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Abstract

Composting toilets have been promoted for management of human waste at remote sites in parks and alpine
areas of recreation, but they may not be effective for producing a stable and safe end product. Vermicomposting
has been shown to result in a more degraded final product but its effectiveness for pathogen destruction was
unclear due to conflicting information in the literature. This study sought to resolve the debate on whether or not
vermicomposting could produce a hygenic end product that would be safe for disposal locally. Vermicomposting
was tested for destruction of the model pathogens, helminthic parasites, in an experiment with highly
concentrated and viable Ascaris suum (26261306 ova/g, 61.6+£8.7% viable) inoculated into fecal matter and coir
(30:70 ratio) with and without Eisenia fetida worms. After 90 days at 19+3 °C six, eight, and 12 worms were
found alive with no significant difference between treatments or through time found in TS% (12-15%), ova
concentration and ova viability. A 100 times reduction in the concentration of Escherichia coli resulted from the
worm treatment versus the control. Significantly higher nitrate (22 735+4 741 mg/kg NO5’) and lower pH (pH
4.60+0.01) were found in the treatment as compared to the control (5 078+2 167 mg/kg NO5") (pH 6.56+0.30).
Despite these improvements in fecal matter processing, vermicomposting was found ineffective at reducing
Ascaris suum ova concentration and viability. Decentralized vermicomposting can efficiently stabilize and
mature fecal matter; however prior to unrestricted end product use, an additional sanitation step is necessary.
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1. Introduction

Management of human waste using waterless technology is often the only option in remote locations.
Additionally, composting toilets are being adopted in some urban areas, since they are perceived as safe and
effective, although there is little on going monitoring to prove this. The ideal onsite human waste treatment
system would be a continuous flow, one step process to produce stabilized, sanitized and mature end products
that can be handled without health risks and disposed onsite without environmental impacts, bringing about, at
very low cost and risk, production of a soil amendment that could be used for rehabilitation projects. The
waterless and waste reuse aspects of composting toilets make them an attractive sustainable technology.

Despite popular perception, Hill and Baldwin (2012) indicate that composting toilets fail to deliver these
objectives. Urine diverting dehydrating toilets (UDDTs) divert urine, evaporate moisture, and require ash
amendment in order to reduce pathogens through desiccation and alkalization and are considered to be an
improved design over latrine composting toilets. Despite the focus on pathogen destruction over stabilization, 31%
of samples from Bolivian UDDTs that met World Health Organization (WHO) guidelines for UDDTs (high pH,
low moisture, and long storage times), still contained viable Ascaris lumbricoides ova indicating that UDDT
systems are not reliable sanitization systems (McKinley, Parzen, & Guzman, 2012).
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Although vermicomposting has not been approved by Canadian or US federal agencies as a pathogen reduction
and stabilization pathway, it has been shown that vemicomposting (Eastman et al., 2001) and urine diverting
vermicomposting toilets (Hill & Baldwin, 2012) may have the capability to deliver on all of these objectives
(stabilization, maturation, and sanitization). By diverting urine, fecal matter and toilet paper become a suitable
feedstock for decentralized vermicomposting, a process that was shown, by Hill and Baldwin (2012), to produce
sanitized (low E. coli), mature (Solvita® 4+0) and stable (VS 60+£10%) solid end product from human excrement,
as has been shown similarly in numerous other studies including Bajsa, Nair, Mathew, Ho (2003) (sewage
sludge), Yadav, Hait, Tare (2007) (source separated fecal matter), Benitez, Nogales, Elvira, Masciandaro,
Ceccaniti (1999) (sewage sludge), and others for numerous animal manures and industrial wastes as reviewed by
Sinha, Herat, Bharambe (2009) and Edwards, Arancon, Sherman (2011). Vermicomposting toilet systems have,
moreover, been shown to be safer, easier and less expensive to manage than traditional composting toilets (Hill
& Baldwin, 2012). Diverted urine can be discharged directly to shallow septic fields for rapid assimilation and
pathogen attenuation by active soil microbes and plant roots or collected, stored, and utilized as fertilizer in crop
production (Del Porto & Steinfeld, 2000). One objective of this study was to directly compare the efficacy of
vermicomposting with that of composting without worms on the same feces starting material under identical
conditions. End products were compared by measuring common composting quality indices.

Postulated mechanisms for pathogen destruction by earthworms include: selective predation/ consumption
(Edward & Bohlen, 1996; Kumar & Shweta, 2011); mechanical destruction through action of gizzard (Edwards
& Subler, 2011); microbial inhibition through humic and coelomic acids or other enzymes secreted within the
digestive tract and extracellular and within gut (Edwards & Subler, 2011); stimulation of microbial antagonists
including the ones of the Streptosporangium and Pseudomonas genera (Kumar & Shweta, 2011); and indirectly
through stimulation of endemic or other microbial species which outcompete, antagonize, or otherwise destroy
pathogens (Edwards & Subler, 2011).

In addition to examining reduction of pathogens such as E. coli we chose to study also the fate of helminthic
parasites. Ascaris lumbricoides ova are one of the most resistant human parasites commonly found in fecal
matter (Eastman et al., 2001; Bowman et al., 2006; Jimenez-Cisneros & Maya-Rendon, 2007). The ova shells are
highly resistant to salts, chemicals, desiccation, acids, bases, oxidants and reductive agents (Jimenez-Cisneros &
Maya-Rendon, 2007). Bean, Hansen and Margolin (2007) found that pH adjustment up to 12 for two to 72 hours
had no effect on ova viability compared to controls in neutral pH. Ammonia has been shown to have greater
destructive potential than pH adjustment alone (Mendez-Contreras, Jimenez, & Maya, 2004) presumably due to
the permeability of the ova shell to gases (Jimenez-Cisneros & Maya-Rendon, 2007). Temperatures greater than
40 °C (with residence times determined by temperature and type of process) are also utilized to destroy ova
(Jimenez-Cisneros & Maya-Rendon, 2007). Thermophilic aerobic digestion at 48 °C for 30 days achieved 78%
efficiency in helminthic ova reduction from 4.5 to <1 ova/10g TS (Gantzer, Gaspard, & Galvez, 2001). Despite
Ascaris ova defenses, Eastman et al. (2001) reported that vermicomposting could reduce ova to below acceptable
EPA limits. Based on Ascaris ova superior chemical defenses and resistance to aerobic processes, it seems
unlikely that a single passage (12-20 hours residence time (Wood, 1995)) through the gut of the earthworm
would be adequate to digest the three layers of protective ova shell and accomplish a reduction in viability or ova
concentration. It is possible that chitinase excreted within the earthworm gut (Wood, 1995) could begin the
degrading the ova’s middle chitin based protein layer (Jimenez-Cisneros & Maya-Rendon, 2007), which confers
mechanical resistance and prevents passage of material into the cell, but it seems likely that multiple passes or
considerable subsequent degradation outside the gut of the worm would be necessary to accomplish significant
decrease in ova viability or complete destruction and decrease in concentration. Bowman et al. (2006) found
holes in Eastman et al. (2001) methodology, which cast doubt on the validity of these earlier results.
Nevertheless, if vermicomposting were demonstrated to eradicate Ascaris ova from human excrement, the
process could be relied upon as the sole sanitization step in a decentralized treatment system of human waste in
which the residual organic matter could be reused for land application. To resolve this controversy, the
laboratory experiments were designed to also evaluate the effect of vermicomposting on helminthes by spiking
the model helminthic parasite Ascaris suum ova into the fecal matter. Although Ascaris suum are parasites that
more commonly infect pigs, they are the closest relative to A. lumbricoides, and the ova of both species are
similarly resistant to destruction. Composting quality variables were recorded along with Ascaris suum
concentration and viability to test the effectiveness and safety of vermicomposting in comparison with
composting without worms.
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2. Method

Fecal matter from two male volunteers was collected over the course of two weeks and stored at 4 °C for 2
weeks prior to initiating the experiments. Four kilograms of fecal matter was saturated with distilled water,
drained over a 24 hour period, inoculated with three million Ascaris suum ova purchased from Excelsior Sentinel
Inc. (Trumansburg, NY) and mixed into four kilograms of damp coconut coir, making a 50:50 fecal:coir wet
weight feedstock. Coir was chosen as it is commonly used in vermiculture in Europe (Anbuselvi, 2009). It has
little nutritional value but considerable water holding capacity which makes it a great bulking agent for fecal
matter, as was discovered in pre-experiment trials (Anbuselvi, 2009). In addition to testing for Ascaris suum
concentration and viability, the feedstock (before being added to the coir) was sampled for a variety of
physicochemical variables to measure decomposition and maturity in end products (Table 1). Feedstock and end
products were vacuum sieved with a 250 pm sieve and volatile solids (%) were calculated on both fractions. All
analyses, unless otherwise stated, were conducted by Benchmarks Labs (Calgary, AB).

The feedstock was initially used in an experiment that was abandoned after 48 hours after the majority of the
worms died. Dead earthworms were removed; the material was recombined, thoroughly mixed, and placed at 4
°C for 3 days while modifications to experimental design were made.

Table 1. Parameters tested and test names/ description or formulae, used to evaluate vermicomposting effects on
Ascaris suum. Parameters tested by Benchmark Labs (Calgary, AB) denoted with *

Parameter Test Name / Description or Formula Units
Percent total solids 0
(TS%)* APHA Method 3540B %
Percent volatile solids o
(VS%)* APHA Method 2540 %
Pergent volatile APHA Method 2540 with sieve fraction >250um %
solids >250um
Percent volatile solids APHA Method 2540 with sieve fraction <250um %
<250um
A ium-N
I&Tﬁ?i;r;l* Mod. ASTM D6919 (ion chromatography) mg/kg (ds)
Free ammonia-N [NH;] = [NH4] (at 20 °C)
/k
(NH3-N)* 10°3PH mg/kg (ds)
H* Cold water shake 1:2 sample:water, followed by measurement with )
p VWR symphony pH probe at 25°C
Cold water shake extraction followed by USEPA Approved Method
E. coli* 1604, with only E. coli reported by membrane filtration using a CFU/g (ds)
simultaneous detection technique
Nitrate (NO;)* APHA Method 4110A mg/kg (ds)
Ascaris sp B va As per Kato et al. 2003 with minor modifications #g
concentration
scc?rzs' s.p ova As per Kato et al. 2003 with minor modifications % viable
viability*
Zinc (Zn)* Mod. EPA 3050A (Digestions), Mod. EPA 6020 (ICPMS) mg/kg (ds)
Phosphorus (P)* Mod. EPA 3050A (Digestions), Mod. EPA 200.7 (ICPOES) mg/kg (ds)
Total Kjeldahl Nitrogen v 1 M. et al. (2003) mg/ke (ds)

(TKN)*

To increase worm survival, the original feedstock was placed into six 500 mL glass jars upon a bedding of 150 g
of damp coir, diluting it from its 50:50 fecal:coir ratio to 30:70. Fifteen mature Eisenia sp. worms, were added to
three treatment jars creating a worm density of ~0.013 grams earthworm per gram material. The remaining three
jars were left as controls. Permeable geotextile was placed on the top of the jars and sealed with threaded rims.
The jars were placed in a stratified pattern in a rectangular plastic container. A Hobo® air temperature and
relative humidity logger were added to the plastic container and the container was placed into a covered,
insulated, temperature regulated (18-22 °C) and humidified (80-90%) chamber. After 90 days, counting the
number of worms and the cocoon density determined the health of the worms. Cocoons are formed as a result of
reproduction and their number informs on reproductive health of the worms. Then, the experiment jars were sent
by overnight courier to Benchmark Labs for testing. Material was thoroughly mixed before sub-sampling. Upon
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completion of testing, Benchmark Labs shipped samples back to the authors for storage at 4 °C. After 15 days,
samples were sent back to Benchmark Labs for total nitrogen and phosphorus testing. Coir was also sampled at
this time for the full suite of tests. Remaining sample was kept in the fridge at 4 °C.

To further investigate if the conversion of ammonia to nitrate was due to microbial activity in the composting
material, marker genes for total bacteria and bacterial ammonia oxidation were quantified. Genomic DNA was
extracted from duplicate 10g wet weight samples using the MoBio® PowerSoil DNA extraction kit (MoBio
Labs, Solana Beach, CA) according to the manufacturer’s instructions three weeks after final sampling. Total
nucleic acid concentration and DNA purity were measured using a NanoDrop® ND-2000 UV-Vis
Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Appropriate dilutions with sterile
nucleotide-free water were carried out so that all DNA samples were the same concentration. Total bacteria 16S
rRNA and the bacterial ammonia monooxygenase structural gene, amoA, were quantified using primers Bac27F
5 AGAGTTTGATCCTGGCTCAG 3’(Lane et al., 1985); Bac519R 5> GNTTTACCGCGGCKGCTG 3’; and
amoA-1F; 5’-GGGGTTTCTACTGGTGGT; amoA-2R; 5’-CCCCTCKGSAAAGCCTTCTTC (Rotthauwe,
Witzel, & Liesack, 1997), respectively. Quantitative polymerase chain reaction with SsoAdvanced™ SYBR®™
Green Supermix (Bio-Rad Labs Inc., Hercules, CA) and primers concentrations of 200 nM was performed on a
CFX Connect™ Real-Time PCR Detection System (Bio-Rad) with reaction conditions: 98 °C 2 min; up to 40
cycles of 98 °C 5 sec; annealing temperature of 55 °C (total bacteria) or 60 °C (amoAd) 30 sec; with a final
melting curve at 65-95 °C at 0.5 °C increments of 2 sec. Reactions were performed in triplicate and all amplicons
produced only one melting curve peak. The average number of cycles required for each sample to reach a
threshold relative fluorescence unit was recorded (Cq value).

ANOVA tests were used to evaluate between treatments and controls after checking univariate assumptions,
which were met in all cases.

3. Results and Discussion

An average temperature of 19+3 °C was measured through the duration of the 90 day experiment. The
temperature tolerance for Eisenia sp. is between 0-35 °C with an optimum between 20-25 °C (Neuhauser, Loehr,
& Malecki, 1988). The relative humidity in the covered chamber averaged 95+£6%, which assisted in the
maintenance of soil moisture favored by earthworms without requiring frequent manual watering to replace
water lost through cellular respiration and evaporation.

The measured starting worm density was 0.013 g-worm/g-material (15 worms, average 0.3 g/worm, in 350 g of
wet material) and is within the range of worm densities 0.005-0.05 g-worm/g-material found to successfully
sanitize sewage sludge and fecal matter producing stable and mature end product in 8-9 weeks during
experimental trials (Benitez, 1999; Yadav et al., 2007). Worm count by the end of the 90 day experiment had
dropped to 8.7£3.0 from 15; nonetheless, the treatment effect of vermicomposting was considered sufficient as
the sample with the lowest final worm density (0.007g/g) was still higher than that found sufficient in other
studies (Benitez et al., 1999; Yadav et al., 2007).

The cocoon density (0.069+0.087 cocoons/gram total feedstock (Table 2) is in the middle of a considerable
range of cocoon densities found in other experiments including Yadev et al. (2007) where 0.0026-0.0032
cocoons/g feedstock were found from 30 worms placed into 40 kg feedstock for 4 months, and Sangwan,
Kaushik, Garg (2008) who found 0.42-1.36 cocoons/g feedstock (from 5 worms placed into 150 g feedstock in 1
L containers for 13 weeks). Adequate nutrition is required to support growth and reproduction in earthworms
(Sangwan et al., 2008) and the cocoon density found here can be interpreted as an indicator of adequate nutrition
and affirmation of the vermicomposting process in the treatment jars (Dominguez & Edwards, 2011).
Nevertheless, being a closed experiment, the process was far from optimized; Eisenia sp. can produce 0.35
cocoons/worm/day (Dominguez & Edwards, 2011), which would equate to a cocoon density of 1.4 cocoons/g
material if the rate were maintained throughout the 90 day experiment.

The TS content of the feedstock, coir, treatment and control were all between 12-15%, which is within the
optimum range (75-90% moisture content) for vermicomposting (Neuhauser et al., 1988) (Table 2). Dominguez
and Edwards (Dominguez & Edwards, 1997) suggested the optimum moisture be between 80-90%. End product
from non-bulked commercial vermicomposting toilets- which sustained adequate worm density (0.03£0.04
g-worm/g-material), reduced E. coli to 200 CFU/g, and produced mature, stable, high density (850 kg/m’)
vermicompost - was considerably drier, a factor which is important in order to prevent anaerobic conditions
(27410% TS) (Hill & Baldwin, 2012). However, the high lignin content (30%) and low density (70-80 kg/m’) of
the coconut coir bulking agent likely maintained oxygen transport preventing anaerobic conditions from
developing (Anbuselvi, 2009). As desired, there was no significant difference in TS between treatment and



www.ccsenet.org/jsd

Journal of Sustainable Development

Vol. 6, No. 4; 2013

control eliminating any effect or interaction moisture content may have had on decomposition or pathogen

destruction.

Table 2. Feedstock, coir, starting material, treatment, and control means and standard deviations for parameters
tested in determination of effect of vermicomposting on Ascaris suum

Parameter Feedstock Coir Starting Avg' Treatment Control p value
(units) (meanSD) (meantSD) (mean+SD) (mean+SD) (mean+SD) (T vs. C only)
TS (%) 14.53+0.17 14.70+0.46 14.65+0.49 12.38+1.34 13.23+0.59 0.49
VS (%) 93.22442.183  95.323+1.551 94.802+2.701 91.687+0.346 92.214+0.503 0.209
?g/f) Z250Um o5 64740579 96.270+1.175 96.092+1.310 93.677+1.142 92.336+0.476 0.0674
X/f) <250Um g9 665+4.749  88.907+8.733 90.217+7.824 86.132+2.086 91.889+3.293 0.0314*
.
NH, -N 402.0+58.5 NA. NA. 66.8425.1 <25 0.011
(mg/kg)
NH;-N 24.348.2 N.A. N.A. <25 <2.5 N.A.
(mg/kg)
pH 8.04+0.17 5.88+0.12 6.53+0.21 4.60+0.01 6.56+0.30 0.0074*
NO; (mg/kg) <25 0.23+0.40 <25 22 735+4741 507842167 0.0042%*
TKN (mg/kg) 34 000£15400 9 600+2200 16 90015600 16 700+4100 19 00041500 0.51
E.coli i
(CFUg) 61 42249042 0 18 42649042 442+290 310360 0.65
@gm Va2 62621306 0 787.8+1306 6 26943226 4 638+3095 0.56
Ascaris 61.6+8.7 NA. 61.6+8.7 52.748.4 574472 0.50
(% viable)
Zn (mg/kg) 112.5+12.6 0 33.75+12.6 45.6+11.2 26.8+15.2 0.17
P (mg/kg) 5833+1072 285.7+321.9 194941119 2 554+889 3299+1527 0.51
Cocoons (#/g) 0 0 0 0.069+0.087 0 N.A.
Worms (#) 0 15 15 8.7+3.1 0 N.A.

+: Weighted average by wet weight of coir and feedstock added to each container

++: Assumed, not measured.

N.A.: Not measured.

Table 3. Comparison of studies on the effects of vermicomposting on pH, nitrate, total available nitrogen (TAN),
and volatile solids (VS) or total organic carbon (TOC)

pH Nitrate Total Nitrogen  Decreased VS
(mg/kg ds) (units) or TOC
Source Feedstock Time Initial Final Initial  Final Initial Final
Bajsa et al. Sludge
(2005) N.A. 4.5 500 3750 N.A. N.A. N.A.
Bajsactal. Sludge and sawdust — 45 2500 1750 N.A.  NA. NA.
(2005)
Hill and Source separated 1961
Baldwin fecal matter 341 years N.A. 7.4+0.3 N.A. +700 N.A. N.A. Yes, 20-30%
(2012) -
Yadav etal.  Source separated 41 28
(2010) fecal matter 4 mo 53£0.2 8.0+0.3 N.A. N.A. (wke) (wke) Yes, 48%VS
Kumar and Cow dung with other
Shweta amendments 60 days N.A. N.A. N.A. N.A. 0.73-0.86% 1.0-1.4%  Yes, 2-4%
(2011)
Sangwan et ~ Mixtures of cow 15-19 2127
al. (2008)  dung, biogas plant 91 days 7.4-8 6.1-7.4 N.A. N.A. K " Yes, 7-12%.
slurry and press mud (g/kg) (g/kg)
This study  Source separated 230004 1716 1714
fecal matter and coir 90 days 6.5£0.2 4.610.0 <2.5 741 (g/kg) (g/kg) N.A.
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Vermicomposted material had a pH of 4.60+0.01 which was significantly less than the control (6.56+0.30)
(p=0.0074) and lower than the feedstock (8.04%+0.17), coir (5.88+0.12) and weighted average of the two
(6.53£0.21) (Table 2). A wide range of vermicompost end product pH values have been reported and generally
related to feedstock characteristics, as noted in Table 3. Eisenia sp. are suggested to have a pH preference as low
as 5.0 (Dominguez & Edwards, 2011) and as high as 7.0 (Sinha et al., 2009). The decrease in pH was expected
for both the control and even more so for the treatment: decomposition produces organic acids and CO,, while
nitrification (known to be amplified during vermicomposting) consumes hydroxide ions (Haug, 1993; Parkin &
Berry, 1999). A pH of 4.6 is too low for reuse of the end product as fertilizer and this would need to be raised by
adding a neutralizing agent, such as lime.

When the feedstock and coir were mixed together, the total (weighted) average volatile solids (VS) percent was
94.812.7%, which after 90 days was reduced to 91.7+0.35% in the vermicompost treatment and 92.2+0.5% in
the control (Table 2). The treatment and control were not significantly different. However, when sieved through
a 250 pum screen, the fine fraction of starting material, treatment, and control VS values were all lower than the
total VS values and as predicted, the vermicomposting VS was significantly lower than for the control (Table 2,
p=0.0314) indicating accelerated decomposition in the fine fraction. Conversely, in the fraction >250 pm the VS
of the starting material, treatment and control were all higher than the total VS values, and the control almost had
significantly less VS than the treatment (92.3+£0.5 and 93.7+1.4), respectively p=0.0674) (Table 2). Large
filamentous fungal growths were observed in the control jars of similar previous experiments (results not shown).
Fungi are one of the main agents in decomposing large complex lignin particles and may have degraded this
fraction faster in the controls where there was less predation by worms (Dominguez & Edwards, 2011).

It is common in vermicomposting human fecal matter to see VS values decrease to 60-80% from starting values
of 90% (Table 3), however, the significant results found here are likely to still have important functional
meaning. The relatively small magnitude of VS reduction was likely due to a small fraction of biodegradable
carbon, and a large fraction containing lignin, the majority of which was not biodegradable, yet incinerated at
500°C and dominated the VS result. Chandler et al. (1980) proposed Equation 1, which can be used to calculate
the biodegradable fraction. Coconut coir has very high lignin content (30%); and resulting decomposition can
take many years (Anbuselvi, 2009). Applying the Chandler et al. (1980) equation to coir, the result is -1%; very
little of coir’s VS is thus biodegradable.

B=0.830-(0.028)X )
Where B is the biodegradable fraction of the VS and X is the percent lignin content as % fraction of the VS.

Coir was chosen as a bulking agent into which the Ascaris sp. inoculated fecal matter was placed in order to have
worms preferentially consume fecal matter over bulking agent maximizing the ingestion of Ascaris sp. ova. The
percent reduction in volatile solids as a result of vermicomposting can be estimated by dividing the recorded
percent reduction in fine volatile solids between treatment and averaged starting material (4.1£7.8%) by the wet
weight ratio of fecal matter to coir (0.3 (30:70)) to remove the influence of coir and by the fraction of material
<250 um >250 pum (0.4010.14) to include only the fine fraction of material. The result is 34+8% reduction in
volatile solids, bringing the reduction into a similar range found in other vermicomposting studies (Table 3).

The original VS reduction through vermicomposting may be even larger. A considerable fraction of the VS may
have been turned into CO, subsequently fixed into microbial mass by lithoautotrophic nitrifying bacteria. The
nitrate content of the treatment material was very high (22 73544 741 mg/kg NO5’); 10-500 times greater than
previously reported for vermicomposts from human waste (1 750-3 750 mg/kg NOy") (Table 3) or by commercial
compost quality standards (>50 mg/kg NO; N) (Wichuk & McCartney, 2010).

The high level of nitrate found in the vermicomposted material (5 078+2 167 mg/kg NO3’) was significantly
greater than that of the control (p=0.0042) both of which were greater than the starting material, which was
below the detection limit (Table 2). Nitrate is produced by aerobic lithotrophic bacteria and archaea through the
oxidation of ammonium (Haug, 1993). This is the rate-limiting step in the nitrogen cycle due to the high oxygen
demand (amongst other limiting factors) of these microbes (~4g O,/g-NH;-N), which can prevent complete
conversion of all available nitrogen to nitrate. Comparing the total nitrogen (16 700+4 100 mg/kg) to nitrate (22
735+4 741 mg/kg NOy) in the treatment, it appears that complete nitrification took place. Whereas only one
quarter of the TKN (19 000+1 500 mg/kg) was converted to nitrate (5 07812 167 mg/kg) in the control. There is
ample supporting evidence for significantly increased mineralization rates, high nitrate content, and nitrifying
microbial mass associated with earthworm activity in burrows (Parkin & Berry, 1999) and in vermicomposting
operations (Subler, Edwards, & Metzger (1998); Dominguez & Edwards, 2011). There is also research
indicating that coir is an excellent medium for nitrifying bacteria (Reghuvaran & Das Ravindranath, 2010).
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Indeed, based on relative log,{-Delta(Cq)} values from the qPCR analysis, the ratio of bacterial ammonium
oxidizing genes (AmoA) to total bacteria DNA (16S rDNA) was ~40 times larger in the vermicomposting
treatment as compared to the control (p < 0.01) (Figure 1). Vermicomposting human waste with coir may be a
highly effective process for the production of nitrate fertilizer.

The small amounts of ammonium-N found in the treatment (66.8+25.1 mg/kg) may have resulted from recent
worm death and decay, which was not present in the controls. It is not known if there was any ammonium-N in
the coir since it was not measured. The coir was well aerated before being used in the experiment and likely did
not contain enough ammonium-N to have an impact on Ascaris inactivation. There was no significant difference
in zinc or potassium between treatment and control and no trend compared to starting material (Table 2).

Our results indicate no difference in Ascaris sp. concentration (p=0.56) or viability (p=0.50) between treatment
and control and no reduction in viability after 90 days compared to initial feedstock (Table 2). It appears as
though concentrations of ova are greater in the treatment and control than in the feedstock, and while this may be
due to loss of organic matter from decomposition, it was not a significant effect and the variability was likely
caused by incomplete mixing during inoculation.
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Figure 1. Numbers of bacterial ammonia oxidation genes (amoA) relative to the total bacterial 16S rDNA in the
control and vermicomposting end product samples as determined by qPCR of the respective genes. Top and
bottom whiskers represent the maximum and minimum values, respectively; the box, the first and third quartiles;
the thick horizontal line, the median; and the open circle, the mean

E. coli was reduced from a starting concentration of 6.1x10* CFU/g to <1000 CFU/g in both treatment and
control but no differences were found between treatment and control and no conclusions can be drawn in regards
to the efficacy of vermicomposting on bacterial pathogens. A considerable number of studies have been
conducted on bacterial pathogen destruction resulting from vermicomposting, the vast majority of which indicate
more rapid and complete bacterial pathogen destruction than a control lacking earthworms (Mitchell, 1978;
Brown & Mitchell, 1981; Eastman et al., 2001). More importantly, E. coli concentration had no correlation to
Ascaris sp. viability indicating that E. coli elimination alone cannot be proof of sanitation through
vermicomposting.
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Due to the high lignin content of the coir, it is not possible to assume all matter and ova in the jars was ingested.
However, it is also unrealistic to rely on worms to consume the material completely enough to be assured 4 log;,
reduction in Ascaris ova and meet WHO guidelines (WHO), 2006) for unrestricted use (10* ova/g reduced to 1
ova/g). Moreover, ingestion of ova by Lumbricus terrestris appears to have little effect on Ascaris sp. ova
(Rysavy, 1969). The lack of ova reduction despite a full range of biochemical effects brought about by
vermicomposting casts doubt on the efficacy of pathogen destruction processes.

The data presented here should help to clarify some debate on the topic of Ascaris sp. ova destruction through
vermicomposting. Eastman et al. (2001) report significant helminth ova reduction from 8.26x10° ova/4g (dw) to
9.33+1.45x10° in 6 days through windrow vermicomposting with Eisenia sp. as compared to 2.16%0.18 x10°
windrow composting without earthworms. However, as Bowman et al. (2006) point out, some aspects of
Eastman et al. (2001) experimental design and analyses appeared to be flawed. Eastman et al. (2001) report
inoculating 1x10° ova into the windrow, estimated to be 531 kg of raw material (which should result in an
average concentration of 2 ova/gram), yet contradictorily report sampling 2x10° ova/gram at the start of the test.
Eastman et al. (2001) also report adding 1:1.5 earthworm mass:biosolids mass. It seems unlikely that hundreds of
kilograms of earthworms could be sourced, let alone transported and applied. Bowman et al. (2006) also found
flaws with Cardosa and Ramirez (2002) who reported successful helminth ova destruction by vermicomposting
to acceptable limits (<1 ova/ 4 g end product) yet fail to mention that starting concentrations of ova were also
below this limit.

Bowman et al. (2006) conducted similar experiments using Ascaris sp. ova spiked potting soil, treatments with
worms, and controls without worms and found similar results: No reduction in Ascaris sp. concentration was
found after 183 days vermicomposting and no reduction in ova viability between vermicomposting and a control
after 7 days and less than a 1 log reduction after 6 months.

It is concluded that additional treatment is necessary to ensure the destruction of Ascaris ova, as the
vermicomposting process does not appear to have the capacity to do this. Post-treatment with urea and ash to
elevate ammonia concentrations, as per McKinley, Parzen and Guzman (2012b), should accomplish the desired
sanitization step. While vermicomposting was shown here failing to accomplish complete sanitization, it can be
relied upon as a low cost method to stabilize and mature fecal matter; processes which are both valuable in the
practical aspects of waste management and essential in the development of compost suitable and beneficial when
reused. Vermicomposing is also very useful for stabilization and increasing the nitrate content of the end product
increasing its value as a fertilizer, if desired.

4. Conclusions

Vermicomposting was sustained for 90 days. In comparison to controls without earthworms, vermicomposting
significantly increased nitrate, lowered pH and reduced volatile solids. Despite reduction in E. coli from 60 000
to <1 000 CFU/g (ds) in both treatment and control, no reduction in Ascaris suum egg concentration or viability
was found. These results indicate that the previously postulated pathogen destruction by selective grazing and
extracellular biochemical process associated with vermicomposting have no effect on Ascaris suum ova
concentration or viability.
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