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Abstract

Conflicts, climate shocks, and limited agricultural inputs remain the primary drivers of food insecurity, malnutrition, and
environmental degradation that constrain sustainable food production in South Sudan. Oyster mushroom cultivation offers low-
cost, climate-resilient strategy for enhancing food security, improving livelihoods, and promoting sustainable waste management.
However, evidence on the sustainable use of locally available organic wastes as substrates for mushroom production is currently
lacking. This study evaluated the suitability of ten substrates derived from four organic biomass wastes-peanut shells, water
hyacinth, cotton husks, and sawdust-and their 50:50 combinations for mushroom cultivation under resource-limited settings.
Using a completely randomized experimental design, key growth, yield, efficiency and economic parameters were assessed. The
results showed significant influences of substrate type on all parameters (p < 0.05). Peanut shells supported the fastest
colonization period (21.0 £1.58 days) and shortest growth cycle (30 + 1.58 days), while sawdust had the slowest (36.0 = 1.58
days) and (58.0 £ 2.00 days) respectively. Water hyacinth produced the highest total yields (375.2 + 33.6 g) and biological
efficiencies (25.01 + 2.24%), with the greatest production rate (3.98 £+ 0.41 g-day™'). Cotton husks showed moderate performance
across all indicators. Economic analysis revealed water hyacinth having a strong profitability (BCR 3.67; ROI 267%), while
water hyacinth—cotton husk combination performed moderately and remained profitable even at low break-even prices. These
findings demonstrate that oyster mushroom cultivation using locally available biomass wastes, especially water hyacinth is
viable, economically profitable, and capable of diversifying livelihoods, strengthening food security resilience, and supporting
sustainable waste management in fragile and resource-limited settings.
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1. Introduction

Despite commitment to the United Nations’ 2030 Agenda 2]. These countries continue to face some of the world’s worst
for Sustainable Development, countries in fragile and conflict incidences of food insecurity, economic crisis, and malnutri-
situations like South Sudan are falling behind in achieving  tion. Recurrent conflict, climate shocks, displacement, and ru-
most of the Sustainable Development Goals (SDGs) targets [ 1, dimentary agricultural systems in South Sudan remain the
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leading drivers of food insecurity and malnutrition [3]. Ac-
cording to the Food and Agriculture Organization (FAO) and
the World Food Programme (WFP), over 57 percent of South
Sudan's population face acute food insecurity, with approxi-
mately 2.3 million children under 5 years acutely malnour-
ished and about 1.2 million pregnant and breastfeeding
women needing treatment [4]. Addressing these systemic
challenges to sustainable food production requires innovative
and cost-effective strategies that can operate reliably within
South Sudan’s fragile context to improve dietary diversity and
strengthen livelihood resilience.

Mushroom cultivation has emerged as an important farming
strategy for addressing food and nutritional security, youth unem-
ployment, poverty, economic challenges, and environmental deg-
radation [5-7]. Edible mushrooms, particularly oyster mushrooms
(Pleurotus ostreatus) have gained global recognition as valuable
dietary supplements due to their rich nutritional profile, low input
requirements, and capacity to thrive under a wide range of environ-
mental conditions common in tropical Africa, such as temperatures
(10-30<C) and pH (6-8) [8]. Several studies have documented the
high concentration of vitamins (including B-complex), proteins,
minerals, dietary fiber, and bioactive compounds (i.e., polysaccha-
rides) in edible mushrooms [9-12]. These nutritional attributes po-
sition edible mushrooms as important component of rural food sys-
tems in areas facing chronic food insecurity, such as South Sudan,
where they could also be used to supplement cereal-based diets that
are low in essential micronutrients [12-15].

Beyond their nutritional value, mushrooms possess several me-
dicinal properties, including anti-inflammatory, antimicrobial, an-
tioxidant, antidiabetic, and immunomodulatory effects, which
make them valuable therapeutic food supplements in low-resource
settings [16]. Studies have reported over 130 bioactive compounds
in edible mushrooms, including anti-tumor phytochemicals, anti-
oxidant activity, and compounds with inhibitory effects against
various forms of cancer, including breast, leukemia, cervix, uterine,
and brain cancer [6, 17, 18].

Among the various agricultural systems, mushroom farm-
ing is one of the most sustainable food production systems that
requires a minimal amount of water, land area, simple tech-
nology, and low starting capital, making it accessible to small-
holder farmers and youth [7, 19, 20]. Given their efficient use
of resources, mushroom farming plays a critical role in achiev-
ing SDGs, particularly SDG 1 (No Poverty), SDG 2 (Zero
Hunger), SDG 12 (Responsible Consumption and Production),
and SDG 13 (Climate Action), with additional co-benefits for
SDG 6, 11, 14, 15, and 17 [5, 21]. Despite these benefits,
mushroom productivity is highly influenced by substrate com-
position and environmental factors, such as pH and tempera-
ture. Substrates rich in complex organic compounds, such as
cellulose, hemicelluloses, and lignin with a balanced carbon-
to-nitrogen (C/N) ratio are considered the best for mushroom
cultivation.

Oyster mushrooms possess enzymatic capabilities for degrading
different lignocellulosic biomass, common in agricultural waste
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streams. Several studies have evaluated the composition and per-
formance of different biomass types as substrates for oyster mush-
room cultivation, with a particular focus on productivity, nutri-
tional quality, and economic return [22]. Although South Sudan
generates huge quantities of lignocellulosic wastes, such as cereal
straws, cotton husks, sawdust, peanut shells, and water hyacinth,
among others, there is no documented evidence on the suitability
of these materials as substrates for producing high-quality oyster
mushrooms to support sustainable and nutritious food production,
as well as youth unemployment and poverty reduction. This gap is
mainly driven by limited technical knowledge, low public aware-
ness, weak value chains, and lack of research and extension ser-
vices. Therefore, this study aimed to evaluate the suitability of four
locally available organic biomass wastes, including peanut shells,
water hyacinth, sawdust, and cotton husks, for oyster mushroom
cultivation in the context of fragility and resource limitation in Juba,
South Sudan. The inclusion of water hyacinth offers an additional
environmental benefit, as this invasive species is spreading rapidly
and poses significant threats to fishing activities and waterway nav-
igation in the country.

2. Materials and Methods

2.1. Study Area and Research Design

This study was conducted in Juba, the capital of South Su-
dan, located at 4.85°N, 31.60°E. Juba experiences a tropical
wet and dry climate, with average temperatures ranging from
25-35°C and relative humidity between 40-85%. The presence
of agricultural activities around the city [23], coupled with
readily available sawdust and water hyacinth, including mar-
ket demand for nutritious food, makes Juba an ideal location
for evaluating low-cost substrates for oyster mushroom pro-
duction. A completely randomized design was adopted for
evaluating the four substrates over a period of three months
between March and June 2025, with each constituting one
treatment group, replicated five times (Table 1).

2.2. Substrate Collection and Preparation

2.2.1. Substrate Collection

The organic biomass wastes used for this study were ob-
tained within the vicinity of Juba at no charge. Fresh water
hyacinth plants were harvested from the River Nile, cotton
husks and peanut shells were obtained from a local farm, and
sawdust was obtained from a local carpentry workshop. A
commercial Pleurotus ostreatus grain spawn was purchased
from a local supplier and kept in a clean and sterilized bottle
covered with cotton wool to prevent moisture from entering,
which was then stored at room temperature until the time for
inoculation into the different substrates.
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Table 1. Different substrate types used in this study, each replicated
five times.

Treatments  Substrates type Composition (%)
Tl Water hyacinth (WH) 100

T2 Peanut hulls (PS) 100

T3 Sawdust (SD) 100
T4 Cotton husk (CH) 100

T5 WH + PS 50 +50
T6 WH + CH 50 +50
T7 WH + SD 50 +50
T8 CH+SD 50 +50
T9 PS+SD 50 +50
T10 PS + CH 50 +50

2.2.2. Substrate Preparation

The materials were first washed with clean water to remove
debris, soil particles, and contaminated parts, followed by drying
in open air. Water hyacinth was pre-fermented for seven days and
then chopped into small pieces (4-6 cm) as described by Ejigu
and colleagues [22]. Peanut shells and cotton husks were
pounded using a traditional mortar and pestle into fine particles
and then sun-dried. This process enhances lignocellulose degra-
dation and promotes efficient mycelium growth by increasing the
surface area and density of the materials, creating more capillary
spaces between them for improved aeration.

Following the above step, each of the four substrates was
pretreated with 3% lime (CaCO3) and soaked in cold water for
12 hours to breakdown hemicellulose and reduce contami-
nants. Excess water was then drained off from the substrates
and dried in the shade until the required moisture content was
achieved. The prepared substrates were packed tightly into
small heat-resistant bags (each weighing 1500g), with five
replicates. The bags were then loaded into a locally available
metallic drum and boiled at 100°C for 3 hours, followed by
slow cooling for 24 hours.

2.3. Substrates Inoculation, Mushroom Growth,
and Harvesting

Inoculation of the substrates with mycelium was carried out
aseptically to prevent contamination. A completely dark incu-
bation room was prepared by blocking light penetration, re-
ducing the temperature by sprinkling water, and installing fly
traps. After cooling, each substrate bag was inoculated with 7%
spawn (70g per bag, w/w), following the approach of Mesele
and colleagues [8]. Each bag opening was plugged with cotton,
covered with newspaper, and secured with a rubber band to
allow adequate aeration, and then placed in the incubation
room for colonization. Temperature (25-30°C) and humidity

(70-80%) in the incubation room were maintained by sprin-
kling water three times a day (morning, afternoon, and even-
ing), as recommended by Ejigu and colleagues [22]. Inspec-
tions were conducted weekly for mycelial colonization and
any contamination.

Once fully colonized, bags were transferred to a sufficiently
lit room for fruiting and arranged in a random pattern, spaced
15-25cm apart. The temperature and the humidity of the fruit-
ing room were also maintained within recommended ranges
(i.e., 20-25°C and 80-90%) by regularly sprinkling with water
and proper ventilation according to Mesele and colleagues [8].
Pinhead formation was induced by puncturing each bag with
a sterilized iron rod. Mature mushrooms were carefully har-
vested when the caps were fully opened, ensuring that the my-
celium remained undamaged. The harvested mushrooms were
immediately weighed using a digital scale, and the parameters
studied were recorded.

2.4. Data Collection

The study assessed four major development parameters, in-
cluding mycelial colonization period (MC), pinhead for-
mation period (PF), time to first harvest since inoculation (FH),
and total yield. Biological efficiency (BE) and production
rates (PRs) were calculated using equations 1-2 [24], where
BE represents yield relative to substrate dry weight, and PR as
the ratio of fresh oyster mushroom yield (g-day™") and biolog-
ical efficiency (%-day™) relative to the time (days) from
spawning to first harvest. Additionally, economic returns (ER)
on all substrates were determined by calculating the cost com-
ponents of several economic indicators, including benefit-cost
ratio (BCR), gross return (GR), net return (NR), break-even
production (BEPd), break-even price (BEP), and return on in-
vestment (ROI), from each treatment replicate (i.e., 1000g dry
weight) using equations 3-7 [25, 26].

BE (%) = % x 100 (1)
PR (%) = %ﬁ” x 100 )
GR=TW x P 3)

NR = GR — TPC 4)

BCR = — (5)

ROI = =% x 100 (6)
BEPd = % (7)

BEP = BT:PCd ®)

Where, TW is the total weight of fresh mushrooms, DW is
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the dry weight of the substrate, TS is the time (days) from
spawning to harvest, P is the unit price of mushrooms kg™!, and
TPC is the total production cost.

2.5. Data Analysis

Data was analyzed using one-way analysis of variance
(ANOVA) analytical method in Microsoft Excel to evaluate
the effect of substrate type on oyster mushroom growth pa-
rameters. Where significant differences were detected, means
were compared using Tukey’s HSD test at a 5% significance
level in R software [27]. The results were then presented as
mean + standard deviation (SD) in tables and a figure to com-
paratively illustrate oyster mushroom performance across the
different substrates.

3. Results

3.1. Impact of Substrates on Mycelial
Colonization, Pinhead Formation, and
Time to First Harvest

The time required for mycelium to complete colonization
of the substrates (MC) in each of the bags after inoculation
differed significantly across the treatments (P < 0.05) and
ranged from an average of 21.0 to 36.0 days (Table 2). The
fastest and the slowest MC period were observed in T2 (21
days) and T3 (36.0 days) respectively. The speed at which T2
completed colonization was statistically significant and faster
than all other treatments except T10. There were no significant

differences between T1 and T6, T4 and T6, T5 and T10, T7
and T8, and T1, T6, T9. The longest MC period was 36.0 days,
which was observed in T3, and was significantly different
from all other treatments, followed by T7.

The time (days) required for pinhead formation (PF) after
mycelium colonization differed significantly (p <0.05) among
all treatments. The shortest average time for PF was observed
in T2 (3.0 £ 0.71 days), which was statistically different from
all other treatments except T10. In comparison, T1, T6, TS,
and T9 did not differ and were faster than T3 and T7. Further
statistical observation revealed no significant differences be-
tween T3 and T7 and between T4, T5, T6 and T9; however,
T3 was significantly slower than the rest of the treatments,
which confirms that it had the longest PF time (9.0 + 1.58
days).

The time (days) from pinhead formation to the first harvest
(FH) differed significantly among all treatments (P < 0.05).
The average time ranged from 6.0 £ 1.58 to 13.0 + 1.58 days,
with the shortest time observed in T2 (6.0 + 1.58 days) fol-
lowed by T10 (6.8 £ 1.30 days), while the longest was in T3
(13.0 days) followed by T7 (11.4 £ 0.55). Statistical analysis
showed that T2 was significantly faster than all other treat-
ments except with T4 and T10, where there were no signifi-
cant differences. Conversely, T3 was significantly slower than
all other treatments. The cumulative production time (days)
from mycelial inoculation to the first harvest differed signifi-
cantly across all treatments (p < 0.05), ranging from 30.0 +
1.58 days for T2 to 58.0 + 2.00 days for T3 (Figure 1), and the
time efficiency was in the order T2 < T10 <T5 <T4 <T6 <
T1<T9<T8<T7<T3 (i.e., lower value means faster overall
production time).

Table 2. Influence of substrates on mycelial colonization, pinhead formation, and time to first harvest.

Treatment MI-M = SD (days) PF-M =+ SD (days) FH-M = SD (days) Total-M = SD (days)
Tl 28.0 +1.58d 7.0 £ 1.58de 9.0+ 1.58d 44.0+2.12e
T2 21.0+1.582 3.0£0.71a 6.0+ 1.58a 30.0+1.582
T3 36.0 +1.589 9.0 + 1.58f 13.0+1.589 58.0 £2.00h
T4 26.0 +2.24¢ 5.0+0.71bc 7.0+0.712ab 38.0 £ 2.45¢cd
T5 24.6 +0.89b 5.2 +£0.84bc 7.6 + 1.52bc 37.4+1.67c¢
T6 27.2 £1.92cd 6.2 +0.84cd 8.2 +1.30cd 41.6 £2.07d
T7 32.4 +0.55f 8.4 £ 0.55¢f 11.4 +0.55f 52.2+0.849
T8 31.4 +£0.89ef 7.2 +0.45de 10.2 +0.84e 48.8 +1.48f
T9 29.0 = 1.41de 6.2 +0.84¢cd 10.0 £+ 0.00e 45.2 +1.30¢f
T10 23.6 +1.522ab 4.2 +£0.45ab 6.8 +1.30ab 34.6 +1.52b

Means sharing a letter in the same column and row are not significantly different (p < 0.05) by Tukey’s HSD test.
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3.2. Impact of Substrates on Oyster Mushroom
Yield

Yield is the best performance indicator in mushroom culti-
vation. In this study, four flushes/harvests were recorded for
the ten treatments. The results showed significant differences
(P <0.05) in fresh oyster mushroom yield among the different
treatments across the four flushes, as well as in the total yield.
In Flush 1, the highest mean yield (175.2 + 17.7g) was rec-
orded in T1, which was significantly higher than all other
treatments, followed by T6 (117.0 = 10.7 g) and T7 (104.2 +
9.3 2). T2 and T3 recorded comparatively lower yields (22.2
+ 3.6 and 33.2 + 3.4 g), respectively. In Flush 2, yield patterns
shifted, with T2 producing significantly higher yield (181.0 =
32.6 g) than the rest of the treatments. In Flush 3 and 4, T4
dominated yield outputs, producing 75.6 = 11.8 g and 30.8 +
8.2 g, respectively, followed by T10 (63.6 = 11.6 g) in Flush 3
and T6 (23.6 = 6.1 g) in Flush 4. Although low yields were
observed in all treatments during Flush 4, T3 consistently rec-
orded the lowest yields in all flushes throughout the study.
Overall, there was a progressive decline in fresh mushroom
yields for most treatments from one flush to the next, which
may be related to nutrient depletion and reduced physiological
capacity for further growth in the successive flushes.

3.3. Impact of Substrates on Oyster Mushroom
Productivity

Oyster mushroom productivity, expressed in terms of bio-
logical efficiency (BE) and production rates (PRs), was eval-
uated to determine both the efficiency of substrate conversion
and the speed of mushroom production. These parameters are
critical in mushroom production in order to maximize returns
(profits, nutrition) while ensuring consistent product quality
standards.

The effect of different substrates on BE in this study showed

significant differences (P < 0.05) across all flushes and be-
tween treatments (Table 3). The BE rate (%) was systemati-
cally calculated on the basis of the dry weight of 1500 g per
replicate (n=5). The highest mean biological efficiencies were
recorded in T2 (12.07 £ 2.17%) and T1 (11.68 + 1.18%) in
Flush 2 and Flush 1, while the lowest BEs were recorded in
T3 (0.68 £ 0.32%) and T9 (0.83 + 0.23%) in Flush 4, respec-
tively. T1, T4, TS, and T6 also recorded moderately higher BE
values (9.16 + 1.53%, 9.44 + 0.34%, 10.63 + 1.26%, and 9.31
+ 0.69%, respectively) in Flush 2 with no statistical differ-
ences among them. Cumulative yield and BE values across all
flushes showed that T1 and T6 produced the highest cumula-
tive fresh mean yields (375.2 £33.6 g and 341.8 £23.1 g) and
BE (25.01 +2.24% and 22.79 £ 1.54%)), respectively, with no
significant differences between them. In contrast, T3 consist-
ently exhibited the lowest cumulative yield and BE (110.2 +
27.6 g and 7.35 + 1.84%).

Production rates were calculated as the ratio of fresh yield
(g-day) and as biological efficiency per day (%-day) from
mycelium inoculation to first harvest (FH) to quantify produc-
tion speed and substrate conversion efficiency, as shown in
Table 4. The results revealed varied differences among all
treatments. A combined evaluation of productivity indicators,
including yield, BE, PR and an BE-based PR revealed clear
substrate-dependent differences in both turnover and conver-
sion efficiency. The highest production rate (3.98 + 0.41 0.41
g-day! and 0.266 + 0.027%-day!) was observed in T1, which
also combines with the highest total yield, BE and BE-based
PR, while the lowest was observed in T3 (0.57 + 0.05g-day™),
followed by T9 (0.62 = 0.05 g-day™! and 0.041 + 0.004%-day"
. T4 and its treatment combinations demonstrated moderate
performance in all indicators. These values were consistent
with the BE results, indicating that substrate composition, nu-
trient content, and environmental factors are critical in en-
hancing mycelial colonization, which determines mushroom
productivity.

3.4. Impact of Substrates on Economic Return from Oyster Mushroom Production

Table 3. Impact of different substrates on yield and biological efficiency of oyster mushroom production.

Mean of weight (yield) in grams + standard deviation (n=5)

Treatment
Flush 1 Flush 2

T1 1752+ 17.72 137.4 £22.9b
T2 22.2 +3.6d 181.0 +32.62
T3 33.2+3.3d 46.2 +13.8¢
T4 58.4+709¢ 141.6 +5.1b
TS5 98.8 +£10.1b 159.4 +18.92b
T6 117.0+10.7b 139.6 +10.4b

Total Yield

Flush 3 Flush 4

46.8 £ 10.6bc 15.8+5.6b 375.2+£33.62
51.4 +£25.0b 142 +52b 268.8 +55.3¢
20.6 £9.3¢ 102 +4.8b 110.2 £27.6
75.6 +11.82 30.8 +£8.22 306.4 +£29.9b
49.4 + 14.6b 152 +5.0b 322.8 +£33.63b
61.6 £ 10.4ab 23.6 +6.1ab 341.8 +£23.12
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Treatment

T7
T8
T9
T10

Treatment

Tl
T2
T3
T4
TS
T6
T7
T8
T9
T10

Mean of weight (yield) in grams + standard deviation (n=5)

Flush 1

104.2 £9.3b
46.0 + 3.4¢cd
27.8+2.0d

40.6 &+ 5.7cd

Flush 2

922 £9.3¢
94.2 £ 8.6¢
113.8 £ 12.1bc

161.4 +16.02b

Flush 3

33.8 +6.0bc
48.4 +7.9b
36.2 +10.2bc
63.6 + 11.63b

Flush 4

132+4.4b
20.6 + 5.9ab
12.4+3.5b
22.6 +5.5ab

Mean of biological efficiency (%) + standard deviation (n=5 bags)

Flush 1

11.68+1.182
1.48 +£0.24d
2.21+0.22d
3.89 £0.53¢
6.59 £0.67b
7.80£0.71b
6.95+0.62b
3.07 +£0.23cd
1.85+0.13d
2.71 £0.38«

Flush 2

9.16 +1.53b
12.07 £2.172
3.08 +£0.92¢
9.44 £ 0.34b
10.63 & 1.262b
9.31 +0.69b
6.15+0.62¢
6.28 +0.57¢
7.59 +0.81bc
10.76 + 1.072»

Flush 3

3.12+0.71bc
343 +1.67b
1.37 £ 0.62¢
5.04 +£0.792
3.29+0.97b
4.11 £ 0.692ab
2.25 £ 0.40bc
3.23+0.53b
2.41 +0.68bc
4.24 +0.77%®

Flush 4

1.05+0.37b
0.95+0.35b
0.68 +0.32b
2.05 +0.552
1.01 £0.33b
1.57 £0.41ab
0.88 +0.29b
1.37 £0.392ab
0.83 +£0.23b
1.51 £0.372

Total Yield

243.4 +13.2d
209.2 £22.3d
190.2 + 18.5d
288.2 +29.2bc

Total Yield

25.01 +£2.24a
17.92 £+ 3.69¢
7.35+1.84e
20.43 +1.99b
21.52 £2.24ab
22.79 + 1.54a
16.23 +0.88d
13.95 +1.49d
12.68 +1.23d
19.21 & 1.95b

Means with different letters in the same column indicate significant difference (P<0.05) by Tukey HSD test, n = 5 bags

Treatment

Tl
T2
T3
T4
TS
T6
T7
T8
T9

T10

Table 4. Production Rate (% per day) of mushrooms under different treatments.

Total Yield (g)

375.2 £33.62
268.8 +£55.3¢
110.2 £27.6¢8
306.4 +£29.9b
322.8 £33.63b
341.8£23.12
243.4+13.2d
209.2 £22.3d
190.2 + 18.5d

288.2 +29.2bc

BE (%)

25.01 £2.24a
17.92 +3.69¢
7.35+1.84e
20.43 £1.99>
21.52 +£2.24ab
22.79 + 1.54a
16.23 +0.88d
13.95 + 1.49d
12.68 +1.23d
19.21 £ 1.95bc

PR (g-day™)

398+041a
0.75+0.18d
0.57 +£0.05¢
1.54+0.17¢
2.65+0.33b
2.81+0.26b
2.00 £0.17¢
0.94 +£0.07d
0.62 +0.05¢
1.18 £0.18d

PR_BE (%-day™)

0.266 +0.0272
0.050 +0.012d
0.038 +0.003e
0.102 +0.011¢
0.177 £ 0.022b
0.188 +0.017b
0.133+0.011¢
0.063 +0.005d
0.041 +0.004e
0.078 +£0.012d

Means within a column followed by the same superscript letter are not significantly different (Tukey HSD, p < 0.05).
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In this study, the economic return was evaluated by calcu-
lating several indicators, including benefit-cost ratio (BCR),
gross return (GR), net return (NR), return on investment (ROI),
and break-even indicators. The economic analysis revealed
significant differences in profitability among treatments. At a
prevailing market price of United States dollars (USD) 6.36
kg! of fresh oyster mushroom in Juba and production unit
costs of USD 0.43, USD 0.49, USD 0.43 and USD 0.46 for
T1-T4, respectively, T1 and T6 achieved higher net returns
(USD 1.74 and USD 1.49 per bag of substrate, respectively)
and the greatest returns on investment, coupled with a strong
BCR (Table 5). While T5 showed moderate economic benefits
with a net return of USD 1.36 per bag and a BCR of 2.95, T3
generated marginal net returns (USD 0.05 per bag), making it
not financially attractive as it offers a weak return relative to
investment. Further break-even price analysis of all treatments
confirmed that T1 and T6 profits are sustainable even at lower

prices (e.g., USD 1.80 kg™'), making them suitable for mush-
room cultivation in the fragile situation of South Sudan.

4. Discussion

Several studies have been conducted to evaluate different
organic biomass as standalone substrates or substrate combi-
nations for oyster mushroom cultivation [22, 24, 28-34]. How-
ever, there has been no similar study conducted in South Su-
dan where fragility and resource limitation drive catastrophic
food and nutrition insecurity and local economic crisis. Hence,
this study was aimed at evaluating the potential of four organic
wastes (Table 1) as oyster mushroom substrates based on se-
lected developmental and yield parameters as well as eco-
nomic return indicators.

Table 5. Economic analysis of mushroom production under different treatments.

Treatment ?l((l;gag) (Tlfs,cl)/bag) t(l;lrr(r)nsill;sel-)) l(iféll)l)emm BCR ROI (%) :;Esl;;i/kg) :i?sl;)/kg)
Tl 0.38 0.65* 2.39 1.74 3.67 267.12 0.10 1.73
™ 027 0.74* 1.71 0.97 231 130.71 0.12 2.76
T3 0.1 0.65* 0.70 0.05 1.08 7.83 0.10 5.90
T4 031 0.69 1.95 1.26 2.84 183.65 0.1 224
T5 032 0.70 2.05 136 2.95 194.97 0.1 2.16
T6 0.34 0.67 2.16 1.49 3.23 223.23 0.1 1.97
7 0.24 0.65 1.55 0.90 238 137.77 0.10 2.67
T8 0.21 0.67 1.33 0.66 1.99 98.88 0.11 3.20
9 0.19 0.70 1.21 0.51 1.74 73.80 0.1 3.66
T10 0.29 0.71 1.83 112 2.57 156.72 0.1 2.48

*Materials were obtained free of charge due to availability as waste. Associated costs were only for transportation

4.1. Impact of Substrates on Mycelial
Colonization, Pinhead Formation, and
Time to First Harvest

When evaluating different substrates for use in mushroom
production, shorter periods for mycelial colonization, pinhead
formation, and time until the first harvest are the most pre-
ferred developmental outcomes that determine substrate selec-
tion [22]. This study observed that substrate type significantly
(p < 0.05) influenced myecelial colonization, pinhead for-
mation, and time to the first harvest in all treatments. Shorter
mean periods (days) for mycelial colonization (MC) were rec-
orded in T2 (100% peanut shells, 21.0 + 1.58 days), followed
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by T10 (50% peanut shells and 50% cotton husks, 23.6 + 1.52
days), and T5 (50% water hyacinth and 50% peanut shells,
24.6 + 0.89 days), while a longer mycelial colonization period
was recorded in T3 (100% sawdust, 37.0 + 1.58 days), fol-
lowed by T7 (50% water hyacinth and 50% sawdust, 32.4 +
0.55 days). These differences may be attributed to substrate
structural and biochemical composition. Earlier studies re-
ported that high porosity and presence of degradable carbohy-
drates from the degradation of lignin, cellulose, hemicellu-
loses, and tannin in peanut hull and cotton husk residues facil-
itated rapid hyphal penetration during mushroom cultivation,
thereby reducing the cropping period [28, 29]. On the other
hand, sawdust is highly rich in lignin and cellulose, which may
require longer enzymatic degradation time, leading to prolong
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mycelial colonization period, while water hyacinth's high
moisture content may present developmental challenges, un-
less pretreatment steps are taken to make the biomass more
available to mycelium growth [22, 30]. These findings are
consistent with the shorter colonization time observed in T2
and T10, as well as longer period observed in T3.

Similarly, it was observed that substrates with a shorter pe-
riod to pinhead formation (PF) also have a shorter coloniza-
tion period. Hence, the mean PF period after MC ranged from
3.0 £ 0.71 days for 100% peanut shells to 9.0 + 0.71 days for
100% sawdust. T10 ranked second (4.2 + 0.45 days), followed
by T4 (5.0 £0.71 days) and T5 (50% water hyacinth and 50%
peanut, 5.2 £0.84 days) in terms of fruiting initiation, with no
significant difference (p < 0.05) observed between them (Table
2). Different nitrogen-rich substrates with a balanced C/N ratio,
such as peanut shells, are known to provide faster pinhead for-
mation [24, 34]. It is essential to note that quick pinhead-forming
substrates are beneficial for market-oriented oyster mushroom

production, especially for small-scale farmers seeking fast returns
on investments or food security during moments of crisis.

Regarding the time until the oyster mushroom first harvest
(FH), there were significant differences among all substrates
(Figure 1), with periods since PF ranging from an average of
6.0 to 13.0 days. In line with the results of MC and PF, T2
(100% peanut shells) substrate showed the shortest mean time
(6.0 + 1.58 days), followed by T10 (6.8 £+ 1.30 days), and T4
(7.0 £0.71 days), while sawdust (100%) showed significantly
longer period (13.0 = 1.58 days), followed by T7 (50% water
hyacinth and 50% sawdust, 11.4 = 0.55 days). These overall
differences reflect the influence of substrates and substrate
composition on mycelial colonization and pinhead formation,
which directly affect the production rate and income genera-
tion potential of mushroom farming [37]. All sawdust combi-
nations (T7, T8 and T9) showed improved performance across
the entire lifecycle compared to the 100% sawdust substrate
(T3).
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Figure 1. Time impact of substrates (T1-T10) on oyster mushroom cultivation: (4) mycelial colonization, (B) pinhead formation, (C) time to

first harvest, and (D) total time from spawning to first harvest.

The bars represent mean + SD and mean followed by the
same superscript letter within each panel are not significantly
different according to Tukey’s HSD test (p < 0.05).). Lower
bars denote faster overall lifecycle timing.

4.2. Impact of Substrates on Oyster Mushroom
Yield

Oyster mushroom yields are influenced by substrate type
and composition, particularly their lignin contents and struc-
tural properties (e.g., fiber density, particle size), resulting in
varied yield distribution from one flush to the next. Mush-
room substrate composition not only dictates yield but also

the timing of higher yield, because mycelial degradation ef-
ficiency of lignocellulosic components may occur at a slow
rate, releasing nutrients at different stages [32, 39].

The highest yields recorded in T1 (100% water hyacinth)
and in all water hyacinth combinations (TS5, T6 and T7) in
Flush 1, may indicate an early-stage substrate conversion at-
tributed to their rich protein contents estimated at 50% of their
nutrients [33]. In agreement with these results, early studies
stated that higher productivity might be attributed to substrates
high amounts of crude protein, which may have stimulated the
growth of mushroom [24]. Furthermore, the high amount of
lignocellulose components present in water hyacinth, coupled
with the pretreatment carried out during material preparation

b}

105


http://www.sciencepg.com/journal/ajaf

American Journal of Agriculture and Forestry

http://www.sciencepg.com/journal/ajaf

stage, might have also played a crucial role in oyster mush-
rooms' high yield, in line with Ejigu and colleagues’ recom-
mendation for water hyacinth pretreatment to help break down
lignin content and create an easily degradable structure, mak-
ing nutrients accessible for rapid colonization and fruiting [22].

Conversely, T2 (100% peanut shells) showed higher yields
in Flush 2, suggesting a substrate slow nutrient release pattern
for mycelial growth attributed to the slow breakdown of cel-
lulose and lignin before making nutrients available for conver-
sion into fresh mushrooms [39]. Similar results were previ-
ously reported by Zeid and colleagues as well as Gerber and
Roberts, who observed high mushroom yields on peanut shells
[28, 35]. Ahmed and colleagues as well as Gebru and col-
leagues also reported that nitrogen-rich substrates with a bal-
anced C/N ratio and high degradability were key determinants
of oyster mushroom yield performance in every flush [24, 34].
Cotton husks (T4-100%) showed high yield in Flush 3 and
Flush 4, followed by all its combinations, indicating sustained
productivity capacity over time, making cotton husks as a sub-
strate of choice for sustained production over an extended pe-
riod. These results are in agreement with previous studies
which reported high mushroom yields from a mixture of cot-
ton husks with other agricultural wastes and further noted that
some substrate combinations can sustain strong production
over time by controlling the rate at which nutrients are re-
leased, thereby improving total productivity [24, 31].

Mushroom yields from different substrates are prone to
slight decline from the first flush to the successive flushes.
This study observed a declining yield across all treatments
from Flush 1 to 4, which may indicate depletion in the amount
of nutrients available and reduced substrate structural quality.
In agreement with our findings, Ejigu and colleagues also re-
ported a declining trend of harvested fresh mushroom yields
from the first to third oyster mushroom harvesting stages [22].
The consistent low yields observed in Flush 4 further align
with previous reports which showed that later flushes of oyster
mushroom often contribute less to total yield unless substrates
are highly optimized or supplemented with other materials [24,
32].

4.3. Impact of Substrates on Oyster Mushroom
Productivity

Biological efficiency (BE) is the most important and
straightforward indicator in mushroom cultivation used for
evaluating substrate's conversion efficiency relative to fresh
yields, with additional application in assessing the economic
viability of substrates [22, 34]. In this study, the BE differed
significantly in all flushes and among treatments. The highest
values were recorded in T1 (100% water hyacinth, 25.01 +
2.24%). This was followed by T6 (water hyacinth and cotton
husks, 22.79 £ 1.54%) and T5 (water hyacinth and peanut
shells. 21.52 £ 3.43), while T3 (100% sawdust) had the lowest
BE (9.98 + 1.46), followed T9 (peanut shells and sawdust,
12.68 + 1.23%). These findings indicate that there were better
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substrates conversion efficiencies in all water hyacinth-based
substrates (with exception in sawdust) and poor conversion ef-
ficiencies in all sawdust-based substrates, with no significant
differences among them, respectively (Table 3). These results
confirm that efficient substrate conversion into mushroom
yields is determined by substrate type. The BE scores in this
study are consistent within the 10.0% to 29.6% range of oyster
mushroom cultivation under low resource conditions as re-
ported by Hoa and colleagues [30].

Meanwhile, the production rate, which was calculated at
both the yield and biological efficiency levels relative to the
ratios of mushroom fresh yield and biological efficiency to the
time (days) from mycelial inoculation to the first harvest, re-
vealed significant differences among substrates. Water hya-
cinth-based substrates produced the highest production and
the lowest combined indicators (i.e. Yield, BE, PR, and BE-
based PR), while sawdust-based substrates produced the low-
est (Table 4). Since BE reflects the fresh yield of harvested
mushrooms as a percentage of the substrate’s dry mass across
all flushes, a higher BE score combined with moderate time
results in a high production rate, indicating a greater likeli-
hood of efficient substrate utilization for mushroom growth
[34]. In contrast, low BE scores combined with longer times
are associated with low production rates [40].

The higher performance of water hyacinth-based substrates
may indicate a rapid mycelial colonization of the substrates
and conversion, leading to fast turnover, making it a best sub-
strates option of early return in short time. Similarly, the mod-
erate performance of cotton husks-based substrates may sug-
gest sustained conversion efficiency over time and may be a
good choice for sustained production through multiple flushes.
However, the low production rates observed in peanut shells
and sawdust may be due to nutrient deficiencies or imbalances,
particularly with sawdust, which is rich in lignocellulosic con-
tent, known to lengthen fruiting period and reduce BE [24].
When evaluating substrates for oyster mushroom production
at scale, our findings showed that biological efficiency alone
is not sufficient to infer accurate cultivation efficiency, unless
integrated with the time factor to reveal the actual speed of
substrate conversion.

4.4. Impact of Substrates on Economic Return
from OQyster Mushroom Production

The economics of mushroom cultivation varies across re-
gions with a significant bearing on the substrate and economic
indicators such as the benefit-cost ratio [26]. The analysis of
the economic performance of the ten treatments in this study
revealed variation in each individual substrate’s profitability
potential, with water hyacinth and cotton husk substrates be-
ing the most economically viable options. We observed a di-
rect correlation between higher yields and net returns, includ-
ing a stronger benefit-cost ratio (BCR), which, according to Ge-
bru and colleagues underscores the close link between mushroom
biological performance and financial outcomes [24].
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Water hyacinth-based substrates and cotton husks-based sub-
strates generated high net returns, greater ROI values, and
strong BCRs, indicating potential financial gains for every dol-
lar invested. Their comparable low break-even prices range
(USD 1.73 and USD 2.48) further demonstrate potential for
wider profit margins and low financial risk. Our findings agree
with previous studies showing a strong association between
higher biological efficiency and greater profitability in mush-
room cultivation [24-26]. Other studies have also indicated that
substrates with balanced nutrient composition, particularly a
carbon-to-nitrogen (C/N) ratio, are known to enhance mycelial
colonization, increase mushroom yields, and BE, and accelerate
biomass conversion rates, thereby reducing time to fruiting, re-
sulting in greater financial returns [26].

Unlike water hyacinth and cotton husks-based substrates,
which showed strong economic viability, peanut shells-based
substrates and especially sawdust-based substrates have low
economic performance characterized by low ROI and higher
break-even prices. To make any financial gain or maintain
profits in a mushroom production enterprise, lower-yielding
substrates like peanut shells and sawdust require higher mar-
ket prices, and this makes both substrates financially sensitive
to yield and price fluctuations [38]. The low economic viabil-
ity of peanut shells is consistent with the findings of Zeid and
colleagues, which showed that peanut substrates have the low-
est mushroom yield compared to when supplemented with
peanut seeds in a 1:4 ratio [28]. Due to low yield, sawdust
gross returns barely exceeded its production cost, with most
of the economic indicators, such as the break-even price,
nearly three times higher than those of water hyacinth and cot-
ton husks, clearly confirming its non-financial attractiveness.
This indicates the high lignocellulosic content of sawdust,
which delays rapid mycelial colonization and conversion into
mushroom biomass. According to Assan and Mpofu, sub-
strates with poor quality, characterized by a low C/N imbal-
ance, often have low BE and extended fruiting cycles, result-
ing in minimal economic feasibility [38].

In order of their financial superiority, economic indicators
analyzed in this study ranked the treatments as water T1 > T6 >
T5>T4>T10>T2>T7>T8 >TT9 >> T3, which directly
corresponds with their higher yield and biological efficiency
as determinants.

4.5. Implications for Food Security, Waste
Management, and Small-scale Farming
Systems

Considering the current global food and nutrition security
and agricultural waste management challenges, access to suf-
ficient and high-quality food and clean environment is essen-
tial in the fight against malnutrition, poverty, and worsening
public health. Mushroom farming not only has the potential to
utilize unwanted agro-waste materials from the environment,
but it also has the potential to alleviate poverty, local economic
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crises, hunger, and malnutrition, given its high nutritious me-
dicinal content [5, 26].

From a food, economic, and environmental security per-
spective, the results of our study have important implications
for oyster mushroom farming in fragile and conflict-affected
situations where resources are limited. Substrates that maxim-
ize early yields, such as water hyacinth-based, or sustain pro-
duction through multiple harvests, like cotton husks-based, of-
fer sustainable livelihood options. To address immediate food
and nutrition security challenges, including income needs,
commonly experienced in fragile countries, water hyacinth-
based substrates may be beneficial as it could support rapid
early yield production. Ejigu and colleagues, as well as Meg-
arsa and colleagues have reported above-average yield perfor-
mance of oyster mushrooms cultivated on a mixed substrate
containing 80% water hyacinth residue [22, 31]. The extensive
use of water hyacinth has positive environmental sustainabil-
ity outcomes as it can contribute to the management of this
invasive species.

On the other hand, substrates with a balanced nutrient com-
position and reduced nutrient release characteristics, as ob-
served with the cotton husks-based substrates in this study, can
sustain yields and support long-term households’ food and in-
come needs. This makes these substrates more favorable in
low-resource settings, such as South Sudan, where agricul-
tural inputs are scarce, and conflicts limit access to agricul-
tural lands. Sustained higher yields of oyster mushrooms have
been reported in several studies, where the highest biological
and economic yield, as well as the highest percentage of bio-
logical efficiency, was obtained from either pure cotton seed
wastes or a high cotton substrate composition [29, 36].

5. Conclusions

Organic biomasses are abundantly available throughout
South Sudan and remain underutilized. This study evaluated
the potential of four biomass including cotton husks, peanut
shells, water hyacinth, and sawdust, including their combina-
tions (n=10) as substrates for the cultivation of oyster mush-
room under resource-limited conditions relevant to South Su-
dan’s context. The findings demonstrate that substrate type
and composition have significant influence on oyster mush-
room developmental (mycelial colonization, pinhead for-
mation), biological (yield, biological efficiency), and eco-
nomic (BCR, ROI) parameters. Substrates known to have bal-
anced nutrient compositions, such as cotton husks-based and
peanut shells, supported faster mycelial colonization, early
fruiting, and higher biological efficiencies. Water hyacinth-
based exhibited a high early-stage yield performance pattern
and showed potential as a low-cost substrate, especially given
its abundance as an invasive species in South Sudan. Mean-
while, sawdust-based remains low performers with weak in-
dicators across all parameters, which may require supplemen-
tation with other substrates to improve its future performance.

The study underscores the importance of oyster mushroom
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farming as a sustainable, low-input livelihood option with a
high potential in enhancing food security, promoting environ-
mental sustainability, and diversifying income sources for
youth, women, and smallholder farmers in South Sudan. The
results of the study further provide evidence for scaling mush-
room farming using locally available biomass wastes and in-
tegrating mushroom production into national food system
strategies.
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