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ABSTRACT

The study characterized the changes in physico-chemical properties and bacterial community structure during mesophilic
anaerobic digestion (AD) of pit latrine sludge. The sludge was sampled from six different pits six times at an interval of 40 days.
Standard techniques were used to assess the changes in pollution indicators including COD and faecal coliforms. Metagenomic
DNA from a composite sample from the six pits’ sludge was then extracted at Days 0, 14 and 35 and directly sequenced
followed by analysis of the microbial structure using the Ribosomal Database Project tools. Multivariate analyses were used to
identify the main determinants of microbial community structure during the digestion process. AD significantly reduced the
levels of pollution indicators (p < 0.05). Total solids, volatile solids and COD were reduced by 17–27%, 52–79%, and 42–63%,
respectively. The indicator pathogenic microorganisms FC and E. coli were reduced by 34–54% and 35–60%, respectively. The
reduction in terms of COD and BOD were, however, not sufficient to satisfy the standards for safe disposal into the environment.
Proteobacteria were the most dominant bacterial phylum in the undigested sludge (24.1%) and were significantly reduced to
2.5% at the peak of the AD (Day 14) up until Day 35. Firmicutes significantly increased (p < 0.05) from 22.4% to 28.8% at Day 14
before being reduced to 11.6% at Day 35. This study contributes to our understanding of AD of pit latrine faecal sludge through
mesophilic AD as a baseline study, and helps to inform future research on mesophilic AD.

Keywords: anaerobic digestion, bacterial community structure, next generation sequencing, pit latrine sludge,
pollution indicators

INTRODUCTION
Globally one of the targets of Sustainable Development Goal
(SDG) No. 6 is for all nations to provide access to adequate
and equitable sanitation and hygiene for all, and to end open
defecation by 2030 (WHO/UNICEF, 2017). The drive of
improving access to clean drinking water and safe sanitation,
according to Montgomery and Elimelech (2007), is one of
the least expensive and most effective ways to improve public
health and save lives. Hutton et al. (2007) states that improved
sanitation has significant economic benefits, for example, the
return on 1 USD spent on water and sanitation improvements
in low-income countries is 5–46 USD depending on the
intervention. The traditional approach when urban and periurban houses are being built in developing countries is that
every community shall be able to have access to sewer-based
systems and the ‘flush and forget’ stance shall remain forever.
Sewer-based systems, however, are usually too costly, too
complex and sometimes use too much energy to be implemented
in poor and less-developed countries (Lalander et al., 2013;
Mara, 2013). Pit latrines have been constructed in peri-urban
settlements of developing countries like Zimbabwe as a faecal
sludge management technology to substitute sewer-based
systems. Pit latrines are among the affordable on-site sanitation
facilities (Torendel et al., 2016) in developing countries, but will
eventually fill-up at some stage and must be replaced or emptied.
Replacement or emptying causes inconvenience is expensive and
a health risk (Torendel et al., 2016).
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Colon et al. (2015) highlights that one of the greatest
challenges with sanitation is developing and managing
innovative, user-friendly and easy to adapt low-cost pit faecal
sludge disposal systems that are relevant to the local context. In
addressing the management of faecal sludge from full latrine
pits, there is a growing interest in technologies that not only
treat human waste but also enable the recovery of nutrients for
agricultural productivity and energy (Gijzen, 2002; Katukiza et
al., 2012). However, the pathogenic microorganisms commonly
found in human faeces are a cause for concern regarding human
health if human excreta are used for crop production. These
pathogenic microorganisms include Campylobacter jejuni/coli,
E. coli, Salmonella typhi/paratyphi, Salmonella spp., Shigella spp.,
and Vibrio cholera (Drangert, 1998; Schonning and Stenstrom,
2004). Parasitic microorganisms and worms commonly found
in human faecal waste include Cryptosporidium parvum and
helminths; Ascaris lumbricoides (roundworm), Taenia solium/
saginata (tapeworm), Trichuris trichiura (whipworm),
Ancylostoma duodenale/Necator americanus (hookworm) and
Schistosoma spp. (blood flukes) (Schonning and Stenstrom, 2004;
WHO, 2006).
The process of AD has been found to reduce the levels
of pathogens and pollution indicators while retaining plant
nutrients (Sahlstrom et al., 2004). AD is a well-established
process in which bacteria convert organic wastes to methane
and carbon dioxide, a gas mixture (~60% methane and 40%
carbon dioxide) called biogas (Lukehurst, 2010). According
to Gijzen (2002) and McCarty et al. (2011), the process of AD
has a lot of advantages compared to other treatment options,
mainly due to low operational costs, production of energy in
the form of biogas and potential reuse of the nutrients present
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in the digested waste. In developing countries such as Ghana
the interest in AD is shifting from energy to onsite sanitation
systems associated with faecal sludge management, especially
in relation to some challenges in emptying, transportation and
disposal of pit latrine sludge (Boot and Scott, 2008) and the
technology can as well be explored in Zimbabwean context.
Little reliable data is available on the effectiveness of AD
of human excreta, both at laboratory and pilot scale (Colon
et al., 2015), for agricultural re-use and safe disposal of the
digested sludge. Of the little available information on AD of
human excreta, much of the emphasis is on energy and biogas
production (Park et al., 2001; Colon et al., 2015; Onabanjo et
al., 2016). Forbis-Stokes et al. (2016) did a pilot study at two
different locations on onsite faecal sludge treatment through
AD and recorded 85 and 89% reduction in terms of COD in the
effluent in relation to the estimated faecal sludge input. Also
log reductions of faecal coliforms recorded in the sterilization
tank due to AD were greater than 5. Nwaneri et al. (2008) found
that COD values for faecal material present in the first layer of
pit latrine sludge were significantly lower than those measured
for fresh faeces. The reduction in pollution indicators should,
however, meet regulatory standards, for example, the WHO
guidelines of 2006 (WHO, 2006), to ensure environmental
safety and agricultural utilization of the treated sludge.
In the process of AD, there is also a need to increase
the existing knowledge on the dynamics of the complex
interacting microbial community that drives the process
(Venkiteshwaran et al., 2016). Diverse microbial communities
degrade organic matter within pit latrines, and little is known
about the specific communities present in pit latrines and
their association with faecal decomposition within the pit
environment (Torendel et al., 2016). One key area requiring
new knowledge involves understanding the effect of AD on
the changes in bacterial community structure associated
with the pit latrine faecal sludge. The understanding of the
microbial community structure and ecology will help in the
development of strategies to maintain and improve treatment
efficiency (Narihiro et al., 2015).
The aim of this research was to assess the changes in
physico-chemical properties and bacterial community
structure during the mesophilic AD of pit latrine faecal sludge,
and, secondly, to assess the effectiveness of the digestion to
treat the faecal sludge to the quality requirements expected
for agricultural re-use and safe environmental disposal,
for example, the WHO (2006) guidelines for use in crop
production and safe disposal. The bacterial community
structure and dynamics were investigated through the analysis
of the bacterial 16S ribosomal RNA (rRNA) gene diversity
generated through Next Generation Sequencing (NGS).

MATERIALS AND METHODS
Sampling of pit latrine sludge
Samples were collected from 6 pit latrines in Shackleton
(30.03°E and 17.30°S), located in Chinhoyi, Zimbabwe, during
the period February–October 2016, 6 times from each pit at
40-day intervals. Pit latrines were selected purposively, being
of approximately 2 years in use, constructed to a depth of
approximately 2 m, accessed by more than one family of at
least 8 adults (above 16 years) and without connection to water
sources. Sampling was conducted using a modified auger which
was graduated to show sampling depth. After determining the
depth of each pit latrine, triplicate faecal samples were taken

from each pit (about 50–60 cm pit slab to contents depth). The
sludge was sampled from the top surface about (10 cm deep)
of the pit latrine sludge and the modified auger that was used
for sampling collected about 135 g of sludge at each time.
Composite samples of approximately 275 g were placed in
300 mL clear polythene bottles for AD, physico-chemical
characterisation and microbial composition analysis. A total of
2 kg moist sludge was collected per each pit at each sampling
time. The samples were immediately placed on ice and later
transported to the laboratory for physico-chemical, microbial
analysis and AD. Physico-chemical and microbial analysis
excluding metagenomic DNA analyses were conducted after
addition of 10% (w/v) rumen fluid inoculums before and after
the AD for the 6 sampling times per pit. A composite sample
was then collected from all 6 pits for which metagenomic DNA
and physico-chemical properties were determined at Day 0,
both without addition of rumen and after addition of rumen, at
the climax of biogas production (Day 14) and at the end of the
AD (Day 35). The sampling points for the metagenomic analysis
were determined from preliminary experiments.
Inoculum preparation
A 150 mL volume of rumen fluid with a total solid content of
7% was obtained from a nearby abattoir (The Cold Storage
Commission, Chinhoyi) and used as inoculum as prescribed by
Ojolo et al. (2007). The rumen fluid was first mixed with distilled
water in a ratio 1:1 (v/v). A 5-mm sieve was used to separate solid
content from liquid in the preparation of the inoculum.
Sample preparation and anaerobic digestion
A 1.5 kg moist faecal pit latrine sludge sample from each of the
6 pits (total solids content ranging from 3 to 7%, depending on
different pits and different sampling times) was fed into the 2-L
high-density polyethylene (HDPE) plastic container reactors
(Fig. 1). Each reactor was fitted with a flexible 12 mm gas
delivery pipe (Fig. 1) and jacketed with cotton wool to insulate
the internal working temperature from ambient fluctuations.
An airtight seal was then used for anaerobic conditions to
prevail. The reactors were shaken by hand at least 2 times a
day for 30 s. The biogas produced in the reactors was collected
in an inverted measuring cylinder in a plastic beaker (Fig. 1)
containing 5% sodium hydroxide solution. The amount of
biogas produced was measured through the displacement of the
sodium hydroxide in the inverted measuring cylinder. At the
end of the measuring cylinder there was a 12 mm gas delivery
pipe linked to a gas valve then a Bunsen burner (Fig. 1) at the
end of the anaerobic digester set up. At the end of each day
the cumulative biogas in the inverted measuring cylinder in
each reactor was released via the gas valve and a burning test
was conducted, checking if the gas produced was burning and
producing a blue flame on the Bunsen burner. The cumulative
production of burnable biogas was used as a measure of better
performance of the reactors in addition to the measurement of
changes in physico-chemical properties during the digestion.
The experiment was carried out in a batch reaction mode for
35 days at mesophilic temperature (18–35°C).
Analytical methods
Laboratory analyses of total solids (TS), volatile solids
(VS), chemical oxygen demand (COD), biological oxygen
demand (BOD), total coliforms (TC), faecal coliforms (FC),
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Figure 1. Laboratory set-up for the anaerobic digestion of pit latrine sludge through the displacement method. The biogas produced in the
digester was collected in the inverted measuring cylinder containing sodium hydroxide.

Escherichia coli (E. coli), helminth eggs, total nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg)
and sodium (Na) were measured in triplicate before and after
a 35-day mesophilic AD in all the digesters for the 6 sampling
times. The total chemical nutrients (N, P, K, Ca, Mg and Na)
and the physico-chemical parameters (TS, VS, COD and BOD)
were determined according to APHA/AWWA/WEF (2005)
and Reddy (2013). Total coliforms, faecal coliforms and E. coli
were determined using a Most Probable Number assay (MPN)
method 8001A (USEPA, 2012). Helminth egg determination was
done through the modified Bailenger method (Ayres et al., 1996).
DNA extraction
The DNA was extracted from 150 mg of each sample using the
ZR Fecal DNA MiniPrep kit (Zymo research) following the
manufacturer’s instructions. The DNA was extracted from Day
0, Day 14 and Day 35 sludge samples during AD.
Polymerase chain reaction (PCR) and next generation
sequencing (NGS)
The V1 and V3 variable regions were amplified in a 25 µL
reaction using Q5 Hot start High-Fidelity 2x Master Mix
(New England Biolabs, USA). Amplicon library PCR was
performed on all replicate extractions separately. The DNA
primers used were 27F-16S AGAGTTTGATCMTGGCTCAG,
518R-16S ATTACCGCGGCTGCTGG. Thermal cycler setting
for PCR amplification were as follows: (i) initial denaturation
at 95°C for 2 min, (ii) 30 cycles of 95°C for 20 s, (iii) 55°C for
30 s, (iv) 72°C for 30 s and final elongation at 72°C for 5 min.
The amplicon libraries were purified using the Agencourt
AMPure XP bead protocol (Beckman Coulter, USA). Library
concentration was measured using Nebnext Library quant
kit (New England Biolabs, USA) and quality validated using
Agilent 2100 Bio analyser (Agilent Technologies, USA). The
samples were pooled in equimolar concentrations and diluted
to 4nM based on library concentrations and calculated
amplicon sizes. The library pool was sequenced on a MiSeq

(illumina, USA) using a MiSeq Reagent kit V3 600 cycle PE
(illumina, USA). The final pooled library was at 12 pM with
15% PhiX as control. The illumina MiSeq automatically
detected the barcodes and subsequently demultiplexed the
clusters that passed on-board quality filter checks and the
output was formatted as fastq files.
Analysis of pyrosequencing-derived data
Sequence quality checks were analysed using the Ribosomal
Database Project (RDP) pipeline. The sequences were cleaned
using the RDP GL FLX software Release 11 (http://rdp.
cme.msu.edu/) (Cole et al., 2014), with the following filters
minimum read Q score of 30, minimum sequence length of
150 bp and maximum sequence length of 500 bp. Raw sequence
reads were filtered before subsequence analyses to minimize the
effect of random sequencing errors. The pipeline initial process
was used to remove sequences of low quality.
After the initial processing, the high-quality sequences
were then assigned to the bacterial taxonomy using the RDP
Classifier (Wang et al., 2007) at 80% confidence interval.
Classification of the newly generated sequences was based on
the trained RDP Naive Bayesian rRNA Classifier (Version
2.2, March 2010) of the RDP (Wang et al., 2007). Sequence
alignment of the effective bacterial sequences of each sample
was done using fast, secondary-structure aware Infernal
aligner version 1.1rc4 (Nawrocki et al., 2009). After sequence
alignment an aligned file was obtained from each sample. The
aligned files were used to cluster the sequences of each sample
using the RDP Complete Linkage Clustering tool and a cluster
file obtained. The comparison of the microbial communities
between Day 0, Day 14 and Day 35 was conducted using the
RDP library compare tool at 80% confidence interval.
Statistical analysis
The software, Primer 7 (Primer-E) version 7.0.13 (Quest
Research Limited, Auckland, New Zealand) and Multivariate
Statistical Package (MVSP) version 3.1 (KOVACH Computing
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Services, United Kingdom) were used for statistical analyses.
Hierarchical clustering and multidimensional scaling (MDS)
were based on a similarity matrix generated from standardized
and normalized data. The Euclidean distance was used for
environmental data. The hierarchical clustering was conducted
using the group average method. Multidimensional scaling
ordinations were based on 10 iterations and cluster overlays
were based on cluster analysis. ANOSIM (analysis of similarity)
was used to test the strength of separation and for significant
differences between the different clusters and pit latrine sludge
samples. Principle component analysis (PCA) was preceded by
a distance matrix of the dataset. MVSP was used for canonical
correspondence analysis (CCA). A paired t-test was performed
to test for significant differences between undigested and
anaerobically digested pit latrine sludge physico-chemical and
microbial parameters per pit per cycle of digestion.

RESULTS AND DISCUSSION
Bioreactor performance
The temperature in all the digesters ranged between 23°C
and 34°C (Fig. 2a). The highest temperature was recorded at
Days 14 and 15 and the lowest temperature in all digesters was
recorded at the first and the last days of the digestion process
in all the digesters. The temperature remained at mesophilic
range throughout the study while pH fluctuated between
8.1 and 5.1 in all the digesters (Fig. 2c). Generally, the pH
decreased from the beginning of the digestion and the lowest

pH values were recorded at Days 13 to 16 before increasing
again until Day 35 (Fig. 2c). The COD values decreased at a
faster rate, mainly between Day 0 and Day 14 and thereafter
continued to decrease up to Day 35 but at a much lower
rate (Fig. 2b). The general trend of COD was similar to that
observed for BOD, TS, and VS.
The cumulative volume of biogas produced from the
different pit latrine sludge digesters ranged from 0.001 to
0.003 m3/KgVSa with maximum daily production observed
at Day 14 (Fig. 2d). The biogas ignited in all reactors with the
earliest combustion recorded on Day 6.
General trends of physico-chemical properties on net
effect of AD on pit latrine sludge quality
Based on nMDS analysis (data not shown) the undigested
sludge samples were classified separately from treated samples,
irrespective of the space (pit) and time (sampling period)
in which the samples were collected. The physico-chemical
properties of treated and untreated sludge were distinct enough
to be classified into these separate categories irrespective of
pit or sampling period. The PCA confirmed the nMDS result
that undigested sludge samples classified separately from
treated samples and showed that TS, VS, COD and BOD
mostly accounted for the variability between the digested and
undigested sludge treatments (Fig. 3).
The process of AD resulted in changes in physico-chemical
properties as highlighted by the changes in pH and COD (Fig. 2).
Cluster analysis (data not shown), nMDS and ANOSIM (data

Figure 2. Physico-chemical changes during 35-day mesophilic anaerobic digestion of pit latrine faecal sludge (a) temperature, (b) COD, (c) pH
and (d) biogas production
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not shown) results also indicated that the mesophilic AD of pit
latrine sludge resulted in significant changes in physico-chemical
characteristics of the sludge. Biogas production (Fig. 2d)
confirmed that the process of AD was complete in each digester.
Effect of anaerobic digestion on selected individual
pollution indicators
At the level of individual pollution indicators, AD significantly
reduced COD and BOD (p < 0.05) in all the pit latrine sludge
samples (Table A1, Appendix). The percentage reduction for the
COD and BOD ranged from 42–63% and 34–52%, respectively
(Table A1, Appendix). These are comparable to the values of
58–61% reported by Issah et al. (2012) and Marti et al. (2008).
The COD concentrations in the digested sludge from all the
digesters, which ranged from 38 733 ± 10 452 to 53 563 ±
6 875 mg/L (Table A1, Appendix) were, however, still above the
environmental safety disposal requirements of the Zimbabwe
Regulations (Government of Zimbabwe, 2007) of < 60 mg/L of
COD by approx. 3 orders of magnitude. Thus the digested pit
latrine sludge cannot be disposed into the environment without
further treatment. The BOD strength of the anaerobically
digested pit latrine sludge, which ranged from 8 048 ± 1 179
to 10 916 ± 743.9 mg/L, also remained higher than the WHO
BOD5 (1989) standard of 20–100 mg/L for agricultural use and
disposal to the environment.
Feacal coliforms (FC) and E. coli were also significantly
reduced (p < 0.05) by the process of AD (Fig. A1). The
percentage reductions of FC and E. coli ranged from 33–61% in

all the samples (Table B.1). Helminth eggs were not detected in
any of the pit latrine sludge samples, both before and after AD.
The changes in ecological conditions during the AD process,
including temperature and pH, eliminate the sensitive bacteria,
including coliforms (Pandey and Soupir, 2011). In comparison,
other studies have reported 50–70% reduction in pathogens
using AD under mesophilic conditions (Sunders and Harrison,
2011; Issah et al., 2012), which was slightly higher than the
percentage reduction in this study.
Although significant reduction of FC occurred in each
digester during AD, the number of FCs in the digested sludge,
which ranged from 1.0 x 106 ± 2.7 x 104 to 2 x 106 ± 1.8 x 105
MPN/100 mL, still exceeded the environmental safety disposal
limit of <1 000/100 mL imposed by the Zimbabwe Regulations
(Government of Zimbabwe, 2007).
Overall, the process of AD, as expected, significantly
reduced the concentration and the counts of pollution indicators
(COD, BOD, FC and E. coli) in the undigested sludge in
comparison to the digestate. The concentration and the counts
of the pollution indicators (COD and BOD) in the digestate
were, however, still above the WHO (2006) guidelines for re-use
of the waste in agriculture. It has to be acknowledged that the
process of mesophilic AD, in as much as it significantly reduces
pollution indicators in the pit latrine sludge, did not reduce
these to levels acceptable for re-use or safe disposal. The process
of mesophilic AD of pit latrine sludge on its own cannot thus
be recommended for treatment of pit latrine sludge for safe
disposal. The main thrust of this research was, however, to
determine the extent to which (in terms of percentage reduction)
the process of mesophilic AD reduces pollution indicators in pit
latrine sludge, as a first step (baseline research) towards treating
pit latrine sludge and to inform further studies.
Bacterial community structure changes during AD
Estimates of diversity

Figure 3. Principal component analysis (PCA) for undigested (▲) and
digested ( ) sludge, mapping the undigested and digested samples
over sampling periods based on the sludge physico-chemical
characteristics. The blue lines show the extent of variability based on
eigenvalues in relation to digested and undigested samples as data
points. Analysis was based on the Euclidean distance matrix of the
sludge physico-chemical characteristics.

A total of 15 087, 7 683 and 9 715 pyrosequences were generated
at Day 0, Day 14 and Day 35, respectively (Table 1). After
sorting and trimming processes, a total of 11 478, 5 880 and
7 690 sequences of acceptable quality were obtained for Day 0,
Day 14 and Day 35, respectively. These sequences, with an
average length of 293–295 bp, were used to construct 16S rRNA
gene libraries for subsequent analysis.
Diversity indices provide more information about species
representation in community composition than just species
richness. In this study the Shannon–Weaver Index (H) and
the Chao 1 estimator were used to estimate the statistical
parameters that described each community structure. The
analysis of evenness (E) was based on the OTU data set. In
general, all the samples had balanced populations that had high
diversity indices, evenness and species richness. It was difficult
to compare the diversity parameters in this study with other
studies because of the differences in the reads generated from
the pyrosequencing.

Table 1. Estimation of bacterial diversity within gene libraries at 0.15 cluster distance
Library
Day 0
Day 14
Day 35

Evenness
Index (E)
0.83
0.80
0.79

Shannon
Index (H)
6.54
5.86
6.41

Chao 1
Estimator
3 832.6
2 203.5
2 336.6

Bacteria
Richness
Total sequences
(no. of OTUs)
generated
2 681.6
15 087
1 441.2
7 683
1 594.8
9 715
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trimming
11 476
5 880
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Average sequence
length after trimming
293
293
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A total of 9 bacterial phyla (Fig. 4) were identified in
the undigested pit latrine sludge that was inoculated with
10% (v/v) cow rumen fluid. The dominant bacteria in the
undigested pit latrine sludge inoculated with rumen were
of the phylum Proteobacteria 26.5%, then Firmicutes 25.1%
followed by Spirochaetes (4.7%), Bacteroidetes 2.2% and
Actinobacteria 0.9%. The rest of the bacterial phyla included
the Planctomycetes, Synergistestes, Verrucomicrobia and
Lentisphaearae, which were underrepresented (Fig. 4).
Comparison of microbial community composition clearly
showed how this varied between the anaerobically digested
sludge and the undigested samples. The Bacteroidetes increased
from 2.2% at Day 0 to 16.3% at Day 14 and 32.1% at Day 35.
Firmicutes increased from 22.4% at Day 0 to 28.8% at Day
14 before decreasing to 11.6% at Day 35. The Spirochaetes
increased from 4% at Day 0 to 5.5% at Day 14 and further
increased to 9.2% at Day 35. Proteobacteria decreased
significantly to 2.8% at Day 35 from 24.1% at Day 0 to 2.5% at
Day 14. All the changes were significant at p < 0.05.
It must be acknowledged that the bacterial composition
reported here was after the addition of 10% cow rumen
which could affect sludge bacterial composition. However,
a comparison of the pit latrine sludge alone and that mixed
with 10% cow rumen (Table 2) shows that the percentage
distribution of the dominant phyla was the same.
A comparison of the bacterial phyla in this study after the
addition of rumen with other pit latrine sludge samples and
with rumen bacterial composition from literature suggest that
the trends of the bacterial composition in this study follow
that of the pit latrine sludge rather than cow rumen, though
the contribution of the rumen fluid cannot be overruled. For
example, Proteobacteria represented 26.5% of the bacterial
community in our study, and, in another study, 25% in pit latrine
sludge samples from Vietnam (Torendel et al., 2016), whereas
a study by Ozbayram et al. (2018) found no Proteobacteria in
in cattle rumen. Ozbayram et al. (2018) highlighted that the
dominant phyla in cattle rumen were Bacteroidetes (54%); in
this study Bacteroidetes contribution was 2.2%. In the same

Figure 4. Phylum-level classification of bacterial diversity and
community composition during anaerobic digestion of pit latrine
faecal sludge inoculated with cow rumen

Table 2. Comparison of dominant bacterial phyla composition (%) in pit
latrine sludge alone and pit latrine sludge mixed with 10% cow rumen
Bacterial phyla

Proteobacteria
Firmicutes
Spirochaetes
Bacteroidetes
Actinobacteria

Pit latrine sludge
alone bacterial
phyla composition
(%)
27.3
26.4
3.9
1.4
1.2

Pit latrine sludge
mixed with 10% cow
rumen bacterial phyla
composition (%)
26.5
25.1
4.7
2.2
0.9

study of cattle rumen by Ozbayram et al. (2018), Fibrobacteres
and Lentisphaerae contributed 12% and 8%, respectively, but
these phyla were not present or underrepresented in our study
as well as in other pit latrine sludge samples from Tanzania and
Vietnam (Torendel et al., 2016).
The process of AD was characterised by changes in
community structure that were associated with biochemical
and physico-chemical changes. These changes are usually
attributed to the processes of hydrolysis, acidogenesis,
acetogenesis and methanogenesis. The microbial diversity
observed in the undigested sludge (Day 0) are associated with
the early stages of AD and minimal activity in terms of biogas
production. The activity (biogas production) increased reaching
a peak at Day 14 which also corresponded with the highest
temperature reached on this day (Fig. 2). Day 14 was therefore
associated with maximum activity or maximum cumulative
activity and the turning point towards the decline of activity
(biogas production and temperature) during the anaerobic
digestion (Fig. 2). Day 35 presented the latter stages of the
process, which were characterised by declining and almost
stationary biogas production (Fig. 2).
Our findings indicated that Proteobacteria, Firmicutes,
Spirochaetes, Bacteroidetes and Actinobacteria were the major
bacterial phyla commonly found in fresh faecal sludge in the
early stages of digestion that occurs in the uppermost layer
of pit latrines. The bacterial composition can be altered by a
number of environmental factors, including anal cleansing and
bathing material, and the design of the latrine, amongst other
factors (Torendel et al., 2016). The Firmicutes, Bacteroidetes,
Proteobacteria and Actinobacteria have been reported to be the
most abundant phyla in pit latrine sludge bacterial communities
(McLellan et al., 2010; Torendel et al. 2016). Sewage sludge
profiles were also found to be dominated by the same phyla
(Shanks et al., 2013). Firmicutes are common inhabitants of the
human gut (Gill et al., 2006) and environments where AD occurs
like activated sludge systems and anaerobic digesters (GarciaPena et al., 2011). One of the dominant genera, Treponerma
(Table A3, Appendix), is from the phylum Spirochaetes, which
have previously been shown to be important components of the
gut microbiota in individuals from rural, less developed regions
(Schnorr et al., 2014), which is relevant to this study as the
sludge was collected from a peri-urban area which is considered
to be a poor area, for example, in terms of diet. Proteobacteria
are important microbes in the AD process because most of the
Alpha-, Beta-, Gamma-, and Deltaproteobacteria are well known
glucose, propionate, butyrate, and acetate-utilizing microbial
communities (Ariesyady et al., 2007).
As the AD process occurred, there were notable changes
in numbers of the inherently emerging bacterial populations
and disappearance of those involved in the early stages of
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AD, showing that the process involves microbial succession
and specific groups of microorganisms drive the specific
biotransformations of sludge material towards completion. A
shift in this succession could therefore be detrimental to the
efficient production of biogas or effective treatment of the faecal
sludge. Understanding these changes in microbial community
structure is therefore very important for monitoring and
improving the efficiency of AD of faecal sludge and derivation
of maximum value. The turning point of activity, Day 14, was
characterised by drastic shifts of bacteria at phylum level, with
an increase in Firmicutes of the class Clostridia, Spirochaetes
of the class Spirochaetea and Bacteroidetes of the classes
Bacteroidia and Flavobacteria. These results suggest that
an increase in numbers occurred in those bacterial groups
actively involved in the turning point of the process or simply
those adaptable to the emerging conditions. Most members of
Firmicutes are syntrophic bacteria that can degrade various
volatile fatty acids (Garcia-Pena et al., 2011). The Bacteroidetes,
which increased up to Day 14, are known to produce various
lytic enzymes and acetic acid during the degradation of organic
materials (Chen and Dong, 2005; Robert et al., 2007; Riviere et
al., 2009).
At Day 35, which was considered the end of the digestion
process, there was a reduction in Firmicutes of the class Bacilli and
further reduction in Proteobacteria of classes Alphaproteobacteria,
Gammaproteobacteria and Betaproteobacteria. This reduction
in numbers found in the undigested sludge was an indication
of those bacteria that were reduced or eliminated by the process
of AD or that did not favourably respond to the changes in
conditions during the process.
The results obtained in this study in terms of bacterial shifts
during AD was comparable to those of Alcantra-Hernandez
et al. (2017) and Doloman et al. (2017), who reported that
Proteobacteria diminished from 33% to 10–16% whilst
Spirochaetes and Bacteroidetes increased as a result of AD. Their
results were, however, different in relation to Firmicutes; we
observed a significant decrease in Firmicutes as a result of AD,
whilst Alcantra-Hernandez et al. (2017) and Doloman et al., (2017)
reported an increase of Firmicutes as a result of AD. The waste
material for the study by Alcantra-Hernandez et al. (2017) was
organic urban residues and for that of Doloman et al. (2017) was
microbial biomass, both being operated at mesophilic conditions.
Association between bacterial community structure and
environmental properties at Days 0, 14 and 35 of AD
Using canonical correspondence analysis (CCA) at genus
level. Treponerma, Alkaligenes and Celerinatantimonas
were associated with high COD, BOD and VS at Day 0.
Prevotella, Hellela, and Sarcina were associated with high
production of biogas at Day 14, which was the turning point for
all the measured physico-chemical properties. Mangroviflexus,
Alkalitalea and Oligosphaera were associated with high K and
low COD, BOD and VS at Day 35 (Fig. 4).
It should be appreciated that no two pits are alike; even
the same pit sampled at different depths is not alike (Bakare et
al., 2012). What we have assessed here is a general trend from
specific pit latrine sludge in Shackleton, but specific details could
differ from pit to pit and area to area. Factors such as differences
in gut microbiota, diet, anal cleansing material and pit latrine
maintenance approaches, like different emptying patterns, can
result in differing microbial compositions of raw pit latrine
sludge (Torendel et al., 2016). The results presented here were
obtained from small-scale reactors and thus may not exactly

Figure 5: Canonical corespondance analysis ordination plots
depicting the relationship between pit latrine sludge environmental
charactristics at Days 0 (D0), 14 (D14) and 35 (D35) and bacterial
populations at genus level. Key: Pit latrine sludge physico-chemical
parameters – K (potassium), Ca (calcium), Na (sodium), VS (volatile
solids), BOD (biological oxygen demand), COD (chemical oxygen
demand), pH, TS (total solids) and Mg (magnesium). Bacterial
genera: Pseudo (Pseudomonas), Celerinat (Celerinatantimonas),
Prevot (Prevotella), Helle (Hellela), Alkalig (Alkaligenes), Clostrid
st (Clostridium sensu strict), Sarc (Sarcina), Trepo (Treponerma),
Sphaero (Sphaerochaeta), Oligosph (Oligosphaera), Mangrovifl
(Mangroviflexus), Alkali (Alkalitalea), Clostridi XI (Clostridium XI).
The triangles represent the cases (different sampling times during
anaerobic digestion) and the squares, either the bacterial phylum or
genera. Arrows represent the direction and strength of the variables
in relation to physico-chemical characteristics shown as data points.
Distance of arrows from the axis centre shows extent of variability
based on PCA scores (eigenvalues).

replicate the much bigger digesters and as such the hydraulic
retention times, reactor temperatures, and mixing methods will
likely require modifications during scale up. However, the results
obtained using this anaerobic digester model provides insights
into how full-scale reactors may perform.
To the best of our knowledge this is the first study describing
the changes in microbial community structure during AD of
pit latrine sludge. Most studies have traditionally been based
on culture-dependent techniques targeting specific bacterial
groups such as E. coli and faecal coliforms, which are indicators
of faecal origin. The use of next generation sequencing based
on the 16S rRNA identification reveals diversity that would not
have been shown by culture dependant techniques. The findings
from this study indicate the key bacterial groups involved in the
AD process, which could be useful for improving the efficiency
of the AD process and developing bacteria-based technological
solutions for the treatment of pit latrine sludge and energy
generation from the sludge.

CONCLUSIONS
The study revealed that the process of mesophilic AD of pit latrine
sludge reduces pollution indicators in the sludge. The reduction
was, however, insufficient to meet the threshold for safe disposal.
The process of mesophilic AD of pit latrine sludge on its own
cannot therefore be recommended for treatment of pit latrine sludge
for safe disposal. The study, however, has provided information
on qualitative and quantitative changes in the levels of pollution
indicators during the AD process. The study also showed that there
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is wide diversity of bacteria in pit latrine sludge, which changes in
community structure as the AD process progresses. The changes in
community structure described by this study are considered to be
the changes that occur during healthy mesophilic AD of faecal pit
latrine sludge. The process may, however, be affected by a number of
factors that may alter the succession reported here and subsequently
affect the efficiency of the process. The process of mesophilic
AD promotes proliferation of Bacteroidetes and Spirochaetes
and significantly reduces Proteobacteria and Firmicutes. The
information generated will form a basis for future research in
understanding the process of mesophilic AD of pit latrine sludge.
The information generated can also be used to compare mesophilic
AD with other proposed treatment options for pit latrine sludge
and could be used to develop microbial-based treatment
technologies and management solutions.
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APPENDIX
Table A1: Effect of anaerobic digestion of pit latrine faecal sludge from Shackleton on COD, BOD, total solids and volatile solids (n = 18 per pit).
Pit
Number

COD (mg/L)

BOD (mg/L)

%
reduction
1
84 049 ± 9 564
43 019 ± 4 593
***
14 987 ± 2 404
9 442 ± 1 470
37
2
74 713 ± 3 989
43 508 ± 3 640
***
14 736 ± 4 433
9 799 ± 1 211.5
34
3
115 754 ± 13 389
53 563 ± 6 875
***
18 329 ± 2 976
10 916 ± 743.9
40
4
128 212 ± 13 864
47 598 ± 11 121
***
22 249 ± 2 985
10 669 ± 461
52
5
99 523 ± 9 073
41 583 ± 8 911
***
16 595 ± 2 992
8 048 ± 1 179
52
6
97 341 ± 12 328
38 733 ± 10 452
***
15 055 ± 2 570
8 664 ± 735
43
Total solids (mg/L)
Volatile solids (mg/L)
1
39 537 ± 3 114
31 181 ± 3 698
21
***
20 175 ± 2 540
8 672 ± 1 873
57
2
28 212 ± 2 635
20 461 ± 1 964
27
***
11 163 ± 3 525
4 803 ± 1 213
55
3
55 345 ± 4 986
41 074 ± 6 454
24
***
24 646 ± 6 382
10 260 ± 2 241
52
4
62 698 ± 2 078
51 644 ± 1 568
17
***
33 910 ± 9 290
7 046 ± 5 553
79
5
51 687 ± 2 206
40 628 ± 2 480
21
***
22 565 ± 1 716
7 314 ± 1 607
68
6
46 276 ± 5 646
33 471 ± 5 307
27
***
21 944 ± 4 497
6 741 ± 1 994
69
± = standard deviation, p*** = significant difference, p** = no significant difference between undigested and digested pit latrine sludge
Fresh

Digested

%
reduction
48.8
41.7
53.7
63
58.2
60.2

p value

Fresh

Digested

p value
***
***
***
***
***
***
***
***
***
***
***
***

Figure A1: Effect of anaerobic digestion on (a) total coliforms, (b)
faecal coliforms and (c) E. coli counts in pit latrine faecal sludge from
the peri-urban settlement of Chinhoyi, Zimbabwe (n = 18 per pit), p <
0.05 in all samples before and after digestion.
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Table A2: Total coliforms, faecal coliforms and E. coli percentage
reductions due to the process of anaerobic digestion (n = 18 per pit)
Pit
1
2
3
4
5
6

Total
coliforms (%)
33 ± 5
46 ± 8
48 ± 5
61 ± 5
55 ± 4
50 ± 10

Faecal
coliforms (%)
52 ± 12
52 ± 8
50 ± 10
47 ± 5
54 ± 5
34 ± 12

E. coli (%)
37 ± 5
45 ± 10
35 ± 8
60 ± 5
54 ± 10
40 ± 8

Table A3: Taxonomic composition of bacterial communities at the
genus level for the sequences retrieved from each sample at different
stage of anaerobic digestion
Phylum

Genus

Relative abundance
Day 0 Day 14 Day 35
0.1%
0.2%
0.3%
0.3%
0.3%
0.1%**
1.9%
0%*
0%**

Olsenella
Corynebacterium
Kurthia
Planococcaceae0.3%
0%*
incertae-sedis
Lysinibacillus
0.1%
0%
Rummelibacillus
1.6%
0%*
Anaerobacter
0.3%
1.4%*
Clostridium sensu
0.4%
2.9%*
stricto
Firmicutes
Sarcina
1.2%
6.8%*
Clostridium XlVa
0%
0.1%
Turicibacter
0.1%
0.6%*
Clostridium III
0%
0.1%
Bacillus
0.2%
0%
Clostridium XI
0%
4.9%*
Sporacetigenium
0.2%
0.5%
Anaerovorax
0.1%
0.1%
Ignatzschineria
4.2%
0%*
Azomonas
0.7%
0%
Pseudomonas
1.1%
0%*
Celerinatantimonas
0.9%
0%*
Proteobacteria Pussillimonas
0.3%
0%
Advenella
0.5%
0.1%
Paenalcaligenes
0.3%
0%
Castellaniella
1%
0.1%*
Alkaligenes
1.1%
0%*
Petrimonas
0.1%
0.5%
Proteiniphilum
0.2%
1%
Prevotella
0.1%
3.1%
Hellela
0%
1.1%
Bacteroidetes
Comamonas
0.2%
0%
Phocaeicola
0%
0.1%
Mangroviflexus
0%
0%
Alkalitalea
0%
0.2%
Treponerma
1%
0.5%
Spirochaetes
Sphaerochaeta
1.6%
3.9%*
* = significantly different at p < 0.01 between Days 0 and 14
** = significantly different at p < 0.01 between Days 0 and 35
Actinobacteria

0%**
0%
0%**
0.8%
1.7%**
0.1%**
0.1%
0.1%
0.1%
0.1%
1.7%**
0.2%
0%
0%**
0%
0%**
0%**
0%
0.1%
0%
0.1%**
0.5%**
0.1%
0.6%
0%
0%
0.1%
0.8%
4.9%**
13.9%**
0.1%
7.5%**
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