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ABSTRACT

Micronutrients and mineral deficiencies in the diet continue to pose serious global health challenges,
especially in developing regions. The nutrients especially iron (Fe) and zinc (Zn), are often found to be
insufficient in a cereal-based diet. This study evaluated the biofortification potential of the edible
mushroom Calocybe indica through substrate supplementation with iron sulphate (FeSO,) and zinc
sulphate (ZnSO,) under controlled cultivation conditions at Kerala Agricultural University. Substrates
composed of coir pith and vermicompost were enriched with FeSO, and ZnSO, at concentrations of
2.5, 5, 10, and 20 mg/kg on a dry weight basis, with a nine-treatment Completely Randomized Design.
Iron supplementation at 5 mg/kg FeSO, significantly enhanced mushroom growth and yield by
approximately 18% compared to control and increased iron accumulation in fruiting bodies to 1427
ppm, demonstrating effective bioaccumulation and improved nutritional quality. However, a higher
concentration of 20 mg/kg completely inhibited fruiting, indicating toxicity risks at excessive iron levels.
Zinc supplementation improved yield notably, with the highest fresh weight at 2.5 mg/kg ZnSO, (367
g per bag), nearly double to the yield in control, but did not result in statistically significant increases
in zinc content within fruiting bodies, likely due to stringent homeostatic regulation and limited zinc
translocation under solid-state cultivation. These findings reveal distinct species- and micronutrient-
specific uptake dynamics in C. indica and highlight the need for tailored biofortification protocols.
Substrate-based micronutrient fortification emerges as a cost-effective strategy for producing nutrient-
enriched mushrooms, with C. indica showing strong potential as a dietary iron source. Future research
should focus on alternative zinc formulations, synergistic nutrient interactions, and genetic approaches
to optimize zinc bioavailability and accumulation.
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Micronutrient malnutrition, or “hidden hunger,”
remains a major global health concern, with zinc (Zn)
and iron (Fe) deficiencies among the most prevalent
forms (Tulchinsky, 2010). The World Health
Organization (WHO, 2022) estimates that over two
billion people worldwide suffer from essential
micronutrient deficiencies particularly zinc and iron.
These deficiencies lead to serious health issues such
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as anemia, impaired cognitive development, weakened
immunity, stunted growth, and increased morbidity and
mortality, especially among children, pregnant women,
and the elderly (Bhan et al., 2001). Zinc is essential
for enzymatic activity, DNA synthesis, immune
function, and cellular signalling (Bonaventura et al.,
2015), while iron is crucial for oxygen transport and
metabolic processes. Such deficiencies are more
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severe in developing regions due to limited dietary
diversity (Shankar, 2020), necessitating sustainable
and cost-effective interventions.

Conventional strategies like supplementation and
food fortification face limitations related to cost,
accessibility, and bioavailability (Olson et al., 2021).
Biofortification, enhancing nutrient content during crop
growth, has emerged as a sustainable alternative
(Dhaliwal et al., 2022). Mushrooms, in particular, are
promising candidates due to their rapid growth and
ability to efficiently accumulate minerals from
substrates (Slyszyk et al., 2024).

Edible mushrooms such as Pleurotus, Agaricus,
Hericium, and Calocybe are nutritionally rich, containing
proteins, vitamins, and essential minerals (Das and
Prakash, 2022). Calocybe indica (milky mushroom),
widely cultivated in India for its thermotolerance and high
yield, has significant potential for micronutrient
biofortification, though it remains underexplored (Thakur,
2014). Unlike plants, mushrooms directly absorb minerals
from substrates, allowing better control over
biofortification (Singh and Sohrab, 2024).

Recent studies highlight successful mineral
biofortification in mushrooms. Ziéba et al. (2020)
demonstrated selenium and zinc accumulation in
Pleurotus eryngii, enhancing antioxidant properties.
Rani ef al. (2023) and Deepali et al. (2023) reported
increased biomass and exopolysaccharide production
in zinc-fortified Calocybe indica. Similarly, Koreti et
al. (2023) showed that iron supplementation improved
biomass and metabolic profiles. Madaan et al. (2024)
further reported that selenium and zinc co-fortification
in Pleurotus species enhanced biomass, phenolics,
antioxidant capacity, and protein content, though minor
morphological changes such as hyphal shrinkage
occurred.

Biofortification efficiency depends on mineral
form, concentration, and species. Budzyiiska et al.
(2022) observed species- and salt-specific iron uptake
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patterns, while Budzyiiska et al. (2021) demonstrated
synergistic effects of iron and calcium. Scheid et al.
(2020) highlighted species-dependent differences in
iron bioavailability. Additionally, studies on other
minerals, including lithium (Mleczko et al., 2017) and
selenium (Bhatia et al., 2013; Kaur et al., 2018),
confirm the broader potential of mushroom
biofortification. Advances also include evaluating
nutrient bioavailability using in vitro models (Pandey
et al., 2020) and improving amino acid and
phytochemical profiles through fortification (Fadugba
et al., 2024). However, standardized protocols,
particularly for Calocybe indica, remain limited.

Therefore, this study aims to optimize zinc and iron
biofortification in Calocybe indica using zinc sulfate
and iron sulfate, focusing on mineral accumulation and
bioavailability. The findings are expected to support
the development of nutrient-enriched functional foods
as a sustainable strategy to combat global
micronutrient deficiencies.

MATERIALS AND METHODS

The study was conducted over a period of six
months at the Kerala Agricultural University, College
of Agriculture, Vellayani. Laboratory analyses were
carried at the facilities of the Department of Plant
Pathology, Instrumentation labs, and the growth trials
were performed in the mushroom house facility of the
Instructional Farm.

Substrate Preparation

The base substrate used for the cultivation of
Calocybe indica (Milky mushroom) was a 4:1 (w/
w) ratio mixture of coir pith and vermicompost. This
combination was chosen due to its favourable physical
properties, including high porosity, water retention
capacity, and microbial richness, which support
efficient mushroom growth (Koreti ef al.,, 2023 and
Rani et al., 2023). Fruiting bags each of 2 kg were
prepared by using the above mentioned substrate. The
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coir pith was pre-wetted and then soaked for 12 hours
in aqueous solutions of either zinc sulphate (ZnSO,)
or iron sulphate (FeSO,) at concentrations of 2.5 mg/
kg, 5 mg/kg, 10 mg/kg, and 20 mg/kg on a dry weight
basis. The concentrations were prepared using distilled
water to ensure uniform absorption of the micronutrients
throughout the substrate. The substrate enrichment
protocols for mineral biofortification in mushrooms
reported by Budzyfiska et al., 2022; and Deepali ef al.,
2023 were followed. After soaking, the substrate was
thoroughly drained and sterilized using an autoclave at
121°C for 15 - 20 minutes to eliminate potential
contaminants and competing microbial flora. A control
substrate was prepared following the same procedure
but without the addition of any micronutrients.

Experimental Design

The experiment was laid out in a Completely
Randomized Design (CRD) comprising nine
treatments with four replications each. The treatment
structure included four different concentrations of zinc
(T1 - 2.5 mg/kg ZnSO,, T2 — 5 mg/kg ZnSO,, T3 —
10 mg/kg ZnSO,, T4 — 20 mg/kg ZnSO,), four
concentrations of iron (T1 — 2.5 mg/kg FeSO,, T2 -
5 mg/kg FeSO,, T3 - 10 mg/kg FeSO,, T4 — 20 mg/
kg FeSO,), with T9 serving as the control (no
micronutrient supplementation). Each treatment was
prepared using uniformly packed polypropylene
cultivation bags to maintain consistency in growing
conditions. The selection of concentrations and
experimental layout was adapted with necessary
modifications from earlier studies on Calocybe indica
biofortification and micronutrient supplementation
(Koreti et al., 2023; Deepali et al., 2023).

Inoculation and Cultivation Conditions

The grain spawn of Calocybe indica procured
from Kerala Agricultural University, Instructional farm
of College of Agriculture, Vellayani was used to
inoculate the fruiting blocks at a rate of 10% wet
weight of the substrate. The inoculated bags were
incubated under controlled environmental conditions.

269

The temperature was maintained between 28 - 30°C,
and relative humidity was maintained at 80 - 90%.
Diffused natural light was provided to simulate natural
growing conditions, and sufficient ventilation was
ensured to prevent contamination and promote optimal
mycelial growth. The bags were monitored daily for
signs of colonization and contamination.

Growth Parameters and Harvesting

Mycelial growth was regularly observed, and the
number of days required for complete colonization of
the substrate was recorded. Fully developed
sporocarps were harvested after and observations
such as the number of fruiting bunches per bag and
the fresh weight were recorded. Sporocarp samples
from all treatments and their replicates were collected,
cleaned, and air-dried for further analysis.

Sample Preparation for Mineral Analysis

Following harvest, mushroom samples were
thoroughly cleaned and then dried under shade. The
dried samples were ground using a stainless-steel
grinder to obtain a uniform fine powder. A
representative aliquot of each powdered sample was
subjected to wet digestion using a mixture of
concentrated nitric acid (HNO,) and hydrogen
peroxide (H,0O,) in a closed-vessel microwave
digestion system. After complete digestion, the
samples were cooled, filtered through Whatman No.
42 filter paper, and diluted with deionized water to a
known volume for elemental analysis. Substrate
samples were also collected from each treatment
after the final mushroom harvest, dried under similar
conditions, ground, and digested following the same
protocol for micronutrient determination. All glassware
and containers were acid-washed and rinsed with
deionized water to avoid any potential contamination.

Determination of Zinc and Iron Content

The concentrations of zinc (Zn) and iron (Fe) in
the digested mushroom and substrate samples were
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quantified using Atomic Absorption Spectrophotometry
(AAS). The instrument was calibrated using certified
standard solutions of known concentrations.
Appropriate blanks and quality control samples were
included in the analysis to ensure accuracy and
precision. The mineral content was expressed in
milligrams per kilogram (mg/kg) on a dry weight basis.
This methodology is consistent with established
protocols for mineral analysis in mushroom
biofortification studies (Budzyiiska et al., 2022; Koreti
et al., 2023).

Statistical Analysis

All collected data were statistically analysed using
standard procedures. Analysis of variance (ANOVA)
was performed to evaluate the significance of different

treatments. Mean separation was carried out using the
least significant difference (LSD) test at a 5% level
of significance. Correlation analysis was also
performed to examine the relationship between the
zinc and iron concentrations in the substrate and their
corresponding accumulation in the fruiting bodies of
Calocybe indica. The statistical software used for
analysis was SPSS and Microsoft Excel.

RESULT
Iron supplementation in growth medium

The influence of Iron enrichment on the sporocarp
development in Calocybe indica, is illustrated in Fig.

1, while the corresponding harvested sporocarp are
presented in Fig. 2. Notably, T4 (20 mg/kg FeSO,)

T4 Control

Fig. 1. Fruiting blocks of Calocybe indica under different iron enrichment treatments (T1, T2, T3, T4, and Control). Visible
variations in fruiting body development reflect the influence of respective FeSO, concentrations. No fruiting was observed in T4

Control
Fig. 2. Harvested sporocarps of Calocybe indica from different iron enrichment treatments. Treatment with 20 mg/kg FeSO,, ,
did not yield sporocarp hence the fruiting block is shown
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exhibited no fruiting, indicating potential toxicity or
inhibitory effects of the FeSO, salt at 20mg/kg
concentration.

Iron enrichment in growth media significantly
influenced the pinhead initiation period in Calocybe
indica. As shown in Table 1, the shortest time to
pinhead emergence was observed in the treatment
with 5 mg/kg FeSO,, at an average of 41.50 + 0.577
days, which was significantly lower than the control
(43.75 £ 0.50 days). Treatments with 2.5 mg/kg and
10 mg/kg did not exhibit any significant difference
compared with that of the control. Whereas, T4 (20
mg/kg) failed to induce any pinhead, likely due to
toxicity or inhibition at higher iron concentrations.

The average fresh weight of sporocarp produced
was also influenced by iron concentration in the
substrate (Table 1). The treatment 2.5 mg/kg FeSO,
yielded the highest average sporocarp weight of 230.5
+ 1.291 g per bag, significantly outperforming the
control (160.0 + 46.188 g). T2 (5 mg/kg) also
produced a moderately higher yield (190.0 + 34.641
g) compared to control, though the difference was not
statistically significant. In contrast, T3 (10 mg/kg)
exhibited a marked reduction in yield (110.0 + 29.439
g), and T4 showed no fruiting, reinforcing the
observation that excessive iron levels may negatively
impact mushroom productivity.

Iron accumulation in fruiting bodies increased with
substrate fortification, though the efficiency varied
with concentration. As presented in Table 1, the
highest iron content was recorded in T2 (5 mg/kg
FeSO,), with 1427.0 = 127.017 ppm, which was
significantly higher than both the control (1226.5 +
91.221 ppm) and T1 (1282.0 + 1.291 ppm). However,
T3 (10 mg/kg) recorded a lower Fe content (1195.5
+ 145.138 ppm), suggesting a possible threshold
beyond which iron uptake becomes inefficient or
inhibited. No data were available for T4, due to
absence of fruiting bodies.

Analysis of variance (ANOVA) indicated
significant differences (p < 0.05) among treatments
for all measured parameters except T4, where no
fruiting occurred. Mean comparisons using the Least
Significant Difference (LSD) test validated the
observed trends. The results demonstrate that
moderate FeSO, enrichment, particularly at 5 mg/kg,
can enhance both yield and nutritional value of
Calocybe indica without negatively impacting
morphological development.

Zinc supplementation in growth medium

Zinc enrichment had a significant effect on the
time required for pinhead initiation (Table 2).
Treatments T1 and T2 (2.5 and 5 mg/kg ZnSO,) led
to the early pinhead emergence with 45.0 + 1.633 and

Table 1. Effect of iron enrichment on average pinhead initiation time, average weight of sporocarp, and accumulated iron in sporocarp

of Calocybe indica

Treatments Average days to Average Weight of Accumulated Iron in

Pinhead Initiation sporocarp (g) sporocarp (ppm)
Control 43.75 £ 0.5.0° 160.0 + 46.188° 1226.5 = 91.221°
Tl 44.50 = 1.00° 230.5 = 01.291* 1282.0 = 1.291°
T2 41.50 = 0.577* 190.0 + 34.641® 1427.0 = 127.017*
T3 44.00 = 0.00° 110.0 = 29.439¢ 1195.5 + 145.138¢
T4 Not Available Not Available Not Available

Values represent the mean + standard deviation (n = 4). Means followed by different letters within each column indicate significant
differences at p < 0.05. “Not available” indicates no observable data due to absence of fruiting.
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Table 2. Effect of zinc enrichment on average pinhead initiation time, sporocarp weight, and accumulated zinc in sporocarp of
Calocybe indica

Treatments Average days to Average Mushroom yield Accumulated Zinc in
Pinhead Initiation (g sporocarp (ppm)

Control 50.0 £ 1.414¢ 183.25 = 102.708¢ 21.062 + 7.568

Tl 45.0 = 1.633= 366.75 + 34.865* 11.900 + 1.936

T2 45.0 = 2.309* 286.25 + 50.888* 32.087 + 9.461

T3 46.0 = 1.155 275.00 = 50.000%¢ 24.525 + 15.848

T4 47.5 + 0.577° 217.00 + 65.818™ 28.000 = 3.580

Values represent the mean + standard deviation (n = 4). Means followed by different letters within each column indicate significant
differences at p < 0.05

45.0 = 2.309 days, respectively, which was  control blocks. Differences in fruiting bed
significantly earlier than the control (50.0 + 1.414  development under various treatments are depicted in
days). T3 and T4 also exhibited early pinhead initiation ~ Fig. 6, and the harvested fruiting bodies are shown in
(46.0 and 47.5 days) compared to the non-treated  Fig. 7.

T2 T3 T4 Control

Fig. 3. Fruiting bed performance of Calocybe indica under different Zinc enrichment treatments (T1, T2, T3, T4, and Control).
Visible variations in fruiting body development reflect the influence of respective ZnSO, concentrations

T3

Fig. 4. Harvested fruiting bodies of Calocybe indica from different Zinc enrichment treatments
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Mushroom yield, as measured by average fresh
weight, was highest in T1 (2.5 mg/kg ZnSO,),
producing 366.75 + 34.865 g per bag (Table 2, Figure
9), significantly greater than the control. T2 and T3
also showed improved yields to 286.25 and 275.00g,
respectively, though differences were not always
statistically significant. T4 (20 mg/kg) showed reduced
yield (217.00 g), yet still higher than the control.

Zinc accumulation in the fruiting bodies varied
with treatment. The highest zinc content was recorded
in T2 (32.087 + 9.461 ppm), followed by T4 (28.000
+ 3.580 ppm) and T3 (24.525 + 15.848 ppm). In
contrast, T1 showed lower Zn content (11.900 + 1.936
ppm) than the control (21.062 = 7.568 ppm),
suggesting possible concentration-dependent uptake
dynamics (Table 2, Fig. 10).

Analysis of variance (ANOVA) indicated
significant differences (p < 0.05) among treatments
for pinhead initiation time and mushroom yield. Mean
comparisons using the Least Significant Difference
(LSD) test confirmed that low-dose ZnSO,
enrichment, especially at 2.5 mg/kg (T1), significantly
enhanced yield performance in Calocybe indica.
While differences in zinc accumulation were observed
numerically across treatments, these were not
statistically significant, suggesting that zinc uptake
efficiency may not directly correspond to substrate
enrichment levels within the tested range.

DISCUSSION

Micronutrient deficiencies, particularly iron (Fe)
and zinc (Zn), remain a major global health issue, and
biofortification offers a cost-effective dietary solution.
This study evaluates the potential of Calocybe indica
as a biofortification agent using FeSO, and ZnSO,.

C. indica demonstrates a rich nutritional profile,
with high protein, fiber, and iron content compared to
conventional foods like spinach (Sumathy et al., 2015;
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Waseem et al., 2021). Iron supplementation showed
a dose-dependent effect, where moderate
concentrations (2.5-5 mg/kg) enhanced growth, yield,
and iron accumulation, supporting metabolic processes
such as respiration and enzyme activity (Koreti et al.,
2023; Levi and Rovida, 2009). However, excessive
iron (20 mg/kg) inhibited fruiting due to oxidative
stress, consistent with previous findings (Tunlid ez al.,
2022; Koreti et al., 2023). Similar toxicity thresholds
have been reported in other mushrooms (Almeida et
al., 2015; Budzyiiska et al., 2021, 2022; Fontes et al.,
2013; Meniqueti ef al., 2021; Scheid et al., 2020).

The study confirms that C. indica efficiently
accumulates iron under optimal conditions, likely via
passive or transporter-mediated uptake (Scheid et al.,
2020; Oyetayo et al., 2021). Synergistic interactions,
such as calcium co-application, may further enhance
iron uptake (Budzyfiska et al., 2021).

In contrast, zinc biofortification was ineffective,
as no significant increase in zinc accumulation was
observed, however, improved yield was recorded with
zinc fortification in substrate. This is attributed to strict
homeostatic regulation and limited translocation
mechanisms (Azevedo et al., 2007; Robinson et al.,
2021). Zinc uptake is influenced by factors such as
chemical form, growth conditions, and developmental
stage (Kalucka et al., 2023). While other studies
reported higher zinc accumulation under liquid culture
or with alternative zinc compounds (Figlas et al.,
2010; Ziéba et al., 2020), C. indica under solid-state
cultivation showed minimal uptake, similar to findings
in Ganoderma lucidum (Matute et al., 2011).

Species-specific differences, substrate
interactions, and transporter regulation likely limit zinc
accumulation (Yasmin et al., 2024; Gupta et al.,
2016). However, C. indica exhibited high tolerance
to zinc, suggesting potential for improved
biofortification using alternative formulations such as

chelated or nano-zinc (Ali et al., 2024).
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Overall, the study highlights that iron
biofortification in C. indica is effective within optimal
limits, whereas zinc enrichment remains challenging.
With further optimization, C. indica can serve as a
promising, scalable vehicle for dietary iron
supplementation and nutritional security.

CONCLUSION

This study demonstrates the potential of
Calocybe indica for micronutrient biofortification with
iron (Fe) and zinc (Zn) through substrate enrichment.
Optimal iron supplementation (5 mg/kg FeSO,)
significantly improved both yield and iron content in
fruiting bodies, confirming its effectiveness as a
sustainable nutritional enhancement strategy.
However, higher iron levels inhibited growth,
highlighting the importance of controlled dosing.

In contrast, zinc supplementation increased yield
but did not enhance zinc accumulation, likely due to
strict homeostatic regulation and limited translocation
to fruiting bodies. These findings reveal the complexity
of micronutrient uptake in mushrooms and the need
for species- and nutrient-specific optimization.

Overall, C. indica shows strong potential as a
functional food for iron delivery, while improving zinc
bioavailability will require alternative strategies such
as modified zinc formulations, synergistic interactions,
and genetic approaches.
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