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Abstract 

The Himalayan composting toilets (CTs) offer a sustainable solution for converting human faeces (HF) into com-
post, supplementing the low-fertile land of the region. However, CTs face challenges such as delayed composting 
processes (6–8 months), increased heavy metal content, and foul odour. Therefore, the current study evaluated 
biochar-amended psychrotrophic bacteria for HF degradation under low-temperature conditions (10 ± 2 °C). Out 
of 153 psychrotrophic bacteria isolated from HF compost, 17 bacterial strains were selected based on highest 
and two or more hydrolytic activities. Furthermore, considering the isolation source, bacterial strains were exam-
ined for haemolytic activity, biofilm formation, cytotoxicity and seed germination assay. In total, 14 potential strains 
belonging to Pseudomonas, Microbacterium, Arthrobacter, Streptomyces, Glutamicibacter, Rhodococcus, Serratia, Exig-
uobacterium, and Jeotgalicoccus genera were considered safe for both human handling and plants. The composting 
process was conducted in modified plastic drums at 10 ± 2 °C for 90 days through two treatments: Treatment 1 (T1) 
involving HF, non-immobilized biochar and cocopeat, and Treatment 2 (T2) involving HF, consortium-immobilized 
biochar and cocopeat. The consortium-immobilized biochar (T2) degraded HF within 90 days with hemicellulose 
and cellulose degradation ratios of 73.9% and 62.4%, respectively (p ≤ 0.05). The compost maturation indices like C/N 
ratio (16.5 ± 1.85), total nitrogen (2.66 ± 0.07), total phosphate (0.4 ± 0.005), total potassium (1.8 ± 0.05) also improved 
in T2 treatment (p ≤ 0.05). Additionally, T2 was more effective in achieving safe levels of faecal coliforms (< 1000 
MPN g−1) and reducing heavy metal content compared to T1. 16S rRNA amplicon-based analysis demonstrated 
an enhancement of bacterial community diversity in T2, with the presence of Rhodococcus, Pseudomonas, Arthro-
bacter, and Streptomyces at the end of the composting period promoting HF degradation. Furthermore, T2-fertilized 
soil showed a germination index (121 ± 0.4, p ≤ 0.05) and stimulated root, shoot and yield by 110%, 45.2%, and 288%, 
respectively, in pea (Pisum sativum var. AS-10) compared to T1 (49.6%, 19%, and 5.8%, respectively) (p ≤ 0.05). In con-
clusion, the developed biochar-based formulation proved effective in degrading HF at low temperatures, mitigating 
foul odours, reducing heavy metals, and enhancing the agronomic value of the final compost. This study presents 
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Introduction
The utilization of human faeces (HF) provides an 
opportunity to address the present-day sanitation 
challenges and soil nutrient depletion. Recycling HF 
nutrients back into the soil provides a sustainable way 
to improve soil health and better nutrient management 
[1]. However, significant challenges related to source 
separation, high volume, handling, and slow degradation 
of faeces pose difficulties in utilization. HF is presently 
disposed of via flush-based technologies through 
extensive sewer networks and septic tanks or directly 
discharged into water bodies [2, 3]. But, in areas where 
the construction of sewer networks is economically and 
topographically not feasible, opting for on-site sanitation 
systems using dry technologies is a more sustainable 
option [4]. Composting toilets (CTs) are among the dry 
sanitation technologies well-suited for arid and water-
scarce regions lacking central water supply or sewerage 
infrastructure [5, 6]. CTs provide an opportunity for the 
separation and on-site treatment of HF at the source, 
and the obtained solids can be used as fertilizers or soil 
amendments for food and non-food crops [1, 7, 8]. The 
compost prepared in CTs is often characterized by high 
nutrient content and low contamination of domestic or 
industrial chemicals and heavy metals [9]. Furthermore, 
if adequate treatment methods are employed to minimize 
pathogenic risks and organic trace substances affecting 
environmental and human health, CTs can offer a 
sustainable solution for replacing flush-based toilets and 
addressing wastewater infrastructure issue [1].

In cold regions, composting process becomes more 
challenging due to lower microbial activity and lower 
temperatures, potentially leading to slower biological 
processes and limited breakdown of organic matter. [10–
12]. In our previous studies on Himalayan CTs, a major 
issue associated with HF composting was the delayed 
degradation process due to low ambient temperatures 
[7, 10, 13]. Other limitations related to the final compost 
included a low C/N ratio and heavy metal accumulation 
due to the choice of co-composting materials in degrading 
faeces [7]. The use of psychrotrophic microorganisms at 
the onset of the decomposition process can accelerate 
the degradation rate [10, 11, 14–16]. Natural renewable 
resources, such as microorganisms and biochar in 
combination, have gained attention in many remediation 
studies [17–20]. However, there are few reports available 
on using microorganisms in HF degradation [8, 21, 22].

Based on the challenges arising in CTs, there was a 
need to improve the degradation process and address 
the issues of heavy metal content, foul odour, and 
agronomic value of the final compost. The ambient 
temperature in Himalaya typically ranges between 3 to 
35 °C in summer, with an average minimum temperature 
of−  20 and − 35 °C during heavy snowfall in winter [12, 
23]. Moreover, in our previous study, the temperature of 
the compost at the center remained around 10  °C (near 
ambient temperature) in the composting toilets of the 
Himalaya [7]. Therefore, indigenous psychrotrophic 
bacteria must be employed to efficiently degrade the 
HF under such extreme conditions. Indigenous bacteria 
can withstand harsh climatic conditions, survive frigid 
temperatures, and produce a range of cold-active 
hydrolytic enzymes during composting. However, most 
degrading bacteria have a limited lifespan in liquid media 
as they face intensive competition from opportunistic 
microorganisms in the environment [24]. Also, the 
growth medium cannot be liquid because the prolonged 
winters in the Himalaya (snow-covered for almost 
six months) would freeze the media, jeopardizing the 
survival of beneficial bacteria [7]. Therefore, exploring 
a reliable carrier material capable of absorbing bacteria 
and providing a microhabitat to maintain bacterial 
viability during prolonged winters was essential. Biochar 
can offer a better option for carbon sequestration 
and nutrient recovery by promoting HF degradation. 
Biochar is known for improving aeration, enhancing 
microbial activities, improving humification, reducing 
greenhouse gas emissions, immobilizing organic 
pollutants and heavy metals during composting [18, 
25–27], as well as suppressing foul odour from HF [27, 
28]. Additionally, biochar derived from bamboo prepared 
using conventional pyrolysis technologies is significantly 
economical due to its low price, enhanced growth rate, 
and high biomass yield [29, 30].

Further, centralized sanitation systems are not feasible 
due to topographical challenges in the Himalayan regions 
[7, 12]. Flush-based technologies also cannot function 
properly in the Himalaya during winter conditions 
due to the freezing of sewer networks. As a result, CTs 
are prominent in the Himalayan region, particularly 
in the northwestern Himalaya and Ladakh areas of 
India [7]. Based on the limitations of existing CTs, our 
experimental design was set up in modified plastic drums 
with minimal alterations to evaluate the impact of low 

a promising approach for the sustainable management of HF that can supplement the non-nutritive soil of high-
altitude regions.
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temperatures on the composting process. Composting is 
one of the techniques that can help in nutrient recovery 
and pathogen inactivation in HF before it can be used 
as a soil conditioner in agriculture [31]. So, it is further 
suggested that the final compost utilised for crop 
applications must be non-pathogenic and have high 
fertilizing efficiency. Additionally, previous studies have 
shown that composting faecal sludge for 84 days in drum 
composters minimized parasitic nematodes and faecal 
coliforms [27, 32].

Therefore, in this study, we focused on providing a 
sustainable solution to degrade HF at low temperatures 
through psychrotrophic bacteria-amended biochar 
treatment. The objectives of this study were as follows: (1) 
to develop an effective formulation using an indigenous 
psychrotrophic bacterial consortium immobilized on 
bamboo biochar; (2) to evaluate the effect of bamboo 
biochar-immobilized bacterial consortium on degrading 
human faeces in modified plastic drums; (3) to explore 
the effect of bamboo biochar-immobilized consortium 
on the bacterial community; and (4) to elucidate the 
stability, safety and agronomic value of the final compost. 
The results of this study are likely to provide a sustainable 
approach for HF composting in high-altitude regions and 
help promote traditional CTs.

Materials and methods
Isolation, enumeration, and molecular characterization 
of bacteria
The human faeces (HF) compost utilized for isolating 
psychrotrophic bacteria was previously evaluated for 
its physiochemical properties by Borker et  al. [7]. The 
enumeration of psychrotrophic bacteria from matured 
HF compost was carried out using serial dilution and 
spread plate methods on nutrient agar (HiMedia, 
India), Antarctic bacterial medium [33], and soil extract 
agar (HiMedia) plates at 10  °C. The viable bacteria 
were counted as colony-forming units, and unique 
morphotypes were purified and maintained at 4  °C. 
The bacterial isolates were preserved in 25% glycerol at 
−  80  °C for further use. The genomic DNA of selected 
isolates was extracted using the cetyltrimethylammonium 
bromide (CTAB) method [10], and the identification 
of isolates was carried out by partial 16S rRNA gene 
sequencing as described earlier by Kumar et al. [34].

Evaluation of hydrolytic and plant growth promoting 
activities
The hydrolytic potential of bacterial strains was 
initially determined using a plate assay method at 
10  °C. Each exponentially grown bacterial isolate 

was spot inoculated for protease on skim milk agar 
(HiMedia, India), cellulase on carboxymethylcellulose 
agar [35], amylase on starch agar (HiMedia, India), 
xylanase on xylan agar [36], and pectinase on MP-5 
medium (HiMedia, India). The hydrolysis capacity was 
calculated following Borker et al. [10]. The quantitative 
estimation of polysaccharide degrading enzymes, 
i.e., cellulase, xylanase, amylase, and pectinase, 
was performed using the 3, 5—dinitrosalicylic acid 
colorimetry method [37–39]. The protease activity was 
determined using Folin and Ciocalteu reagent-based 
assay [40]. The plant growth promoting (PGP) potential 
of each bacterial strain was determined following 
Borker et al. [10].

Safety assessment
The pathogenic potential of selected bacterial strains 
was determined by assessing their haemolysin activity 
and biofilm formation [10]. The selected bacterial 
strains were also evaluated for antagonism by the 
cross-streaking method [41]. Further, the cytotoxicity 
assay of psychrotrophic hydrolytic bacteria (PHB) 
consortium with three different concoctions (bacterial 
consortium, extracellular supernatant, and intracellular 
lysate) was determined by 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay 
[42] against human keratinocyte (HaCaT) cell line. 
In 96-well plates, 103 HaCaT cells in a 100  µl volume 
were plated and treated with different concentrations 
(log10 dilutions up to 5) of intact bacterial consortium 
(OD600 was ~ 0.6), extracellular supernatant (filtered 
extracellular media of grown bacterial consortia 
at OD600 of 0.6) and intracellular lysate (filtered 
centrifuged lysate of sonicated bacterial consortia), 
respectively, in quadruplicates. Further, HaCaT cells 
were treated with 100 µg/ml lipopolysaccharides (LPS), 
phosphate-buffered saline solution with 0.05% tween 20 
(PBST) as a positive control, phosphate-buffered saline 
(vehicle control) and Luria broth was used for bacterial 
culturing (media control) as a negative control. After 
2  h of incubation, the medium was removed from the 
wells, and 100 µl of Dulbecco’s modified eagle medium 
(DMEM) with 10% fetal bovine serum (FBS) containing 
MTT solution (0.5 mg/ml) was added and incubated in 
a CO2 incubator for 4 h at 37 °C. The formazan product 
was solubilized using 50 µl dimethyl sulfoxide (DMSO), 
and the absorbance was taken at 570  nm in a multi-
mode microplate reader (SpectraMax iD3). To visualize 
cell viability and integrity, 0  h and 24  h time points 
were considered, and undiluted bacterial consortium 
fractions used for the MTT assay were captured using a 
Carl Zeiss Axio Vert. A1 microscope (Carl Zeiss, India).
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Biochar preparation and immobilization of bacterial 
consortium
Biochar was prepared from bamboo (Bambusa bambos L. 
Voss) via. slow pyrolysis at 400–550 °C for 24–48 h under 
oxygen stress conditions. Before use, bamboo biochar 
(BB) was pulverized and sieved using a 0.25mm sieve. 
The surface morphology of the BB was observed using 
scanning electron microscopy (SEM) (S-3400 N SEM 
Hitachi, Japan) at accelerating voltages of 15kV. The BET 
surface area, mean pore diameter and total pore volume 
of BB samples were evaluated by nitrogen adsorption–
desorption at 77  K using a Quantachrome BET surface 
analyzer (St 1 on NOVA touch 4LX Instrument, Boynton 
Beach, FL, USA).

The immobilization of the consortium on BB was 
performed as previously described by Sun et al. [43] with 
slight modifications. All the PHB strains were cultured 
in nutrient broth (HiMedia, India) for 48  h to the 
logarithmic phase and then washed three times with 0.9% 
saline to remove any media traces. The cells were then 
re-suspended in 0.9% saline in equal proportion to set an 
OD600 at 1.0. The BB and PHBs cell suspension was mixed 
in 1:1, 1:2, 1:3, 1:4, and 1:5 (w/v) ratios and incubated 
for 24  h at 150  rpm to allow the bacterial consortium 
to immobilize on the BB. Immobilized BB (IBB) was 
obtained by centrifugation at 1000 rpm for 30 min, and 
OD600 of the supernatant was noted to determine the 
immobilization efficiency. The immobilization rate of 
PHB on BB was calculated using the formula given below:

where, OD0 is the initial OD600 of PHBs suspension, OD1 
is OD600 of the supernatant.

The ratio of the BB and PHBs showing the highest 
immobilization rate was chosen, air-dried at room 
temperature, and stored at 4  °C for further use in 
analyzing IBB morphology using SEM [43].

Inoculum preparation
In this study, pure bacterial cultures were grown 
separately before inoculation. A 100  ml culture of 
each selected hydrolytic psychrotrophic bacterium 
(6 × 108  CFU/ml) was mixed in 10  L of nutrient 
broth (HiMedia, India) for inoculum preparation by 
fermentation at an optimum temperature of 10 ℃ and 
pH 7.0. The cell biomass (10 × 108  CFU/ml) was then 
separated through centrifugation at 1000  rpm and 
suspended in 3 L of phosphate-buffered saline (PBS) with 
a pH of 7.0. All the microbiological transfer was carried 
out inside the laminar air flow. Subsequently, bamboo 
biochar was initially blended with the consortium 
suspension in 1:3 ratio and allowed to stand overnight. 

Immobilization rate(%) =
(OD0 − OD1)

OD0

× 100

Thereafter, it was combined with one part of cocopeat 
(CP). The resulting formulation, denoted as BCC, 
comprised bamboo biochar, coco peat, and the PHB 
consortium in a 1:1:3 ratio. In contrast, the formulation 
labelled as BCD included bamboo biochar, cocopeat, and 
sterile distilled water in a 1:1:3 ratio.

Composting process
Recycled high-density polyethylene plastic drums 
(capacity 35  L, height 0.41  m, and diameter 0.27  m) 
were used for HF composting. The drums were modified 
to facilitate passive air circulation by creating 5  mm 
diameter holes at 10 cm intervals from each other at the 
top, middle, and bottom sections (Additional file  1: Fig. 
S1). At the base of the drums, a hole of 15 mm diameter 
was made to insert a falcon (10  cm long and cut open 
at one end) for leachate collection (Additional file  1: 
Fig. S1). At the base of treatment 1 (T1) and treatment 
2 (T2) drums, 300 g of BCD and BCC, respectively, was 
evenly spread so that faeces did not stick to the base at 
the time of compost turning (Additional file  1: Fig. S1). 
For the initial phase of the experiment, i.e., for 10 days, 
fresh faeces (~ 200  g) were added daily, and ~ 170  g of 
BCD and BCC were supplemented to cover the faeces in 
T1 and T2 drums, respectively. The drums were closed 
with a lid and kept at 10 ± 2 °C. After 10 days, ~ 4.2 kg of 
raw materials were present in T1 and ~ 4.1 kg in the T2 
drums. The drums were kept under controlled conditions 
at a temperature of 10 ± 2  °C, and a relative humidity 
of 45–50% for 80  days. During the composting phase, 
raw materials were mixed after 10  day intervals, and 
the temperature was recorded using a handheld digital 
thermometer (MEXTECH, India). Approximately 50  g 
of samples were collected from both treatments (T1 and 
T2) in sterile containers and homogenised uniformly. 
From each treatment, ~ 30  g samples were oven-dried 
(at 37 °C for 48 h), powdered, and sieved using a 0.4 mm 
sieve. The remaining samples were stored at 4  °C for 
subsequent laboratory analysis.

Chemical analyses
The chemical analysis of raw materials (fresh HF, BB, 
coco peat, BCD, and BCC) and collected compost 
samples from the experiments was conducted following 
the standard methods provided by American Public 
Health Association (APHA) [7, 44]. The pH and electrical 
conductivity (EC) were recorded by a digital pH and EC 
meter (PC 450, Eutech, India), and moisture content 
(MC) was analyzed using a moisture analyser (MOC63u, 
Shimadzu, Japan). Bulk density (BD) was determined 
according to the protocol of Mandal et  al. [45]. The 
organic matter (OM), total nitrogen (TN), total carbon 
(TC), total potash (TK), and total phosphates (TP) of 
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dried samples were determined using standard methods 
provided by APHA [44]. Metal elements, i.e., calcium 
(Ca), magnesium (Mg), zinc (Zn), sodium (Na), copper 
(Cu), iron (Fe), lead (Pb), cadmium (Cd), chromium 
(Cr) and nickel (Ni) were determined using an Atomic 
Absorption Spectrometer (Shimadzu AA-6300) [44]. 
The cellulose, hemicellulose, and total protein content 
were also determined according to Borker et al. [7]. The 
lignocellulose degrading ratio was calculated using the 
formula:

where Rn is the degrading ratio for the nth day; m0 and 
mn are the lignocellulose content on the initial and nth 
days, respectively.

Determination of pathogenic bacteria
The estimation of pathogenic bacterial in the initial and 
final samples of T1 and T2 treatments was evaluated as 
previously described by López et al. and Soobhany et al. 
[46, 47]. The samples were further analyzed for the most 
probable number of faecal coliforms  g−1, calculated 
using a 3-tube dilution series method [48]. Each test was 
performed in six replicates.

Microbial community analyses
The total genomic DNA from the initial (1st day) 
and final (90th day) compost samples of T1 and T2, 
respectively, was extracted in triplicates following the 
protocol described previously by Borker et  al. [7]. The 
quality of the extracted DNA was checked using a Nano-
Drop 2000 Spectrophotometer (Thermo Fisher Scientific, 
USA), and the DNA concentration was estimated using 
Qubit Fluorimeter v.3.0 (Thermo fisher Scientific, USA). 
The 16S rRNA gene amplification was performed using 
primers of the V3-V4 hyper-variable region (V3 Forward 
primer AGA​GTT​TGATGMTGG​CTC​AG3 and V4 
Reverse primer TTA​CCG​CGGCMGCSGGCAC3). The 
amplified product was used for library preparation using 
the NEBNext Ultra DNA library preparation kit. The 
quality estimation and quantification of the library were 
determined using the Qubit dsDNA High Sensitivity 
assay kit. The library was sequenced on the Illumina 
MiSeq platform using a 300 bp paired-end protocol..

The quality of the 16S rRNA paired-end reads was 
checked using FastQC v0.11.5, and adapter trimming was 
performed using Cutadapt v1.15. The trimmed sequences 
were processed using the QIIME 2 v.2022.2 platform [49]. 
The q2-DADA2 package was used for quality filtering, 
denoising, and chimera removal from the sequences [50]. 
The operational taxonomic units (OTUs) were built, and 
taxonomic assignments were based on the Greengenes 

Rn(%) =
m0 −mn

m0

× 100%

v.13_8 database using the scikit-learn classifier of 
QIIME 2. The Unweighted UniFrac distances plotted on 
Principal Coordinate Analysis (PCoA) and α-diversity 
metrics (Shannon, Simpson, and Chao I) were calculated 
using the q2-diversity plugin. The circle plot for phylum 
levels was generated with CIRCOS (http://​circos.​ca/).

Phytotoxicity and pot experiment
The phytotoxicity of selected bacterial strains, raw 
materials, initial feed mixtures (BCD and BCC), and 
final compost samples of T1 and T2 was evaluated by 
measuring the germination index (GI) in Pisum sativum 
var. AS-10 (pea) seeds, following the method described 
by Siles-Castellano et al. [51].

The fertilizing efficiency of the final composted HF 
(T1 and T2) was evaluated by its application to Pisum 
sativum var. AS-10 plants. The pot experiment was 
conducted in controlled growth chambers in polyvinyl 
chloride pots filled with a 2 kg of autoclaved soil and sand 
mixture. Before the compost amendments, the pots were 
kept for 10 days at 25 ± 2 °C for preconditioning. The pots 
were supplemented with 100 g (5%) of final composted T1 
and T2 samples. The unamended treatment containing 
the soil mixture served as a control for comparison 
purposes. A total of 15 replicates for control, T1 and 
T2, respectively, were prepared and kept at a 25 ± 2  °C, 
100  µmol photon/m2/s fluorescent illumination, with a 
16/8  h light/dark cycle, and 50–55% relative humidity. 
After 8 weeks, physiological plant growth was measured 
in terms of plant height, branch number, leaves number, 
fresh weight of foliage and root, root length, and pod 
number. The dry weight of foliage and root samples was 
measured after drying in the oven at 45 °C for 48 h.

Statistical analysis
The bacterial phytotoxicity and pot experiment data 
were subjected to one-way analysis of variance (ANOVA) 
and Tukey post hoc tests (p < 0.05) for measuring the 
statistical difference between different treatments was 
performed using IBM SPSS Statistics version 26 for 
Windows (SPSS, Chicago, IL). All the chemical analyses 
and phytotoxicity were performed in triplicates. The 
results represent their mean values and standard 
deviation.

Results and discussion
Development of bacterial consortium
A total of ~ 270 psychrotrophic bacterial strains were ini-
tially screened at 10 °C from human faeces (HF) compost 
collected from traditional dry/composting toilets (CTs) 
of the Himalaya [7]. Among these isolates, 153 distinct 
colonies were selected for identification and screened 
for potential psychrotrophic hydrolytic bacteria (PHB) 

http://circos.ca/
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(Additional file  1: Fig. S2; Additional file  1: Table  S1). 
Based on 16S rRNA gene sequencing, the bacterial strains 
were distributed among four phyla (40.5% Actinobacteria, 
33.3% Proteobacteria, 24.2% Firmicutes, and 1.96% Bac-
teroidetes) and 34 genera. As HF consists of 75% water 
and 25% solid matter comprising of protein, undigested 
lipids, polysaccharides, bacterial biomass, and undi-
gested dietary leftovers [2, 52], the bacterial isolates were 
screened for protease, amylase, cellulase, pectinase, and 
xylanase activities (Fig. 1A; Additional file 1: Table S1). 75 
psychrotrophic bacterial strains that showed hydrolytic 
potential qualitatively were further selected for quantita-
tive enzyme assays. Out of the selected strains, 55 bacte-
rial isolates exhibited one or more enzyme activities (30 
showed protease, 43 cellulase, 05 amylase, 15 xylanase, 
and 08 pectinase activities at 10  °C) (Fig.  1B, C; Addi-
tional file 1: Table S2). The 16 bacterial strains belonging 
to Pseudomonas sp., Microbacterium sp., Arthrobacter 
sp., Streptomyces sp., Glutamicibacter sp., Rhodococcus 
sp., Serratia sp., Exiguobacterium sp., Bacillus sp., and 
Jeotgalicoccus sp., showing the highest, and two or more 
enzyme activities, were selected for developing the bacte-
rial consortium (Additional file 1: Table S3). Many stud-
ies have shown that microbes producing a wide range 
of hydrolytic enzymes accelerate the decomposition and 
overcome the issue of delayed composting [53–61]. Psy-
chrotrophic Pseudomonas sp., Exiguobacterium sp., and 
Bacillus sp. with multiple hydrolytic activities have been 
previously demonstrated to efficiently degrade organic 
domestic waste [11]. Zhai et al. [62] reported the role of 
protease producing Serratia sp. in swine carcass com-
posting. The role of other selected bacterial strains in 
degradation of different substrates are provided in Addi-
tional file  1: Table  S4. Additionally, the details of the 
physiological characterization of the selected strains are 
provided in Additional file 1: Table S5.

Owing to the source of isolation, it was mandatory to 
ensure the human safety of each selected psychrotrophic 
hydrolytic bacteria (PHB) before forming the bacterial 
consortium. The 16 bacterial isolates were tested for 
pathogenicity by screening for haemolysin production 
on blood agar (Additional file  1: Fig. S3A). Typically, 
pathogenic bacteria employ a range of virulence factors 
to initiate pathogenesis, such as adhesion proteins and 
toxins like  haemolysins [63]. The 14 bacterial strains 
showed no haemolysis, but Bacillus toyonensis LPH14 
and Serratia nematodiphila LUS01 exhibited haemolytic 
activity and were not selected for the consortium 
development (Additional file  1: Table  S6). Furthermore, 
the strains were tested for biofilm formation, and 
14 bacterial isolates showed no biofilm formation 
(Additional file  1: Fig. S3B; Additional file  1: Table  S7). 
Biofilm production is the initial step for pathogenic 

bacteria to adhere to host tissue cells, thereby inducing 
pathogenesis [63]. The 14 PHB strains that were safe, 
along with Glutamicibacter arilaitensis LJH19 [10], were 
assessed for their synergistic activity, and all the bacterial 
strains were found to grow synergistically (Additional 
file  1: Fig. S4). The details of hydrolytic capabilities and 
safety assessment for G. arilaitensis LJH19 have been 
published earlier [10].

The 15 PHB consortium was further assessed for their 
cytotoxic effect on the human keratinocyte (HaCaT) cell 
line. The skin, primarily composed of keratinocytes, is a 
highly exposed organ that serves as an efficient protective 
barrier separating the body from the external environ-
ment [64]. Thus, the evaluation of cytocompatibility of 
the human keratinocyte was critical to validate whether 
the developed bacterial formulation was appropriate for 
human handling. The in-vitro cytotoxicity of three differ-
ent concoctions (intact bacterial consortia, extracellular 
supernatant, and intracellular lysate) against HaCaT cells 
was detected by MTT assay (Fig.  2A). The percentage 
of cell viability for all three concoctions was measured 
at different dilutions and ranged between 82.9% ± 5.43 
and 117% ± 9.39 (Fig.  2A; Additional file  1: Table  S8). 
The morphology of cells treated with different undiluted 
bacterial consortium fractions was compared to the 
untreated control (Luria broth used for bacterial cultur-
ing). The results showed cell viability and integrity at 0 
and 24 h time points, respectively (Additional file 1: Fig. 
S5). Overall, the PHB consortium, extracellular superna-
tant, and intracellular lysate were not cytotoxic at various 
concentrations.

Although the bacterial consortium was non-pathogenic 
to humans, the phytotoxic effects of the selected 15 
bacterial strains were measured under in-vitro conditions 
on Pisum sativum var. AS10 seeds to determine any 
toxicity towards plants (Fig.  2B). The germination rate 
(GR) of the seeds inoculated with strains increased by 
16–58% compared to the control, except for Serratia 
bozhouensis LUR25, which showed a lower GR value 
(35.55%) with p < 0.05 (Additional file  1: Table  S9). The 
bacterial strains also demonstrated a varied increase in 
root length (25–170%) of the seeds, but LUR25 showed 
a 23% decrease compared to the control. Similarly, 
enhanced shoot length (13–194%) was observed in 
the inoculated seeds, with LUR25 showing the least 
increase compared to the control (p < 0.05). The treated 
seeds with bacterial strains significantly influenced the 
germination index (GI) (392–161%; p < 0.05), except 
for the LUR25 strain (51%; p < 0.05), which showed 
a low GI value (Fig.  2B). The GI value of less than 60% 
is considered phytotoxic, while GI value > 100 have 
phytonutrient or phytostimulant effect [51]. Owing to the 
phytotoxic effects, strain LUR25 was not selected for the 
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Fig. 1  Selection of potential psychrotrophic bacterial strains to prepare novel consortium. A Qualitative estimation using plate assay for different 
hydrolytic enzymes at 10 °C. B Venn diagram depicting single and shared quantitative hydrolytic activities of psychrotrophic bacterial strains. 
C Heatmap representing the quantitative estimation of different hydrolytic enzymes. A total of 55 psychrotrophic strains showed one or more 
enzyme activities
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development of the bacterial consortium. The remaining 
14 psychrotrophic bacterial strains were selected based 
on their hydrolytic capabilities and non-pathogenic 
nature for preparing a novel consortium (Table 1).

Biochar characterization and immobilisation of PHB 
consortium for final formulation development
Bamboo biochar (BB) was used as the carrier material 
for immobilizing the selected PHB consortium. Biochar 
is known for improving aeration, enhancing microbial 
activities, reducing nitrogen loss and greenhouse gas 
emissions, aiding in immobilizing organic pollutants and 
heavy metals during composting, [65] and suppressing 
foul odor from human faeces [28]. Moreover, biochar 
derived from bamboo is significantly economical due to 
its low price, enhanced growth rate, and high biomass 
yield [29]. The physicochemical characteristics of BB 
are listed in Table  2. The pH was in the alkaline range 
(8.7 ± 0.1) due to the high ash content (12.34 ± 0.07) in 
BB and the enrichment of non-degradable inorganic 
compounds [29]. The carbon content was significantly 
higher than that of the other nutrients (Na, P, K, Ca, Mn, 
and Mg) in BB (Table 2). Heavy metals were also detected 
in BB but were in the permissible range of fertilizer 
control order (FCO) standard (Table 2) [66].

The scanning electron microscope (SEM) images of 
BB revealed a rough surface with a porous structure, 
exhibiting a vast surface area (Additional file 1: Fig. S6A). 
BET analysis further determined that BB’s surface area, 
pore volume, and pore diameter Dv(d) as 9.53  m2  g−1, 
0.019  cm3  g−1, and 3.37  nm, respectively. Sahoo et  al. 
[29] also observed similar results for BB pyrolyzed at a 
similar temperature range (400–500  ℃). Based on the 
pore size, biochar was categorized as mesopores (2  nm 
to 50  nm) [67]. The morphological properties provide 
lodging for microorganisms, reduce density, and increase 
aeration of the compost pile [26, 65, 68, 69]. Considering 
the high porosity, strong adsorption properties, high 
contents of aromatic substances and oxidative functional 
groups, biochar has been widely used as an ideal 
amendment to composting [27, 68, 69]. Bolan et al. [68] 
also suggested biochar as an effective low-cost carrier 
for biofertilizers and other bacterial inoculants. Hence, 
the addition of biochar can stimulate the proliferation of 

microorganisms, accelerate the decomposition of organic 
matter, and ensure proper aerobic composting [26, 27, 67, 
69].

The maximum immobilization of the BB to PHB 
consortium was observed at a 1:3 ratio (Additional file 1: 
Table S10). The consortium was immobilized in biochar, 
as evident by the SEM micrographs (Additional file 1: Fig. 
S6B). Schommer et  al. [67] have shown that the initial 
attachment of microorganisms onto the biochar mainly 
occurs through physical adsorption and electrostatic 
attraction. Electrostatic attraction arises from weak 
interactions between oxygen-carrying functional groups 
on the biochar surface and organic molecules, while 
physical adsorption is induced by van der waals forces 
and hydrogen bonds between the microbe and the 
biochar [70, 71]. The hydrophobic properties of bacterial 
proteins, lipopolysaccharides, and biochar further 
enhance adsorption [67]. Further, Li et  al. [72] reported 
that biochar also provides a physical carrier for enzyme 
immobilization and enzymes are key tools for microbial 
degradation of organic matter. The high surface area 
and functional groups of biochar offers positive site 
for high enzyme load and this extend the mass transfer 
channel through its porous structure [73]. The results 
suggest that BB serves as an excellent carrier material for 
immobilizing the PHB consortium. In accordance with 
the findings, two formulations were developed i.e., BCD 
comprising biochar, coco peat, and distilled water in a 
1:1:3 ratio, and BCC comprising biochar, coco peat, and 
bacterial consortium in a 1:1:3 ratio.

Characterization of raw materials
The physiochemical properties of individual raw materi-
als, as well as the initial mixtures (BCD and BCC) used 
for T1 and T2 treatments, are represented in Table  2. 
The moisture content (MC) of BCD and BCC slightly 
exceeded the optimum range of 40–60% [74], while the 
average bulk density fell within the desired range of 
0.2–0.35  g/cm3 [75]. The average electrical conductiv-
ity (EC) of the raw materials ranged from 0.02 to 3.17 
dS/m, and the C/N ratio was lowest for HF and highest 
for BB (Table 2). Macro and micro elements such as Ca, 
Mg, Na, Cu and Zn, were also detected in the raw materi-
als (Table 2). The characteristics of BCD were similar to 

(See figure on next page.)
Fig. 2  Safety assessment of potential psychrotrophic bacterial strains. A In-vitro cytotoxicity of bacterial consortium towards human keratinocyte 
(HaCaT) cell lines. The three concoctions of bacterial consortia (intact bacterial consortia, extracellular supernatant and intracellular lysate) were 
assessed for their cytotoxic effects against HaCaT cell lines and were non-cytotoxic at various concentrations. B In-vitro phytotoxic effect of selected 
psychrotrophic bacterial strains on Pisum sativum var AS10 seeds. All the selected strains were non-phytotoxic towards seed germination 
except for the LUR25 strain. The different letters in the figure describes the statistical difference (p < 0.05) calculated by Tukey post hoc tests 
among the samples. *Represent a significant difference
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BCC, except for the GI, which was highest in the BCC 
due to the PHB amendment (Table 2). The lowest GI was 
recorded for HF, indicating its phytotoxic effects towards 
root growth (Table 2) [51].

In‑vessel degradation of human faeces
Dynamics of physicochemical parameters during composting
The initial temperature of T1 and T2 was slightly lower 
than the ambient temperature of 10℃ (Fig.  3A). The 
temperature of T2 began to rise on the 10th day of the 

composting process, attaining a maximum of 22°C 
by the 25th day (Fig.  3A). On the contrary, no incre-
ment in temperature was detected in T1 until the 20th 
day, and it reached a maximum of 20°C by the 40th day 
(Fig.  3A). However, no further increase in temperature 
was observed for both treatments (Fig.  3A). The obser-
vations were similar to Shi et  al. [76] who reported no 
significant rise in temperature from the ambient during 
aerobic composting of human faeces. Despite the crucial 
role of temperature in composting, the smaller compost 

Table 2  Physiochemical characteristics of individual raw materials and initial feed mixtures used in T1 and T2 treatments

The different letters (a, b, c, d, and e) in the table describes the statistical difference (p < 0.05) calculated by Tukey post hoc tests among the samples

 nd not detected
m Initial feed mixture was used in T1 treatment
n Initial feed mixtures used in T2 treatment
o Fertilizer control order (FCO) standard for quality of final compost [66]
* Minimum value
# Maximum value; — Data not available

Parameters Human faeces (HF) Bamboo biochar 
(BB)

Coco peat (CP) Biochar + coco 
peat + distilled 
water (1:1:3) (BCD)m

Biochar + coco 
peat + consortia 
(1:1:3) (BCC)n

Organic 
compost  
(FCO 2009)o

Moisture (% dm) 85.95 ± 1.04a 6.84 ± 0.09d 20.4 ± 0.40c 62.5 ± 0.5b 63.2 ± 0.04b 15.0–25.0

Bulk density (g/cm3) - 0.35 ± 0.01d 0.3 ± 0.0b 0.2 ± 0.02c 0.2 ± 0.0c 0.7–0.9

pH 4.97 ± 0.2d 8.7 ± 0.1a 6.73 ± 0.06c 7.32 ± 0.08b 7.17 ± 0.03b 6.5–7.5

Ash content - 12.3 ± 0.07c 25.5 ± 0.67a 15.2 ± 0.34b 15.9 ± 0.26b –

Electrical conductivity 
(as ds/m)

0.02 ± 0.006c 1.6 ± 0.2b 3.17 ± 0.02a 1.83 ± 0.06b 1.72 ± 0.05b  < 4.0

Organic matter (OM), 
(% dm)

88.4 ± 1.47c 121.7 ± 1.37a 46.7 ± 0.17e 103.5 ± 1.72d 83.4 ± 1.6b –

Total carbon (TC), 
(% dm)

51.3 ± 0.85c 70.6 ± 0.80a 27.09 ± 0.09e 60.03 ± 1.00d 48.4 ± 0.95b 16.0*

Total nitrogen (as N), 
(% dm)

7.24 ± 0.45a 0.6 ± 0.07b 0.27 ± 0.02b 0.71 ± 0.09b 0.56 ± 0.1b 0.5*

Total phosphates (as 
P2O5), (% dm)

0.12 ± 0.03a 0.1 ± 0.01a 0.11 ± 0.0a 0.1 ± 0.02a 0.12 ± 0.02a 0.5*

Total potash (as K2O), 
(% dm)

2.13 ± 0.06a 1.24 ± 0.22b 1.22 ± 0.0b 0.99 ± 0.10b 1.1 ± 0.03b 1.0*

C/N ratio 7.1 ± 0.56c 119.02 ± 16.13a 100.7 ± 7.48a,b 85.6 ± 12.35b 87.5 ± 12.73b 20:1 or less

Elemental analysis (mg/kg dm)

 Calcium (Ca) 1276.3 ± 10.6e 3638.3 ± 7.63d 19,410 ± 13.2a 7582.01 ± 2.48b 7673.3 ± 2.49c –

 Magnesium (Mg) 6429.6 ± 70.8a 4937.7 ± 24.2b 4969.7 ± 12.9b 6426.2 ± 53.08a 6400 ± 5a –

 Manganese (Mn) 163.6 ± 1.49b 170 ± 5.2b 132.7 ± 1.1c 164.6 ± 1.69a 181.5 ± 2.72b –

 Sodium (Na) 484.6 ± 18.02a 170 ± 5.2b,c 132.7 ± 1.1c 263.8 ± 8.67b 281.1 ± 2.93a –

 Iron (Fe) 2336.8 ± 48.3c 2686.2 ± 6.7c 9324.3 ± 42.7b 19,510.03 ± 249.3a 19,400.13 ± 173.9a –

 Zinc (Zn) 523.1 ± 10.4a 134.8 ± 5.78b 49.7 ± 0.58d 106.5 ± 3.1b 104.9 ± 1.01c 1000.0#

 Copper (Cu) 72.6 ± 3.3a 48.2 ± 1.8b 42.4 ± 1.8b,c 37.1 ± 2.3d 32.5 ± 1.2c,d 300.0#

 Cadmium (Cd) nd nd nd nd nd 5.0#

 Lead (Pb) nd nd nd nd nd 100.0#

 Nickel (Ni) nd nd 13.2 ± 3.8a,b 18.3 ± 5.26a 16.6 ± 3.05b,c 50.0#

 Chromium (Cr) nd nd nd nd nd 50.0#

Germination index 
(GI)

52.6 ± 5.95 145.2 ± 19.1 141.4 ± 43.1 118 ± 35.7 166.5 ± 17.5 –
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volume and continuous heat loss hinder in achieving high 
temperatures in a pile[76].

MC at the beginning of the experiment was 84–85% 
due to the addition of human faeces (Fig.  3B). As 
faeces were regularly added until the 10th day, MC 
was maintained at 73–75% in T1 and T2, respectively 
(Fig. 3B). At the end of the experiment, a 20.6% decrease 
in MC was observed in T1, and T2 showed a 36.4% 
reduction (p < 0.05), respectively; however, it did not 
fall within the permissible range of FCO standard 
(Fig. 3B). The high moisture levels in T1 and T2 might be 
attributed to a lack of temperature rise in pile, resulting 
in  reduced water loss,  and a smaller compost volume, 
leading to heat loss [76]. Another reason could be the 
condensation of water vapours above compost bins, 
subsequently dripping back into the pile [77]. Castro-
Herrera et  al. [78] have also reported high MC during 
the thermophilic composting of human excreta. Borker 
et al. [7] and Nasri et al. [52] have also reported a similar 
moisture range from waterless toilets.

The results in Fig.  3C indicate a significant difference 
in the rise of pH value in both treatments (p < 0.05). 
The changes in the pH during the degradation process 
followed a similar trend; however, for T2, the maximum 
pH value of 8.3 was achieved around the 30th day, 
followed by a decrease to 7.2 at the end of the process. In 
contrast, for T1, the pH increased to 8.2 around the 50th 
day of composting, followed by a decrease to 6.5 by the 
end of the process (Fig.  3C). The pH of both treatment 
products complied with the required range of the FCO 
standard (6.5–7.5) [66]. The initial increase in pH may 
be attributed to the ammonification and mineralization 
of organic nitrogen to ammonium through bacterial 
activities [79]. Meanwhile, the decrease in pH could be 
due to ammonia volatilization or an increase in organic 
acid content resulting from OM degradation [80]. A 
similar trend of pH variation in compost piles resulting 
from the degradation of organic matter was reported by 
Xu et al. [77], Jia et al. [80], Zhou et al. [81], and Li et al. 
[82].

EC indicates the compost salinity and organic 
mineralization, signifying its end use as a fertilizer or 
soil conditioner [83]. Figure  3D illustrates variations in 
EC with p < 0.05 in both treatments. After the 10th day, 
a sharp increase in EC value was observed in T2 until 
the 30th day, attaining a maximum of 4.18 and then 
gradually decreasing to a value of 1.8. On the contrary, 
in T1, the EC value initially rose to 3.3 on the 40th 
day, then decreased to 2.3 on the 50th day, followed by 
a constant increase until the end of the composting 
process, reaching up to 4.26. The rise in EC correlates 
with organic matter mineralization, suggesting delayed 
or slower degradation in T1. Higher EC values represent 

high salinity and immaturity of the compost, potentially 
signify high phytotoxic effects on plant growth [51]. 
The higher salinity also interfere with plant nutrient 
uptake, thereby inhibiting growth and yield [83]. An EC 
value > 4 ds/m is considered a potential seed germination 
inhibitor [75, 83]. In T2, the EC values subsequently 
decreased until the 80th day and remained constant till 
the end of the experiment (Fig.  3D), falling within the 
permissible range of the FCO standard (< 4.0) [66].

At the beginning of the composting process, AC in T1 
and T2 was 15.2 ± 0.25% and 15.6 ± 0.4%, respectively. AC 
significantly increased in T2 to 25.2 ± 2.02%, compared 
to T1 (17.1 ± 0.44%) at the end of the composting period 
(p < 0.05). AC is an essential parameter in composting 
dynamics and serves as a degradation indicator, where 
higher accumulation signifies a high decomposition 
rate [84, 85]. The results indicate that biochar amended 
with PHBs exhibited a high ash content, representing 
decomposition.

The dynamics of organic matter (OM) are illustrated 
in Fig.  3E. The OM content decreased as composting 
progressed, with a rapid decline in T2, with maximum 
reduction (p < 0.05) occurring after 45 days. The easily 
degradable OM in a pile may favourably be utilized by 
microorganisms, leading to a decline in OM during the 
early stages of composting. In T2, OM decreased from 
an initial 90% to 75.6% at the end of the composting, 
but in T1, OM decreased from 90 to 81% (Fig. 3E). The 
difference in OM content was lower in T1 compared 
to T2, indicating a slower degradation rate (Fig.  3E). 
In biochar amended composting, the metabolic 
activity is influenced by the amorphous coupling 
between microbes, biochar and organic substrate [72]. 
Singh et  al. [86] reported that organic metabolites are 
adsorbed on the surface of biochar through aromatic 
π, hydrogen bonding, covalent bonding, and strong 
dipole interactions with hydrogen donors. In a recent 
review, Pang et  al. [87] reported that biochar also 
acts as an electron shuttle and has oxygen-containing 
functional groups like quinone groups on its surface, 
the redox and electron transfer involved in biochar 
further promotes the breakdown of OM. This suggests 
that the interaction of biochar with PHBs and substrate 
in T2 might have generated forces on its surface, 
affecting OM degradation and the metabolic pathway.A 
similar rapid degradation pattern was observed for 
total carbon (TC) in T2 (Additional file  1: Fig. S7A). 
At the end of the composting, TC contents decreased 
by 9.6% in T1 and 16% in T2 from the initial value 
(p < 0.05). The final TC content of T2 was lower than 
T1, indicating better decomposition efficiency of the 
inoculated PHB consortium (Additional file  1: Fig. 
S7A). A similar reduction in TC with the addition of 
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microbial inoculants was reported by Li et al. [88] and 
Tuyen et al. [22], indicating the role of microorganisms 
in degrading organic carbon in the compost pile.

The total nitrogen (TN) exhibited a pattern of decrease 
and then increase for both T1 and T2 (Additional file 1: 
Fig. S7B). In T2, TN content increased from an initial 
1.6 to 2.7, showing an increment of 67.3%, while in T1, 
TN rose from 1.42 to 1.98, indicating a 39.4% increase 
(Additional file 1: Fig. S7B). The upward trend in TN for 
both treatments was attributed to the addition of biochar, 
known to have the ability to reduce nitrogen loss from the 
compost [65, 89]. In addition, a significant TN increase in 
T2 with p < 0.05 may be attributed to nitrifying bacteria 
used in the consortium (Table  1). Zhao et  al. [90] also 
demonstrated that inoculation with nitrifying bacteria 
reduces nitrogen loss and enhances maturity in sewage 
sludge composting.

Figure  3F represents the changes in the C/N ratio of 
each treatment group. The C/N ratio of each treatment 
showed a downward trend; however, the reduction was 
more significant (p < 0.05) in T2 than in T1 (Fig.  3F). 
After 40  days of composting, a sharp decrease in the 
C/N ratio was observed in T2, while T1 showed a slower 
downward trend (Fig. 3F). At the end of the 90 days, the 
T1 group had a higher C/N ratio (23.9 ± 3.6), whereas, 
T2 group supplemented with the PHB consortium 
had a lower C/N ratio (16.5 ± 1.85), complying with the 
recommended range of the FCO standard (20:1 or less) 
[66]. The rapid decline of the C/N ratio in T2 may have 
occurred due to the decomposition of organic carbon 
and nitrogen mineralization [91, 92]. The inclusion of 
microbial additives enhances carbon degradation and 
nitrogen maintenance, resulting in a reduced C/N ratio in 
the final product [91]. Compared to T1, the amendment 
of the PHB consortium in T2 presented a reduced C/N 
ratio, indicating that the compost attained maturity [93]. 
The observations were also similar to Gou et  al. [94] 
and Tuyen et al. [22], who reported that the inoculation 
of psychrotrophic bacteria accelerated the onset of 
composting and promoted maturity by lowering the C/N 
ratio under cold-climatic conditions.

Initially, total phosphate (TP) content increased in 
both treatments until the 40th day, but in T1, it mostly 
remained constant and decreased by the end of the 
composting process (Fig.  3G). In T2, a rise in TP was 
observed on the 90th day but was within the permissible 
level of the FCO standard [66]. Zhang and Sun [95] have 
suggested that microorganisms consume dissolved P in 
large quantities to degrade lignocellulosic compounds. 
Similarly, Nasri et  al. [52] have reported low P levels 
from different CTs. Nonetheless, after 90 days of com-
posting, T2 has higher TP content than T1 with p < 0.05, 

suggesting that T2 compost can act as a soil amendment 
in improving the plants’ efficiency for P uptake [96].

As shown in Fig.  3H, the total potash (TK) 
continuously increased after the 10th day in T2 and 
remained constant towards the end of the composting 
process. However, there was no significant difference 
(p < 0.05) in T1 until the 50th day, and then a slight 
increase was monitored before a TK loss was observed 
at the end of the experiment (Fig. 3H). The TK increase 
in T2 may be attributed to the K solubilizing properties 
of the inoculated PHBs [97] (Table  1) and within the 
permissible level of the FCO standard [66].

The changes in the lignocellulosic content in both 
treatments are shown in Table  3. The compositional 
analysis of substrates in both treatments revealed high 
cellulose and hemicellulosic content, followed by lignin 
and protein at the onset of the composting process 
(Table 3). The high lignocellulosic content may be derived 
from the addition of coco peat (CP) [98] and undigested 
plant material excreted in faeces [52, 99]. At the end of 
the composting process, hemicellulose and cellulose 
degradation ratios were 73.9% and 62.4% in T2, while in 
T1, the ratios observed were 41.5% and 13%, respectively. 
The hemicellulose and cellulose were degraded 
significantly in T2 than in T1 treatment (p < 0.05), 
perhaps due to the greater microbial activity of cellulase 
and xylanase-producing psychrotrophic bacteria [100]. 
On the contrary, lignin was observed to be more resistant 
to degradation in both treatments. The degrading 
ratios of lignin in T1 and T2 were 24.1% and 31.4%, 
respectively (p < 0.05), at the end of the composting. The 
results showed a significant difference in the degrading 
ratios of hemicellulose, cellulose, and lignin between 
PHB-inoculated T2 and non-inoculated T1 treatment 
groups. Similarly, protein content decreased drastically 
in T2 than in T1, with degrading ratios of 68.9% and 
16%, further highlighting the role of protease-producing 
PHBs in the consortium. Recent studies on human faeces 
also suggested the potential role of biochar [27] and 
psychrotrophic bacteria [22] in improving the cellulose, 
hemicellulose and lignin degradation. Jia et  al. [80], 
established greater degradation of lignocellulose during 
sewage sludge-reed straw composting with combined 
use of biochar and microbial agents. Wu et  al. [101] 
also reported the role of composite microbial agents in 
degrading lignocellulose biomass of straw compost pile 
to improve the quality of compost product.

The changes in macro- and micronutrient concen-
trations of the initial and final  composting treatments 
are illustrated in Table  3. At the onset of the compost-
ing experiment, high amounts of Ca, Fe, and Mg were 
detected in T1 and T2, which may have derived from 
HF and the initial feed mixtures (BCD and BCC) added 
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in both treatments (Table  2). HF contain high Ca, Fe, 
and Mg levels; however, nutrient concentration mainly 
depends on the individual diet [102, 103]. After 90 days 
of composting, an increase in the total accumulation of 
Ca (61.7%), Mn (12.9%), Na (12.9%), Fe (39.8%) and Mg 
(1.2%) was observed in the T2 treatment, whereas in 
T1, the increase in Ca (2.5%), Mn (26.8%), Fe (9.7%) and 
Na (26.8%), and decrease in Mg  (0.4%)  were monitored 
(Table  3).  The composting process tends to concentrate 
various metals during decomposition mainly due to 
the  degradation of organic matter,  release of CO2, and 
mineralization process [104, 105].  The mean concentra-
tion of elements was higher in T2 than in the T1 treat-
ment (Table 3).

In T1 and T2, the heavy metal concentrations of Cd, 
Pb, and Ni were not detected throughout the compost-
ing process. However, Zn, Cu, and Cr were detected at 
the onset of the experiment (Table 3). The heavy metals 
Zn and Cu were present in BB, CP, and HF, which got 
accumulated into initial feed mixtures of the compost but 
were withinacceptable ranges as per the FCO stand-
ard (Table 2) [66]. A similar phenomenon of heavy metal 

accumulation was also observed at the completion of the 
in-vessel experiment (Table 3). The mean concentrations 
of Zn, Cu, and Cr increased  in both T1 (45.7%, 30.1%, 
and 75%, respectively) and T2 treatments (23.5%, 27.3%, 
and 134%, respectively) from the initiation of the experi-
ment (Table  3). The accumulation of heavy metal could 
result from the concentration effect during the decompo-
sition of organic matter [7]. Similar results were reported 
earlier by Zhang et  al. [105], wherein the concentration 
of Zn, Cu, and Cr increased at the end of the faeces com-
posting. However, the overall heavy metal concentration 
in the final compost was within the permissible levels of 
the FCO standard for both the treatments (Table 3). This 
could also be due to the addition of biochar in both T1 
and T2, as biochar is known for immobilizing poten-
tially toxic elements by changing the chemical, physical 
and biological properties of its surrounding environment 
[106].

Bacterial community dynamics
The changes in the bacterial community composition 
in the initial and final samples of T1 and T2 were 

Table 3  Elemental, biochemical and microbiological analysis of initial and final compost samples of both the treatments and its 
comparison to fertilizer control order (FCO) standard [66]

# Maximum value; —Data not available; nd not detected
o Fertilizer control order (FCO) standard for compost quality. T1: Treatment 1 (Faeces + biochar + coco peat); T2: Treatment 2 (Faeces + biochar + coco peat + bacterial 
consortium). The results represent the mean of three replicates (p < 0.05)

Parameters T1 T2 Organic 
compost  
(FCO 2009)oDay 1 Day 90 Day 1 Day 90

Elemental analysis (mg/kg dm)

 Calcium (Ca) 4133.6 ± 5 4236.9 ± 7.64 3811.7 ± 16.07 6163.3 ± 10.4 –

 Magnesium (Mg) 5147.23 ± 25 5127.2 ± 57.5 4980.9 ± 22.4 5042.2 ± 65.8 –

 Manganese (Mn) 214 ± 2.94 292.3 ± 0.86 246.6 ± 3.4 278.6 ± 5.17 –

 Sodium (Na) 213.98 ± 2.93 292.4 ± 0.86 246.6 ± 3.4 278.6 ± 5.16 –

 Iron (Fe) 11,463.4 ± 104.1 12,693.6 ± 58.4 9715.9 ± 78.4 13,582.6 ± 184.5 –

 Zinc (Zn) 381.8 ± 9.5 703.7 ± 0.80 335.4 ± 2.13 414.2 ± 5.84 1000.0#

 Copper (Cu) 67.7 ± 1.3 96.8 ± 0.7 65.2 ± 3.32 82.9 ± 1.78 300.0#

 Cadmium (Cd) nd nd nd nd 5.0a

 Lead (Pb) nd nd nd nd 100.0#

 Nickel (Ni) nd nd nd nd 50.0#

 Chromium (Cr) 7.31 ± 0.38 29.5 ± 1.89 7.3 ± 0.22 17.1 ± 0.9 50.0#

Biochemical analysis (%)

 Protein 8.88 ± 0.25 12.28 ± 0.75 9.94 ± 0.50 16.6 ± 0.43 –

 Cellulose 73.7 ± 2.51 64.1 ± 1.35 76.3 ± 1.52 28.7 ± 2.08 –

 Hemicellulose 72.7 ± 3.21 42.5 ± 1.32 70 ± 2.00 18.3 ± 1.57 –

 Lignin 72 ± 2 54.7 ± 3.05 73.5 ± 1.50 50.4 ± 2.20 –

Microbiological analysis

 Total coliform (MPN g−1)  > 11,000 585  > 11,000 385 Nil

 E. coli (CFU g−1) 0.0054 0.0025 0.005 0.00039 Nil

 Salmonella spp. (CFU g−1) nd nd nd nd Nil
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determined based on 16S rRNA gene amplicon 
sequencing. The 16S raw reads data were filtered, and 
1,335,573 high-quality reads were retained from all 
the samples (Additional file  1: Table  S11). A total of 
495,367 operational taxonomic units (OTUs) were 
assigned to all the samples using 97% sequence identity 
(Additional file 1: Table S11). The number of OTUs was 
significantly raised in both the treatment groups at the 
end of the experiments (Additional file  1: Table  S11), 
suggesting that biochar amendment may have provided 
favourable conditions for bacterial diversity [107], and 
the significant increase in T2 may be attributed to the 
addition of PHB consortium varying the microbial flora 
of the compost [14]. Recently, Zhou et al. [27] reported a 
similar alteration in bacterial diversity with the addition 
of biochar.

The community diversity indices (Shannon and 
Simpson) and microbial taxa abundance (Chao1) results 
showed that T2, amended with PHBs, exhibited higher 
Shannon indices than the T1 group (Additional file  1: 
Table  S11). Initially, both T1 and T2 groups showed 
lower chao1 indices, but at the end of the experiment, 
higher Chao1 indices were observed, indicating richness 
in microbial abundance (Additional file  1: Table  S11). 
Further, based on the unweighted UniFrac algorithm, 
principal coordinate analysis (PCoA) revealed low 
variability among the samples that occupied regions in 
terms of their PCoA1 (39.96%) and PCoA2 (19.48%), 
except for the initial sample of T1 (Additional file 1: Fig. 
S8A).

At the phylum level, both groups revealed differences 
in the bacterial community structure (Additional 
file  1: Fig. S8B). A total of 18 phyla were identified 
in the composting samples of T1 and T2 treatments 
(Additional file 1: Fig. S8B; Additional file 1: Table S12). 
In the initial samples of T1, the predominant phylum was 
Firmicutes (41.3%), followed by Proteobacteria (34%) and 
Bacteroidetes (16.5%), but in T2, Proteobacteria (29.6%) 
was the abundant taxon followed by Bacteroidetes 
(24.4%) and Firmicutes (21.1%) (Additional file  1: Fig. 
S8B; Additional file  1: Table  S12). Proteobacteria have 
typically been reported as the most dominant (or second 
most abundant) phylum in aerobic composting [11, 108, 
109] and were the predominant taxon in the compost 
collected from the dry toilets [7]. Moreover, Bacteroidetes 
are also dominant in faecal samples of healthy individuals 
[110]. The abundance of Firmicutes at the onset of 
the composting process is also crucial for organic 
matter degradation, particularly in low-temperature 
conditions [11]. Furthermore, Actinobacteria was the 
fourth dominant phylum in T1 and T2 (4.9% and 8.6%, 
respectively) at the start of the composting process 
(Additional file 1: Fig. S8B; Additional file 1: Table S12). 

The higher percentage in the T2 group can be explained, 
as nine of the 14 PHB consortium belonged to the 
Actinobacteria phylum (Additional file  1: Table  S1; 
Additional file 1: Table S12).

After 90 days of the composting process, Proteobacteria 
became the abundant taxon in T1 (24.9%), and in the 
T2 treatment, they remained the predominant phylum 
(30.7%) Additional file  1: Table  S12). Moreover, the 
abundance of Proteobacteria and Bacteroidetes increased 
by 3.9% and 14.5%, respectively, in the T2 from the 
initial compost samples (Additional file  1: Table  S12). 
The addition of biochar and coco peat may have 
provided large amounts of carbon sources, increasing 
the availability of suitable habitats for the bacterial 
phyla [107]. However, a significant decrease of 42% and 
60% in Firmicutes was monitored in the final samples of 
both T1 and T2, respectively, from the initial samples 
(Additional file 1: Table S12). These results indicated that 
the decrease in Firmicutes was observed due to relatively 
low-temperature conditions, as higher abundances are 
mainly observed at the mesophilic and thermophilic 
levels of composting [11]. Similarly, a slight decrease 
in Actinobacteria was observed in T2 at the end of the 
experiment (Additional file  1: Table  S12). Nonetheless, 
Proteobacteria, Bacteroidetes, and Actinobacteria are 
considered essential phyla for their composting efficacy 
in different types of composts [14, 108].

At the genus level, initial samples of the T2 treatment 
shoed higher abundances of Pseudomonas (26.6%), 
Pusillimonas (11.8%), and Sporosarcina (8%) (Additional 
file 1: Table S13). Previous studies have also shown these 
genera to dominate the initial composting process [111]. 
The high abundance of Pseudomonas may also be related 
to the addition of bacterial consortium. Pseudomonas can 
decompose complex polymers such as lignocellulose and 
are commonly distributed in the environment [112]. The 
other included PHBs, Streptomyces (1.1%), Rhodococcus 
(0.6%), and Arthrobacter (0.2%) were also detected in 
the initial composting samples of T2. Streptomyces is 
reported for its high degradation efficiency as it utilises 
lignocellulose as the sole carbon source and effectively 
depolymerizes cellulose, hemicellulose, and lignin 
[113]. Similarly, [114] have reported psychrotrophic 
Arthrobacter for effective degradation of lignocellulose 
agricultural residues. Rhodococcus are also considered 
to possess remarkable metabolic activities and can 
survive under harsh environmental conditions [115]. 
The initial samples of T2 exhibited a predominant gut 
microbiome, including Tissierella (8.5%), Clostridium 
(5.9%), Bifidobacterium (3.9%), Coprococcus (2%), 
and Bacteroides (2.5%) (Additional file  1: Table  S13) 
[116, 117]. Similarly, in the non-amended T1, gut 
bacteria were also predominant genera (Tissierella 
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(2.1%), Clostridium (6.5%), Bifidobacterium (3.5%), 
Coprococcus (0.6%), Bacteroides (0.34%)) (Additional 
file 1: Table S13). The high abundance of gut microflora 
in both treatments could be associated with the initial 
HF. However, at the end of composting, the abundance 
of anaerobic bacteria such as Alkaliphulis, Clostridium, 
and Opitutus suggested the prevalence of a hypoxia 
environment within the compost, as described by [118]. 
Consequently, oxygen-limiting conditions may have led 
to a decrease in the abundances of Pseudomonas (0.75%) 
and Streptomyces (0.2%) among other microflora in the 
compost. Although Rhodococcus increased significantly 
(from 0.6 to 6.64%), the genus Arthrobacter (0.1%) was 
almost similar in the final compost samples (Additional 
file 1: Table S13). Nonetheless, the lignocellulose content 
was decreased most in the T2 treatment (Table  3). 
These results may suggest that the addition of PHBs 
could depolymerize lignocellulose before a decrease 
in their abundance. Interestingly, the abundance of 
Bdellovibrio also increased in T1 (5.01%) and T2 (2.1%) 
treatments. Bdellovibrio are predatory bacteria that feed 
upon gram-negative bacteria and multidrug-resistant 
human pathogens [119]. The increased abundance of 
predatory bacteria like Bdellovibrio might contribute to 
pathogen control and could be valuable in enhancing the 
compost safety. Additionally, the abundance of Cellvibrio 
(3.5%) increased in T2 at the end of the composting 
time. The bacterium is known for degrading complex 
polysaccharides, including those in the plant cell [120]. 
Based on the findings, PHBs could significantly increase 
the available organic carbon by converting carbon from 
faeces, thereby enhancing the soil microbiota [14]. 
Moreover, biochar may also have provided a unique 
habitat for microorganisms (carbon source and pH) and 
indirectly enhanced the bacterial diversity in the compost 
[107, 121, 122].

Analysis of pathogenic bacteria
The pathogenic bacterial population during the 
composting process was assessed by examining total 
coliforms (Additional file 1: Fig. S9). At the onset of the 
experiment, both treatment groups (T1 and T2) showed 
a total coliform value of > 11,000 most probable number 
(MPN) faecal coliform g−1 (Table 3). However, the MPN 
values declined to 585 and 385 MPN faecal coliform 
g−1 for T1 and T2, respectively (Additional file  1: Fig. 
S9; Table  3). The observed values were lower than the 
recommended standard value of the US Environmental 
Protection Agency (< 1000 MPN faecal coliform g−1) [7]. 
The decline in total coliforms in both treatments can be 
attributed to the addition of biochar amendments that 
aid in pathogen reduction [27, 123]. However, the decline 
was more prominent in T2 than in T1. Furthermore, 

a reduction in E. coli (a faecal pathogenic indicator) 
was also observed in both treatments (Table  3). The 
elimination of E. coli during composting can also be 
related to high pH and the addition of biochar [124, 125]. 
Similarly, no traces of Salmonella. sp. were observed 
in the initial and final T1 and T2 treatment samples, 
respectively (Table 3).

Phytotoxicity and compost application
The phytotoxic effects of the final compost piles of T1 
and T2 were measured on Pisum sativum var. AS10 seeds 
(Fig. 4A). GI is one of the most sensitive and economical 
tests to measure phytotoxicity levels and the inhibitory 
effect of compost on plant growth [7, 74]. The GI value of 
T1 was 58.2 ± 4.72, indicating toxicity and harmful effects 
on the plantlets (Fig. 4A) [7]. The greater EC value in T1 
(> 4.0ds/cm) may have contributed to potential inhibi-
tors, impeding the seed germination (Fig.  3D) [74]. The 
GI value of T1 was similar to that of HF (52.6 ± 5.95), sig-
nifying that the compost was premature, as the GI of BB 
and CP amendments in the compost pile were not toxic 
(Table 2). However, T2 samples amended with the bacte-
rial consortium observed a GI value of 123 ± 2.24e, dem-
onstrating its non-harmful effects on seed germination 
and compost maturity (Fig. 4A).

Further, the final composted samples of T1 and T2 
fertilizing efficiency were evaluated after eight weeks 
of growth on Pisum sativum var. AS10 seeds (Fig.  4A; 
Additional file 1: Table S14). The T2 application showed 
an increase of 110% in root length and a 70.8% increase 
in root dry biomass of pea plants in the pots compared 
to the control (p < 0.05), indicating a stimulating effect 
on root growth (Additional file 1: Table S14). Although, 
in the T1 application, there was a 49.6% increase in 
root length from the control, the root dry biomass 
decreased by 25% compared to the control (p < 0.05) 
(Additional file 1: Table S14). Similarly, a decrease of 7% 
in branch number was also observed in T1; however, 
a significant increase of 228% was observed in the T2 
amendment (p < 0.05) (Additional file  1: Table  S14). 
Likewise, plant height, dry foliage weight, and leaf 
number were significantly higher (45.2%, 340%, and 
337%, respectively; p < 0.05) in T2 amendments, and in 
T1, an increase of 19%, 6.7%, and 34.5%, respectively, 
was observed compared to the control pots (Additional 
file  1: Table  S14). Pod yield is an important agronomy 
factor as variations in pod parameters directly influence 
productivity [126]. The pod number increased by 288% 
in T2 and 5.8% in T1 compared to the control pots 
(Additional file 1: Table S14). PHBs in the T2 amendment 
may be responsible for improving plant nutrient uptake 
as bacterial consortium also possess plant-beneficial 
properties (Table  1). Plant growth-promoting bacteria 
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associated with compost have been reported earlier to 
promote nutrient uptake, growth, and yield [10, 127]. 
Kelova et al. [128] have also reported the use of treated 
HF obtained from composting dry toilets and observed 
higher barley yield than with mineral fertilizer. Similarly, 
the fermented residues of co-composted wheat stalks and 
HF exhibited higher germination rates and biomass in 
wheat growth [129]. Also, Hashemi and Han [130] have 
reported a higher yield of white radishes in soil fertilized 
with biologically treated HF and urine than with 
commercial fertilizer. The biochar addition may have also 
promoted soil characteristics and plant growth by easing 
drought and salinity stress, lowering ammonia emissions, 
immobilising heavy metals and organic pollutants, and 
increasing microbial activity [67, 68, 106]. This study 
showed enhanced shoot and root-stimulating effects on 
Pisum sativum var. AS-10 plantlets upon T2 amendment.

The current study determined that psychrotrophic 
hydrolytic bacteria (PHB), when amended in biochar 
and coco peat as a bulking agent, decomposed human 
faeces (HF) within 90 days and achieved the standard 
composting parameters. The results showed that the 
PHB consortium significantly improved composting 
efficiency by increasing the lignocellulose degradation 
ratios. The PHB-amended treatment also enhanced 
the bacterial community structure, and the presence 
of Rhodococcus, Pseudomonas, Arthrobacter, and 

Streptomyces, included in the PHBs, at the end of the 
composting period indicates their role in accelerating 
HF degradation. The study also demonstrated that the 
final compost comprised of acceptable pathogen levels, 
was free from phytotoxic effects, and considerably 
increased the growth and yield of Pisum sativum var. 
AS-10. Overall, the PHB amended treatment process 
has considerable potential for HF degradation at low 
temperatures, and the resultant compost has a high 
agronomic value with low environmental impact. 
However, a few limitations associated with the study 
were high moisture content in the compost, as high 
temperatures in the pile were not attained. Although 
low pathogen levels were reported, due to the possible 
role of biochar, drying compost before dumping 
it into agricultural fields is preferable to further 
minimize the risk of pathogenicity. Alternatively, 
toilet structure engineering with the perspective of 
raising the temperature in the composting chambers 
can further help minimize pathogenicity and solve the 
freezing issue during winters, so that the developed 
formulation can act more effectively yearlong in the HF 
degradation process. The composting strategy using a 
biochar-based formulation can benefit composting 
toilet users in ecologically fragile Himalayan regions, 
mountaineers travelling to remote locations, and 
users of composting toilets in other low-temperature 
regions.

Fig. 4  Assessment of in-vitro phytotoxicity and compost application of final composted samples of T1 and T2 treatments on Pisum sativum var 
AS10 seeds. A Phytotoxic effects of final compost samples of T1 and T2. (i) T1-treated seeds. (ii) T2-treated seeds. The germination index of T2 
was higher (123 ± 2.24) than that of T1 (58.2 ± 4.72) treatment with p < 0.05, showing non-harmful effects on Pisum sativum var AS 10 seeds. B The 
fertilizing efficiency of final composted samples of T1 and T2 evaluated on Pisum sativum var. AS10 after eight weeks of growth. (i) T1 amended 
pea plantlets. (ii) T2 amended pea plantlets. (iii) Significant difference in the growth of pea plantlets with T1 and T2 amendments. The enhanced 
shoot and root stimulating effects and increased productivity on Pisum sativum var AS-10 were monitored with T2 amendment. T1: Treatment 1 
(Faeces + biochar + coco peat); T2: Treatment 2 (Faeces + biochar + coco peat + bacterial consortium)
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