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The persistence and accumulation of keratin-rich poultry feathers contribute to environmental pollution and
inefficient waste disposal due to their resilient structure. Poultry litter, however, may serve as a co-substrate to
enhance microbial biodegradation of feathers, thereby reducing greenhouse gas emissions and improving
nutrient recovery. This study evaluated microbial and biochemical interactions during the co-degradation of
feathers and poultry litter. Microbial counts (bacteria and fungi), mineral composition, and optimal substrate
ratios were determined. Controlled degradation experiments in different ratios of poultry feathers to litters
revealed that weight of feathers (5 g) and litter (5 g) supported the highest microbial activity. Bacterial counts
increased from 1.3 x 10° to 3.1 x 10* CFU/ml, while fungal counts rose from 1.6 x 102 to 2.0 x 105 CFU/ml. Mineral
analyses showed significant variations before and after degradation. The feather-litter mixture produced the
highest phosphorus concentration post-degradation (14.710 mg/L), while feather-only treatments retained the
most nitrogen (27.58 g/L) and potassium (12.760 mg/L). These results demonstrated that feathers delivered
consistent nitrogen, while litter supplied phosphorus, potassium and organic carbon to the substrate,
establishing a balanced setting that promoted microbial growth. By transforming feathers and litter into nutrient-
rich hydrolysates, this strategy provides a sustainable alternative for soil amendment, reduces environmental
pollution, and promotes circular bioeconomy practices.
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INTRODUCTION

Keratin is a structural protein found in feathers, wool, hair,
nails, and skin. Its high cysteine content forms strong
disulfide bonds, giving keratin exceptional stability and
resistance to microbial degradation (Reddy et al., 2021).
While this durability is biologically advantageous, it poses
challenges in waste management, as keratin-rich residues
persist in natural environments (Verma et al., 2021).
Keratin exists in two forms: a-keratin, present in
mammalian hair and wool, which has a flexible helical
structure; and B-keratin, found in bird feathers and reptilian
scales, characterized by a rigid pleated-sheet structure

(Sharma and Gupta, 2022). The persistence of 3-keratin,
in particular, makes feather waste from poultry farming a
pressing environmental issue. Globally, poultry processing
generates an estimated 40 million tons of chicken feathers
annually, much of which is discarded (Gupta et al., 2023).
Similarly, wool processing, hair waste from salons, and
domestic grooming activities add to the global keratin
waste burden (Thompson et al., 2023; Ali et al., 2022).
Conventional disposal methods such as land filling and
incineration have significant drawbacks. Land-filled keratin
remains largely undegraded, consuming space and risking
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Table 1. Experimental set-up of degradation of poultry feathers and litters.

Treatment ID Poultry Feathers (% w/v)

Poultry Litter (% w/v) Water Volume (ml)

T 0.25 (1.25 g) 1(59) 500
T2 1(59) 0.25 (1.25 g) 500
T3 1(59) 1(59) 500
T4 1(59) 0 500
T5 0 1(59) 500

leachate contamination (Verma et al., 2021). Incineration,
though volume-reducing, releases sulfur oxides and
carbon dioxide, contributing to acid rain and climate
change (Zoccola et al., 2023). Inappropriate disposal in
natural environments can further disrupt ecosystems and
wildlife (Reddy et al., 2021).

Given these challenges, keratin valorization has
emerged as a sustainable waste management approach.
By converting keratin waste into valuable products such as
biodegradable films, biofertilizers, biofuels, and cosmetic
ingredients, valorization supports both environmental
protection and resource efficiency (Ali et al., 2022; Reddy
et al., 2021). For example, feather-derived hydrolysates
provide nitrogen-rich fertilizers that improve soil fertility,
while keratin peptides enhance cosmetic formulations
(Thompson et al., 2023).

Within the framework of the circular economy, keratin
valorization offers dual benefits: reducing environmental
pollution and creating economic opportunities. This study
investigates the biodegradation of poultry feathers with
poultry litter as a co-substrate, with emphasis on
optimizing degradation conditions and evaluating the
resulting hydrolysate for soil amendment.

MATERIALS AND METHODS
Study area and sample collection

Samples were obtained from a poultry farm and waste dumpsite at
Amaechi, Enugu South, Enugu State, Nigeria. Using sterile gloves,
feathers and litters were collected into zip-lock plastic bags,
maintained under aseptic conditions, and stored at 4°C until analysis.

Experimental design

Five treatments (in triplicates) were set up using 500 mL of water
each (Table 1): The treatments were incubated at ambient
temperature for four weeks with frequent agitation. Samples were
collected before and after incubation for microbial and chemical
analysis.

Microbial analysis

Isolation and enumeration: Serial dilutions were plated on Nutrient
Agar (for bacteria, incubated at 37°C for 24—-72 h) and Potato
Dextrose Agar (for fungi, incubated at 28°C for 24—72 h). Colony
counts were expressed as CFU/ml (Collins et al., 1989).

Identification: Representative colonies were purified and preserved
as stock cultures at 4°C. Isolates were characterized using gram
staining and biochemical tests including catalase, coagulase,
oxidase, citrate utilization, indole, and methyl red (Meena et al,
2015).

Mineral analysis

Nitrogen content was determined using the Kjeldahl method. Results
were expressed as %N using the formula:

%N = (V x N x 1.4)/W

Where, V = acid volume difference, N = acid/NaOH molarity, W =
sample weight.

Phosphorus analysis was done by the Murphy—Riley method with
absorbance measured at 700 nm while Potassium, Zinc, and Iron
were measured using Atomic Absorption Spectrophotometry (AAS).

Molecular characterization of plant-growth promoting genes
PCR amplification targeted NifH (nitrogen fixation) and PhoD
(phosphate solubilization) genes was performed using specific
primer pairs PoL-F GC (5- TGCGAYCCSAARGCBGACTC-3') and
Pol-R (5'- ATSGCCATCATYTCRCCGGA-3'), (Tsipinana et al.,
2025), and ALPS-F730 (5' CAG TGG GAC GAC CAC GAG GT-3")
and primers ALPS-R1101 (5'-GAG GCC GAT CGG CAT GTC G-3')
(Tsipinana et al., 2025; Sakurai et al., 2024; Fraser et al., 2011).
Amplified products were visualized on 1% agarose gels stained with
ethidium bromide.

Data analysis

Data were analyzed using one-way ANOVA at a 5% significance
level. Shapiro—-Wilk test (a = 0.05) confirmed normality. Significant
differences among treatments were further analyzed using Tukey’s
HSD test.

RESULTS
Total viable bacterial counts

The initial and final bacterial counts (CFU/ml) across
treatments combining feather (F) and litter (L) in different
proportions is presented in Table 2. The treatment with 5
g feather and 5 g litter (T1) showed a marked increase in
bacterial load, rising from 1.3 x 10% to 3.1 x 10* CFU/ml.
Feather-only treatments (T2) exhibited a moderate
increase from 1.1 x 10® to 4.1 x 10 CFU/ml. In contrast,
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Table 2. Total viable bacterial counts (CFU/ml) for different
treatments.

Treatment Initial Mean Bacterial Final Mean Bacterial
ID Count (CFU/ml) Count (CFU/ml)
T 1.3 x 103 3.1 x 104
T2 1.1 x 103 4.1 %103
T3 2.3 x10° 5.0 x 10°
T4 1.6 x 10° 2.4 x 104
T5 1.6 x 102 2.6 x10°

Table 3. Total viable fungal counts (CFU/mI) for different treatments.

Treatment Initial Mean Fungal Final Mean Fungal
ID Count (CFU/mI) Count (CFU/ml)
T1 1.6 x 102 2.0x10°
T2 No growth 1.8 x 10°
T3 No growth 1.2 x 102
T4 No growth 1.5 x 102
T5 1.2 x10? 1.7 x10°

litter-only treatment (T3) demonstrated the highest
increase, from 2.3 x 10 to 5.0 x 10° CFU/ml. Treatments
with mixed ratios (T4 and T5) also showed growth, with T4
increasing from 1.6 x 10%to 2.4 x 10* CFU/ml and T5 from
1.6 x 10?2 t0 2.6 x 10® CFU/ml.

Total viable fungal counts

Fungal growth in the different treatments is summarized in
Table 3. T1 exhibited the highest fungal increase, rising
from 1.6 x 102 to 2.0 x 10° CFU/mI. T2 showed no initial
growth but reached 1.8 x 10° CFU/ml at the end. Similarly,
T3 and T4 exhibited no initial growth but later recorded 1.2
x 10%2and 1.5 x 102 CFU/ml, respectively. T5 grew from 1.2
x 102t0 1.7 x 10° CFU/ml.

Table 4. Identification of bacterial isolates.

Identification of bacterial isolates

Bacterial isolates were identified based on colony
morphology, gram staining, and biochemical tests. Eight
organisms were identified: Escherichia coli, Citrobacter
spp., Enterobacter, Staphylococcus sp., Yersinia sp.,
Bacillus spp., Klebsiella pneumoniae, and Proteus
mirabilis (Table 4). Gram-negative bacteria predominated,
while Gram-positive bacteria were also present. Colony
morphology, along with results from catalase, oxidase,
coagulase, methyl red, and indole tests, confirmed their
identity.

Morphology of fungal isolates

Three fungal genera were identified based on physical and
microscopic features. Aspergillus sp. exhibited grayish
colonies with septate hyphae, Fusarium sp. showed fluffy
white colonies with septate hyaline hyphae, while
Penicillium spp. displayed greenish, powdery colonies with
septate hyphae and conidiophores bearing conidia (Table
5).

Prevalence of bacterial isolates

Prevalence of bacterial isolates varied across treatments.
Citrobacter spp. (67%) and Proteus mirabilis (60%) were
the most frequent, while Staphylococcus spp. (40%) and
Yersinia sp. (33.2%) were less common (Table 6). Mixed
feather-litter samples (especially T1) showed the highest
diversity.

Prevalence of fungal isolates

Fungal prevalence was highest for Aspergillus sp. (60%),
followed by Penicillium spp. (40%) and Fusarium sp.
(30%) (Table 7). Feather-litter ratios (T1) supported the
greatest diversity, while feather-only samples showed
reduced fungal growth.

Isolate ID Colony Morphology Gram Cat Oxi Coa MR Ind Probable Organism
Reaction
1 Grayish-white, smooth, mucoid colonies (NA) —ve rods + - - + + E. coli
2 Round, flat, colorless colonies (MAC) —ve rods + - - + + Citrobacter spp.
3 Large yellow colonies (NA) —ve rods + - - + +  Enterobacter
4 Yellow, mucoid colonies (NA) +ve cocci + - + + +  Staphylococcus sp.
5 Very large whitish cottony colonies (NA) +ve rods + - - + +  Yersinia sp.
6 Small whitish mucoid colonies (NA) —ve rods + - - + +  Bacillus spp.
7 Pink, raised mucoid colonies (MAC) —ve rods + - + - —  Kilebsiella pneumoniae
8 Raised whitish mucoid colonies (NA) —ve rods + — + — +  Proteus mirabilis

Key: Cat = Catalase; Oxi = Oxidase; Coa = Coagulase; MR = Methyl Red; Ind = Indole; NA = Nutrient agar; MAC = MacConkey agar; + = positive; — =

negative.



Table 5. Morphological and microscopic features of fungal isolates.
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Isolate ID Colony Morphology Microscopic Features Probable Organism
A Grayish colonies with white Septate hyphae Aspergillus sp.
background
B White fluffy hyphae Septate hyaline hyphae Fusarium sp.
C Greenish/blue/white powdery colonies  Septate hyphae with conidiophores  Penicillium spp.
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Table 6. Prevalence of bacterial isolates across treatments.
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T1 2 1(50%) 2(100%) 2(100%) 2(100%) 1(50%) 2 (100%) 1 (50%) 1 (50%)

T2 2 1(50%) 1(50%) 2(100%) 1 (50%) 0 1(50%) 1 (50%) 1 (50%)

T3 2 2 (100%) 1 (50%) 1 (50%) 2 (100%) 2 (100%) 0 1 (50%) 0

T4 2 2(100%) 2 (100%) 1 (50%) 0 1 (50%) 0 1 (50%) 1 (50%)

T5 2 1(50%) 2(100%) 2(100%)  1(50%)  1(50%) 2 (100%) 0 2 (100%)

Total 10 7(47%) 8(67%)  8(60%) 6(53.4%) 5(40%) 5(67%) 4(33%) 5(33.2%)

Table 7. Prevalence of fungal isolates across treatments. Detection of plant-growth promoting genes
- ‘s m 2 a £ PCR amplification confirmed the presence of plant-growth
o 2 c 2 = £ § promoting genes: nifH gene (~360 bp) present in all
%E £g % S 3 §; treatments (Plate 1), indicating nitrogen-fixing potential
LT g b > p S and phoD gene (~380 bp), also present in all treatments
a = < Ty o (Plate 2) suggesting phosphate-solubilizing potential.
These findings demonstrate that feather-litter hydrolysates

m 2 1(50%) 1(50%) 2 (100%) harbor micro%es with genes beneficial for plantygrov?//th.
T2 2 1 (50%) 1 (50%) 0
T3 2 2 (100%) 1 (50%) 0
T4 2 1 (50%) 0 1(50%) DISCUSSION
T5 2 1 (50%) 0 1 (50%)
Total 10 6 3 4

Mineral characterization

The mineral contents varied widely before and after
biodegradation. The analysis revealed reductions in
nitrogen (N), phosphorus (P), and potassium (K) after
degradation, with varying significance across treatments
with p-value ranged from 0.00002369 to 0.00856. For
example, phosphorus decreased significantly in T1, T4,
and T5 (p-value = 0.00002369, p < 0.05) (Figure 1a), while
nitrogen and potassium reductions were significant in T2
and T4 (p-value = 0.00006163, p-value = 0.0114)
respectively (Figures 1b and 1c¢). Iron increased in most
treatments, whereas zinc reduced across the treatments
(Figures 1d and 1e).

Results from this study indicate that bacterial proliferation
was most pronounced in treatments containing poultry
litter, especially when combined with feathers. The higher
counts observed in these treatments suggest that litter
provides a nutrient-rich substrate particularly nitrogen and
organic carbon that supports microbial growth. This
observation aligns with studies reporting enhanced
microbial activity in litter-rich environments (Rivera et al,,
2023; Chen et al, 2022). In contrast, feather-only
treatments supported lower bacterial counts, implying that
feathers alone, being rich in keratin but low in readily
available nutrients, are insufficient for robust microbial
growth. These findings emphasize the importance of
nutrient balance in promoting microbial activity and
highlight the potential of feather—litter combinations in
bioremediation and biofertilizer production (Li et al., 2022;
Zhou et al., 2020; Smith et al., 2019).
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Figure 1. a-e shows the trends in phosphorus, nitrogen, potassium, zinc, and iron before and after degradation.

Fungal counts followed a similar pattern, with the highest
growth observed in feather—litter mixtures. Treatments
with litter only or small amounts of litter showed moderate
fungal growth, while feather-only treatments exhibited
minimal activity. These results suggest that litter supplies
key nutrients required for fungal proliferation, supporting
previous reports that nutrient-rich organic wastes enhance
fungal colonization (Li and Wong, 2021; Smith et al.,

2019). Balanced feather-litter ratios appear to provide an
optimal substrate for fungal activity, facilitating keratin
breakdown and supporting biofertilizer potential.

Eight bacterial isolates were identified, including E. coli,
Citrobacter sp., Enterobacter, Staphylococcus sp.,
Yersinia sp., Bacillus sp., Klebsiella pneumoniae, and
Proteus mirabilis. Gram-negative species dominated,
reflecting their metabolic adaptability in nutrient-rich envi-
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Plate 1. Agarose gel electrophoresis of nifH gene in the treatments. First lane = DNA ladder; Second lane,
N1 =T1; Third lane, N2 = T2; Fourth lane, N3 = T3; Fifth lane, N4 = T4; Sixth lane, N5 = T5; Seventh lane

= DNA Ladder.

Plate 2. Agarose gel electrophoresis of phoD gene in the treatments. First lane = DNA ladder; Second
lane, N1 = T1; Third lane, N2 = T2; Fourth lane, N3 = T3; Fifth lane, N4 = T4, Sixth lane, N5 = T5; Seventh
lane = DNA Ladder.

ronments (Janda and Abbott, 2020). The presence of
Bacillus spp., known producers of keratinases, highlights
their role in feather degradation (Gupta and Ramnani,
2006). However, isolates such as E. coli and K.
pneumoniae indicated potential pathogenic risks,
underscoring the need for controlled composting systems
to ensure biosafety. The observed diversity parallels
findings from compost studies, which emphasize the
coexistence of both degradative and opportunistic
microbes (Ryckeboer et al., 2003; Insam and de Bertoldi,
2007).

Three fungal genera were identified: Aspergillus,
Fusarium, and Penicillium. Their morphological traits
matched literature descriptions (Bennett and Klich, 2022;
Frisvad et al., 2019). Aspergillus and Penicillium are

recognized for keratinolytic enzyme production, making
them valuable in waste bioconversion and industrial
enzyme applications (Ali et al., 2020; Sharma et al., 2020).
While Fusarium sp. plays a role in nutrient cycling, its
pathogenic potential requires caution. Overall, the fungal
isolates reinforce the role of fungi as key contributors to
organic waste degradation and soil enrichment.

Bacterial prevalence analysis showed dominance of
Citrobacter spp. (67%) and Proteus mirabilis (60%), with
E. coli also widely represented. This reflects the
adaptability of these organisms to nitrogen-rich litter—
feather environments. Conversely, inconsistent detection
of Staphylococcus sp. and Yersinia sp. Suggests they
require more specific substrates (Alori et al., 2017; Sharma
etal., 2021). Similarly, fungal prevalence was highest for
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Penicillium spp., especially in feather—litter mixtures, while
Aspergillus dominated in litter-only samples. These
findings highlight the role of litter in shaping microbial
communities and confirm that balanced substrates
enhance diversity (Chen et al., 2020; Goyal et al., 2021).

Mineral characterization revealed notable changes post-
degradation. Phosphorus and nitrogen generally declined,
reflecting microbial uptake during metabolism (Li, 2022;
Sharma et al, 2017). Iron levels increased in some
treatments, likely due to microbial mobilization from
organic matter, while zinc consistently decreased,
supporting previous reports of its limited availability in
keratinous substrates (Tiwari et al., 2021). Potassium
patterns were mixed: feather-only treatments retained or
increased potassium, suggesting feathers act as a slow-
release source (Xu et al.,, 2019). These nutrient shifts
confirm the complementary roles of feathers (as nitrogen
reservoirs) and litter (as phosphorus and potassium
contributors) in nutrient recycling, offering potential for
tailored organic amendments.

Identification of plant growth promoting genes in the
resulting hydrolysate is genetic evidence that feather-litter
hydrolysate can be a potent microbial inoculant to support
plant growth and development. This suggests that the
hydrolysate can improve soil health over the long term by
establishing microbes that could continuously fix atmos-
pheric nitrogen and solubilize locked-up phosphorus, thus,
reducing the need for synthetic fertilizers.

Conclusion

This study demonstrates that combining poultry feathers
with litter significantly enhances microbial diversity,
mineral recycling, and the potential for sustainable waste
valorization. Feathers provided a steady nitrogen source,
while litter enriched the substrate with phosphorus,
potassium, and organic carbon, creating a balanced
environment for microbial proliferation. Keratin-degrading
bacteria (E. coli, Proteus mirabilis, Bacillus spp.) and fungi
(Aspergillus, Penicillium) were identified as key players in
feather decomposition, emphasizing their biotechnological
potential in producing biofertilizers and enzymes. How-
ever, the presence of opportunistic pathogens such as
Klebsiella pneumoniae highlights the importance of
controlled composting systems to ensure biosafety.
Mineral characterization revealed active nutrient trans-
formations, with phosphorus and zinc being depleted,
nitrogen released gradually, and iron mobilized during
decomposition. These findings support the integration of
feather-litter mixtures into circular agriculture as sustain-
able organic amendments. To our knowledge, this is the
first study to optimize feather degradation by identifying
the optimal feather-to-litter ratio. Future studies could
focus on characterizing keratinase and other degradative
enzymes, and scaling up controlled bioreactors. Such
approaches could maximize waste reduction, enhance soill

fertility, and contribute to environmentally sustainable
poultry waste management.
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