
weight increased steadily with increasing zinc
levels from L1 to L4 in both varieties. Data
presented in Figure 2a. Shoot fresh weight sig-
nificantly increased with increasing zinc levels,
with nano-ZnO producing a greater response
than ZnSOa. Variety V2 also showed significant-
ly higher shoot fresh weight than V1, with the
highest response observed at V2 x S2 x L4. At

each zinc level, S2 resulted in greater shoot fresh
weight than S1, and V2 consistently exhibited
higher values than V1. The highest shoot fresh
weight (26.57 g) was obtained from the combi-
nation of V2 x S2 x L4, followed by V1 x S2 x
L4 (23.53 g), whereas the lowest value (14.00 g)
was recorded in V1 x S1 x L1.

Root fresh weight (RFW)

Results presented in Figure 2b as under S1,
root fresh weight in V1 increased from 0.71 g at
L1 to 1.16 g at L4, whereas V2 recorded values
ranging from 0.74 g at L1 to 1.60 g at L4. A simi-
lar increasing trend was observed under S2, where
V1 produced 0.78, 0.88, 0.96, and 1.63 g at L1,
L2, L3, and L4, respectively, while V2 recorded
0.83, 0.95, 1.03, and 2.10 g at the corresponding
zinc levels. Comparison between zinc sources re-
vealed that S2 consistently produced greater root
fresh weight than S1 at each zinc level in both
varieties. Similarly, V2 had greater root fresh
weight compared to V1 for all treatment combi-
nations, especially at the highest concentration
of zinc. The maximum root fresh weight (2.10 g)
was recorded by V2 subjected to S2 at L4, and the
second highest (1.63 g) by V1 subjected to S2 at
L4, while the lowest (0.71 g) was recorded by V1
subjected to S1 at L1.

Number of leaves

As shown in Figure 2c¢ for zinc source S1,
variety V1 produced 22.33 leaves per plant at
L1. This number increased to 33.00 leaves at 1.2,
36.67 leaves at L3, and reached 63.00 leaves at
L4. In comparison, variety V2 had a higher leaf
count at all zinc levels, recording 28.00, 40.00,
54.67, and 72.00 leaves per plant at L1, L2, L3,
and L4, respectively. The same observation was
made under zinc source S2, whereby variety V1
had 24.00 leaves per plant at L1, then 36.00 at L2,
50.33 at L3, and 64.00 at L4. Similarly, variety
V2 had 30.00, 48.67, 59.33, and 76.00 leaves per
plant at respective zinc levels. It is evident that
variety V2 had more leaves compared to V1 under
both zinc sources at each zinc level. It should also
be noted that zinc source S2 stimulated more leaf
formation compared to S1, especially at moderate
and higher zinc levels. The maximum number of
leaves (76.00 leaves plant™) was obtained from
the treatment combination V2 x S2 x L4, whereas
the minimum value (22.33 leaves plant™) was re-
corded in V1 x S1 x L1.
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Table 2. F-values for the following parameters

Parameters Variety Zinc source Zinc level
Shoot fresh weight 144 5% 23.12* 63.57**
Root fresh weight 3.74ns 24.34** 64.93**
Number of leaves 43.49* 9.81% 81.35*
Chlorophyll a 108.91** 35.74* 88.18*
Chlorophyll b 152.41** 16.42* 10.91*
Total chlorophyll 11.96ns 17.4* 12.28**
Crude protein 169.05** 290.91** 1184.52**
Crude fiber 3432.13** 12444 9878.08**
Crude fat 3.44ns 2.51ns 42.52**
Green fodder yield 4609.97** 88.3** 3400.96**
Dry matter yield 4.61** 8.83* 3.40*
Zinc content 19.97* 75.53** 34682.2**

Biochemical attributes

Chlorophyll a

As shown in (Figure 3d) under zinc source
S1, variety V1 recorded chlorophyll a values
of 0.448 at L1, 0.835 at L2, 0.987 at L3, and
1.105 at L4. In comparison, variety V2 consis-
tently exhibited higher chlorophyll a contents
of 0.782, 0.959, 1.163, and 1.381 at L1, L2,
L3, and L4, respectively. A similar increas-
ing trend was observed under zinc source S2,
where chlorophyll a content in V1 increased
from 0.738 at L1 to 0.922 at L2, 1.107 at L3,
and 1.227 at L4. Likewise, variety V2 recorded
chlorophyll a values 0f 0.838, 0.976, 1.288, and
1.690 at the corresponding zinc levels. Com-
parison between the two varieties indicated that
V2 maintained higher chlorophyll a content
than V1 across all zinc levels under both zinc
sources. Moreover, zinc source S2 generally
resulted in greater chlorophyll a accumulation
than S1, particularly at the higher zinc levels.
The highest chlorophyll a content (1.690) was
observed in the treatment combination V2 x S2
x L4, whereas the lowest value (0.448) was re-
corded in VI x S1 x L1.

Chlorophyll b

Figure 3e demonstrates as chlorophyll b
content exhibited a marked improvement in re-
sponse to increasing zinc levels, although the
magnitude of response varied between varieties
and zinc sources. Under zinc source S1, chlo-
rophyll b content in variety V1 increased from
0.726 at L1 to 0.981 at L2 and 1.174 at L3,
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reaching a maximum of 1.324 at L4. In variety
V2, the corresponding values were 0.983, 1.282,
1.567, and 1.326 at L1, L2, L3, and L4, respec-
tively, indicating an increase up to L3 followed
by a slight decline at L4. Under zinc source S2,
both varieties showed a continuous increase in
chlorophyll b content with increasing zinc lev-
els. Variety V1 recorded values of 0.777, 1.109,
1.326, and 1.625 at L1, L2, L3, and L4, respec-
tively, while variety V2 produced substantially
higher values of 1.310, 2.035, 2.268, and 2.356
across the respective zinc levels. Overall, variety
V2 accumulated more chlorophyll b than V1 un-
der both zinc sources, with the superiority of S2
becoming more evident at the higher zinc levels.
The highest chlorophyll b content (2.356) was
obtained from the treatment combination V2 x
S2 x L4, whereas the lowest value (0.726) was
recorded in V1 x S1 x L1.

Total chlorophyll

According to (Figure 3f) total chlorophyll
content responded positively to zinc applica-
tion in both varieties, with higher zinc levels
generally promoting greater pigment accumula-
tion. For zinc treatment S1, variety V1 showed
chlorophyll content levels of 1.297 for L1, while
these rose to 1.816 at L2, 2.160 at L3, and finally
2.428 at L4. For variety V2, the chlorophyll con-
tent level was observed to be 1.764 for L1, ris-
ing up to 2.240 at L2 and 2.729 at L3, followed
by a slight reduction to 2.706 at L4. Under zinc
source S2, a continuous increase in total chloro-
phyll content was observed across all zinc lev-
els. Variety V1 exhibited values of 1.514, 2.031,
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Figure 2. Effect of conventional and nano ZnO on shoot fresh weight, shoot dry weight
and root fresh weight of alfalfa
V1 =Supersonic FD 9 (Australian Origin) and V2 = Sargodha Lucerne 2002 (Pakistan Origin), S1 = ZnSO4
and S2 = Zinc oxide nanoparticles, with four different zinc doses: L1 = 0 kg/ha, L2 = 3 kg/ha, L3 = 6 kg/ha,
L4 =9 kg/ha Different lowercase letters indicate significant differences among treatments at p < 0.05.

2.432, and 2.852 at L1, L2, L3, and L4, respec-
tively, whereas variety V2 produced consider-
ably higher values of 2.718, 3.409, 3.555, and
3.980 at the corresponding zinc levels. Across
both zinc sources, variety V2 consistently main-
tained higher total chlorophyll content than
variety V1, while zinc source S2 proved more
effective than S1 in enhancing chlorophyll ac-
cumulation, especially at the higher zinc levels.
The highest total chlorophyll content (3.980)
was recorded in the treatment combination V2 x
S2 x L4, whereas the lowest value (1.297) was
observed in V1 x S1 x L1.

Quality attributes

Crude protein

Crude protein content increased gradually with
increasing zinc levels in both varieties under both
zinc sources. As depicted in (Figure 4g) under zinc
source S1, variety V1 recorded crude protein con-
tents of 18.35 at L1, which increased to 19.23 at
L2,20.32 at L3, and 21.19 at L4. Likewise, variety
V2 exhibited a continuous increase from 19.23 at
L11t020.32 at L2, 21.41 at L3, and reached 23.38
at L4. Under zinc source S2, crude protein content
in variety V1 increased from 18.72 at L1 to 19.74

297



Journal of Ecological Engineering 2026, 27(11), 292-305

oVl ev2
b

Chlorophyll a (mg/g f.wt.)

[=]

(¢

»

(%)) N (9]
1 1 )

Chloroghyll b (mg/g f.wt.)
ul.h —

(=)

=)
(%
)

N
1

3
|

Total Chlorophyll (mg/g
_ fwt),,

(=)

fak ]

fala)

Figure 3. Effect of conventional and nano ZnO on chlorophyll a, chlorophyll b and total Chlorophyll of alfalfa.
V, =Supersonic FD 9 (Australian Origin) and V2 = Sargodha Lucerne 2002 (Pakistan Origin), S, = ZnSO, and
S, = Zinc oxide nanoparticles, with four different zinc doses: L1 = 0 kg/ha, L2 = 3 kg/ha, L3 = 6 kg/ha, L4 =9 kg/ha
Different lowercase letters indicate significant differences among treatments at p < 0.05.

at L2, followed by 20.76 at L3 and 21.78 at L4. In
variety V2 also, there was progressive increase in
the content of crude protein from 19.88 at L1 to
20.97 at L2, 22.94 at L3, and 24.47 at L4. It was
found out that variety V2 had always shown higher
content of crude protein than variety V1 at all the
three zinc levels irrespective of the zinc source
used. Moreover, there was also more crude protein
produced by the zinc source S2 than S1, but the
differences were more at the higher levels of zinc.
Highest percentage of crude protein (24.47%) was
found in V2 x S2 x L4 while the minimum per-
centage (18.35) was in V1 x S1 x L1.

Crude fiber

The crude fiber was significantly affected
by the variety, zinc sources, zinc levels, and
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interactions among them. As can be seen from
Figure 4(h), the results showed an increasing
trend in crude fiber with increasing levels of zinc
in both varieties under both sources of zinc. In
variety 1, the crude fiber for S1 increased from
16.29 at L1 to 24.95 at L4, whereas that of S2
increased from 18.37 to 26.27 at the same levels
of zinc. Likewise, V2 recorded values of 19.32,
21.49, 24.49, and 26.61 under S1, whereas un-
der S2 the corresponding values were 21.21,
24.62, 27.36, and 29.48. At each zinc level, S2
had higher crude fiber contents compared to S1
in both genotypes. In addition, V2 showed higher
crude fiber content compared to V1 regardless
of the zinc source and zinc levels. The maxi-
mum value of crude fiber (29.48) was obtained
from the treatment combination V2 x S2 x L4,
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followed by V2 x S2 x L3 (27.36) and V1 x S2
x 14 (26.27), while the lowest value (16.29) was
recorded in V1 x S1 x L1.

Crude fat

Crude fat content showed a significant dif-
ference due to the variety, zinc source, zinc rate,
and their interactions. It can be seen from (Fig-
ure 4i), that the effect of zinc on the crude fat
varied with the variety and zinc source, howev-
er, higher zinc rates always increased the crude
fat. Under S1, crude fat in V1 increased from
2.29 at L1 to 2.97 at L4, while V2 recorded val-
ues of 2.45, 2.81, 2.76, and 3.34 across L1 to
L4. Crude fat of V1 in S2 was 2.37, 2.67, 2.85,
and 2.84 at L1, L2, L3, and L4, respectively,

showing a mild decrease in the highest zinc con-
centration. In comparison to this, the crude fat
for V2 was 2.58, 2.84, 2.12, and 3.31 in treat-
ments S2, L1, L2, L3, and L4, respectively,
showing a slight decrease in L3 followed by a
remarkable increase in L4. In general, V2 had
higher values of crude fat as compared to V1 in
most cases, whereas S2 was better than S1. The
highest crude fat value (3.34) was recorded in
V2 x S1 x L4, closely followed by V2 x S2 x L4
(3.31), whereas the lowest value (2.12) was ob-
served in V2 x S2 x L3. This observation shows
that the effect of zinc on the formation of crude
fats is based on the type of zinc used and vari-
ety, thereby causing a considerable interaction
between the study factors.
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Figure 4. Effect of conventional and nano ZnO on crude protein, crude fiber and crude fat of alfalfa
V, = Supersonic FD 9 (Australian Origin) and V2 = Sargodha Lucerne 2002 (Pakistan Origin), S, = ZnSO,
and S, = Zinc oxide nanoparticles, with four different zinc doses: L1 = 0 kg/ha, L2 = 3 kg/ha, L3 = 6 kg/ha,
L4 =9 kg/ha. Different lowercase letters indicate significant differences among treatments at p < 0.05
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Yield attributes

Green fodder yield

Variety V1, shown in (Figure 5j) under zinc
source S1, yielded 28,800 green fodder at L1,
which rose to 35,666.67 at L2, 40,866.67 at L3,
and 45,000 at L4. Similarly, variety V2 recorded
higher green fodder yields of 33,613.33, 38,400,
43,426.67, and 46,666.67 at L1, L2, L3, and L4,
respectively. Variety V1’s green fodder yield rose
under zinc source S2 from 32,066.67 at L1 to
36,333.33 at L2, then to 41,960 at L3 and 45,640
at L4. Likewise, variety V2 exhibited yields of
35,600, 40,933.33, 45,600, and 49,626.67 across
the respective zinc levels. Comparison be-
tween the two varieties showed that variety V2

consistently produced greater green fodder yield
than variety V1 under both zinc sources at all
zinc levels. In addition, zinc source S2 gener-
ally resulted in higher green fodder yield than
S1, with the improvement becoming more evi-
dent at the higher zinc application levels. The
maximum green fodder yield (49,626.67) was
obtained in the treatment combination V2 x S2
x L4, whereas the minimum yield (28,800) was
recorded in V1 x S1 x L1.

Dry matter yield

There was an upward trend in the dry mat-
ter yield with successive increases in zinc level
for both varieties under each zinc source. De-
picted in (Figure 5k) under S1, V1 produced
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Figure 5. Effect of conventional and nano ZnO on green fodder yield, dry matter yield
and zinc content of alfalfa.
V, = Supersonic FD 9 (Australian Origin) and V2 = Sargodha Lucerne 2002 (Pakistan Origin), S, = ZnSO,
and S, = Zinc oxide nanoparticles, with four different zinc doses: L1 = 0 kg/ha, L2 = 3 kg/ha, L3 = 6 kg/ha,
L4 =9 kg/ha. Different lowercase letters indicate significant differences among treatments at p < 0.05
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dry matter yields of 5760, 7133.33, 8173.33,
and 9000 at L1, L2, L3, and L4, respectively,
whereas V2 recorded higher values of 6722.67,
7680, 8685.33, and 9333.33 at the correspond-
ing zinc levels. Under S2, dry matter yield
further increased, with V1 recording 6413.33,
7266.67, 8392, and 9128, while V2 produced
7120, 8186.67, 9120, and 9925.33 at L1, L2,
L3, and L4, respectively. Across all zinc levels,
S2 consistently resulted in greater dry matter
yield than S1, and V2 outperformed V1 under
both zinc sources. The highest yield of dry mat-
ter (9925.33) was obtained from the treatment
combination V2 x S2 x L4, followed by V2 x
S1 x L4 (9333.33) and V1 x S2 x L4 (9128),
whereas the minimum yield (5760) was record-
edin V1 x S1 x L1.

Total zinc content

Zinc content

As reflected in (Figure 51) zinc content in-
creased markedly with successive increases
in zinc application, regardless of varieties and
zinc sources. Under zinc source S1, zinc con-
tent in variety V1 increased from 27.33 at L1 to
44.27 at L2, followed by 60.47 at L3 and 80.33
at L4. Variety V2 followed the same increas-
ing pattern, recording zinc contents of 27.13,
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44.73, 61.40, and 81.80 at L1, L2, L3, and L4,
respectively. A comparable trend was observed
under zinc source S2, where variety V1 recorded
zinc contents of 28.20, 44.80, 62.07, and 81.67
across L1 to L4, while variety V2 exhibited val-
ues of 28.33, 45.53, 62.20, and 84.53 at the cor-
responding zinc levels. Across both zinc sourc-
es, variety V2 generally accumulated slightly
higher zinc content than variety V1, particularly
at the higher application levels. Likewise, zinc
source S2 consistently promoted greater zinc ac-
cumulation than S1, with the differences becom-
ing more evident at L3 and L4. The highest zinc
content (84.53) was obtained from the treatment
combination V2 x S2 x L4, whereas the lowest
value (27.13) was observed in V2 x S1 x L1.
These results show that increasing zinc applica-
tion directly improved the plants’ zinc enrich-
ment, with variety V2 showing the strongest ca-
pacity to accumulate zinc when given by source
S2 at the highest zinc level.

Pearson correlation analysis

Relationships between shoot fresh weight
(SFW), root fresh weight (RFW), number of
leaves (NoL), chlorophyll-a (Chl-a), chloro-
phyll-b (Chl-b), total chlorophyll (TChl), crude
protein (CP), crude fiber (CF), crude fat (CFAT),
green fodder yield (GFY), dry matter yield
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Figure 6. Pearson correlation matrix among growth parameters, biochemical attributes, quality attributes,
yield attributes, total zinc content
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(DMY), and zinc content (ZC) are shown in the
correlation matrix (Figure 6). The positive cor-
relations are denoted using colors in the blue/
green range while the negative correlations are
denoted using colors from the orange/red range.
The thickness and form of the ellipse show the
degree of correlation where narrow ellipses
mean strong correlations. In general, the results
demonstrated that most of the growth and qual-
ity attributes were positively correlated with
each other. The traits such as chlorophylls (Chl
a, Chl b, and TChl) had high positive correla-
tions because of their physiological closeness.
Green fodder yield (GFY) and dry matter yield
(DMY) had positive correlations with various
biomass attributes such as shoot fresh weight
(SFW), root fresh weight (RFW), and number
of leaves (NoL), indicating a positive associa-
tion between forage production and vegetative
growth. Zinc content (ZC) showed positive cor-
relations with chlorophyll, crude protein, crude
fiber, and yield traits, indicating that higher Zn
concentration was associated with improved
photosynthetic, quality, and yield attributes.
On the other hand, very few trait pairs showed
low or negative correlation, showing that there
is little antagonism among these parameters.
However, these correlations indicate associa-
tions among traits and should not be interpreted
as evidence of causal relationships.

DISCUSSION

Growth attributes

Increase in shoot fresh weight with zinc ap-
plication may be attributed to improved nutrient
uptake, cell division, cell elongation, and veg-
etative growth. Better zinc availability increased
nutrient absorption and assimilation, which re-
sulted in an increase in fresh weight (Ijaz et al.,
2023). Variety differences were due to genetic
variations in nutrient use efficiency and growth
capacity, giving the better variety the ability to
yield more shoot biomass (Gaddam et al., 2026).
The fresh weight of the roots was enhanced due
to higher availability of zinc because of en-
hanced root development and nutrient acquisi-
tion (Goncalves et al., 2025). The better plant
would have had a more efficient absorption of
nutrients along with efficient root development,
leading to an increase in the biomass of fresh
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roots. These responses may also have been sup-
ported by the complementary roles of N, P, and
K, which are essential for balanced nutrient up-
take, biomass production, and overall plant de-
velopment. There was a rise in the number of
leaves because of better availability of zinc, ow-
ing to efficient cell division, chlorophyll produc-
tion, photosynthesis, and vegetative growth by
IAA (Ulas et al., 2026).

Biochemical attributes

Improved zinc availability increased chloro-
phyll a content, likely due to enhanced chlorophyll
biosynthesis and protection of photosynthetic pig-
ments against oxidative damage (Ahmed et al.,
2022). By lowering oxidative damage, improved
zinc nutrition also contributes to the stability of
chlorophyll. The superior species probably had a
stronger ability for pigment production and nu-
trient usage, which led to a higher concentration
of chlorophyll a. Chlorophyll b content also in-
creased with zinc availability, possibly reflecting
improved pigment stability and photosynthetic
capacity. Additionally, zinc enhances pigment
persistence by shielding photosynthetic pigments
from oxidative deterioration (Dang et al., 2024;
Khaliq et al., 2023).

Quality attributes

Because zinc is essential for nitrogen metabo-
lism, enzyme activation, amino acid synthesis,
and protein creation, crude protein content rose
as zinc availability improved (Costa et al., 2023).
While genetic variations in nutrient usage effi-
ciency allowed the superior variety to accumulate
larger crude protein content, enhanced zinc nutri-
tion increased nitrogen assimilation and protein
production (Sajjad et al., 2024). This response
may have been further supported by adequate N
availability, which is essential for protein synthe-
sis. Due to improved cell wall development and
the production of structural carbohydrates like
cellulose and hemicellulose during plant growth,
crude fiber content rose with increasing zinc avail-
ability (Zhao et al., 2025). Additionally, zinc pro-
motes increased deposition of structural elements
in plant tissues by supporting enzyme activity and
the metabolism of carbohydrates. Zinc’s function
in fatty acid production, carbon metabolism, and
enzyme activation affected the buildup of crude
fat (Sajjad et al., 2025).
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Yield attributes

Green fodder yield increased with improved
zinc availability, primarily through greater as-
similate accumulation, nutrient acquisition, and
biomass production (Ulas et al., 2026). Zinc also
promoted efficient assimilate production and
translocation, leading to greater forage accu-
mulation. The superior variety likely possessed
higher nutrient use efficiency and biomass-pro-
ducing potential, resulting in greater green fodder
yield. Dry matter yield increased with improved
zinc availability, reflecting greater carbohydrate
accumulation and structural biomass formation
(Suganya et al., 2020).

Total zinc content

Because of better zinc absorption, trans-
port, and accumulation within plant tissues,
zinc content rose as zinc availability increased
(Stanton et al., 2022). Higher tissue zinc con-
tent was the outcome of better internal trans-
port and food uptake efficiency brought about
by an adequate supply of zinc. The greater zinc
accumulation observed with nano-ZnO com-
pared with conventional ZnSO4 may be attrib-
uted to its smaller particle size, greater surface
area, and enhanced solubility and availability
in the soil-plant system. These properties can
facilitate more efficient Zn release, root uptake,
and translocation within the plant, resulting in
greater Zn accumulation in alfalfa tissues. Thus,
nano-ZnO may provide Zn more efficiently than
conventional ZnSOs under the conditions of the
present study. Despite the beneficial effects of
nano-ZnO on zinc accumulation and alfalfa pro-
ductivity, its repeated or long-term application
may pose environmental concerns, including
nanoparticle accumulation in soil and potential
effects on soil microorganisms and nutrient cy-
cling. Therefore, the field application of nano-
ZnO should be based on appropriate application
rates and monitored over the long term. Further
multi-season studies are needed to evaluate its
persistence, environmental fate, and potential
ecological risks before recommending repeated
large-scale application.

Pearson correlation analysis

The majority of the examined features had
positive correlations, indicating that similar

physiological and metabolic processes controlled
their expression (Ferioun et al., 2023). Increased
nutrient availability has been shown to improve
nutrient assimilation and dry matter partitioning,
all of which simultaneously improve growth,
quality, and yield traits (Simkin et al., 2019).
These coordinated reactions suggest that total
plant performance is enhanced by favorable nu-
tritional conditions rather than by specific fea-
tures acting alone.

CONCLUSION

The results of the study showed that zinc bi-
ofortification greatly enhanced alfalfa’s growth,
physiology, quality, yield, and zinc accumula-
tion, with nano zinc oxide consistently exceed-
ing the traditional zinc supply across the major-
ity of assessed parameters. The cultivar Sargod-
ha Lucerne 2002 outperformed Supersonic FD
9 in terms of chlorophyll content, crude protein,
biomass output, and forage zinc concentration
when zinc application was increased. As a result,
applying 9 kg ha™! of nano ZnO to the soil can be
suggested as a successful way to increase alfalfa
productivity, forage quality, and zinc biofortifi-
cation, which would improve cattle nutrition and
promote sustainable forage production.
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