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Provided that infectious prions (PrPSc) are inactivated, composting of specified risk material (SRM) may
be a viable alternative to rendering and landfilling. In this study, bacterial and fungal communities as well
as greenhouse gas emissions associated with the degradation of SRM were examined in laboratory com-
posters over two 14 day composting cycles. Chicken feathers were mixed into compost to enrich for
microbial communities involved in the degradation of keratin and other recalcitrant proteins such as pri-
ons. Feathers altered the composition of bacterial and fungal communities primarily during the first
cycle. The bacterial genera Saccharomonospora, Thermobifida, Thermoactinomycetaceae, Thiohalospira,
Pseudomonas, Actinomadura, and Enterobacter, and the fungal genera Dothideomycetes, Cladosporium,
Chaetomium, and Trichaptum were identified as candidates involved in SRM degradation. Feathers
increased (P < 0.05) headspace concentrations of CH4 primarily during the early stages of the first cycle
and N2O during the second. Although inclusion of feathers in compost increases greenhouse gas emis-
sions, it may promote the establishment of microbial communities that are more adept at degrading
SRM and recalcitrant proteins such as keratin and PrPSc.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

In response to the identification of bovine spongiform encepha-
lopathy (BSE) in Canada in 2003, the Canadian Food Inspection
Agency (CFIA) imposed an enhanced feed ban in July of 2007 to
prevent the introduction of specified risk material (SRM) into the
food chain. Specified risk material was designated to include the
skull, brain, trigeminal ganglia, eyes, palatine tonsils, spinal cord
and the dorsal root ganglia from cattle aged 30 months or older,
as well as the distal ileum from cattle of all ages. These are tissues
known to be at risk of accumulating infectious prion proteins
(PrPSc). Currently, the majority of SRM in Canada is rendered and
then disposed of in landfills. However, alternative on-farm disposal
methods for SRM which are environmentally acceptable and eco-
nomically feasible are desired. Composting may be an option as
it has been shown to inactivate pathogens while producing a valu-
able fertilizer for agricultural crops (Hao et al., 2009).

The microbial consortia in compost could potentially carry out
the biodegradation of SRM infected with PrPSc, due to the wide
013 Published by Elsevier Ltd. All
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range of proteolytic enzymes it produces. Previous research has re-
vealed bacterial species that produce proteases that are capable of
degrading recalcitrant PrPSc (Hui et al., 2004; McLeod et al., 2004),
some of which reside in compost (Ryckeboer et al., 2003). We have
characterized actinobacterial communities that may degrade SRM
in compost (Xu et al., 2011), and previously isolated a novel actino-
bacterium with the ability to degrade recalcitrant proteins in com-
post (Puhl et al., 2009). However, the nature of the various
microbial communities associated with the degradation of SRM re-
mains undefined.

Despite the obvious advantages of using composting for SRM
disposal, addition of carcasses to manure during composting has
been shown to increase greenhouse gas emissions (Xu et al.,
2007). Hao et al. (2009) observed that methane (CH4) emissions
during co-composting of feedlot manure with cattle mortalities
were higher than with slaughterhouse SRM wastes. During com-
posting, methanogens are involved in the production and methan-
otrophs in the oxidation of CH4. Heterotrophic methanogens
produce CH4 utilizing acetate, formate or methanol as a carbon
source, whereas autotrophic methanogens reduce CO2 to CH4

(Ferry, 1993). Methanotrophs utilize methane monooxygenase to
catalyze the oxidation of CH4 to methanol, which is further oxi-
dized to formaldehyde (Xin et al., 2004). However, the relative
rights reserved.
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abundance of methanogens and methanotrophs during the com-
posting of SRM has not been investigated.

Keratinases that have the capacity to degrade keratin in feathers
may also exhibit activity against PrPSc, due to similarities in the
structure of these proteins (Suzuki et al., 2006). Recent studies
indicated that enrichment of a composting matrix with feathers
not only produced an effective non-specific proteolytic activity
early in the composting process, but also promoted the growth of
keratinolytic fungi that degraded feathers in the later stages of
composting (Korniłłowicz-Kowalska and Bohacz, 2010; Bohacz
and Korniłłowicz-Kowalska, 2009). Specified risk material contains
a large fraction of labile protein (8% fresh weight basis; Mcllwain
and Bachelard, 1985), so inclusion of feathers in compost may pro-
mote enzyme activity (i.e., non-specific proteolytic and keratino-
lytic) that could improve the degradation of SRM as well as PrPSc.

Our research group has reported that mixing of feathers with
cattle manure in a laboratory-scale composter increased total N
content though enhanced SRM degradation, but did not alter the
physicochemical properties of compost (Xu et al., 2013). Hence,
we hypothesized that inclusion of feathers may alter the composi-
tion of the microbial community in a manner that enhances SRM
degradation in compost. The objectives in this study were to exam-
ine the composition of bacterial and fungal communities degrading
SRM in compost with and without feathers. Furthermore, emis-
sions of greenhouse gases (i.e., CH4 and N2O) and the related abun-
dance of methanogens and methanotrophs were also investigated.

2. Materials and methods

2.1. Composting setup and sampling procedure

Passively aerated laboratory-scale composters were used as
previously described (Xu et al., 2010). Triplicate composters were
filled with matrices of either control compost (35 ± 0.1 kg fresh
feedlot beef manure, 74.8% moisture; 3.5 ± 0.1 kg white spruce (Pi-
cea glauca) wood shavings) or feather compost (34.2 ± 0.1 kg beef
manure; 3.5 ± 0.1 kg wood shavings; 0.8 ± 0.1 kg chicken (Gallus
gallus) feathers). Compost substrates were prepared by mixing
the initial materials in a mortar mixer (12S; Crown construction
equipment, Winnipeg, Canada), resulting in 66.7% moisture in the
control compost (C/N ratio = 22.2) and 65% moisture in feather
compost (C/N ratio = 17.5).

Fresh bovine brain tissues (SRM) from mortalities under
30 months of age were obtained from a nearby slaughterhouse. Bo-
vine brain tissues (50 ± 0.1 g; wet basis) were weighed and sealed
in 140 � 90 mm nylon bags (53 lm pore size; ANKOM Technology,
Macedon, USA). The nylon bags were then placed within larger
polyester mesh bags (200 � 200 mm; 5 mm pore size) with 400 g
of freshly mixed compost substrate. Polyester twine was attached
to each mesh bag to enable recovery of the material during com-
posting. As each compost vessel was filled, four mesh bags were
placed at 0.3 m below the top of each composter. One bag per
treatment was randomly collected after 7 and 14 days. After col-
lecting the bags on day 14, composters were emptied and the con-
tents were mixed using a specific shovel for each treatment. During
the mixing process, water was added to the material to return it to
the moisture level measured prior to initiation of composting. The
moistened mixture was returned to the original composter for a
second heating cycle. As the composters were refilled, the remain-
ing two mesh bags containing a mixture of SRM and composted
manure from the first heating cycle were returned and placed in
each composter in the same manner as for the first cycle. In the
second cycle, one of the remaining two mesh bags was collected
after 21 and 28 days, respectively.

Triplicate samples of the initial mixed matrix and fresh SRM
were collected at day 0. Decomposed SRM and compost samples
were collected from each mesh bag after sampling on days 7, 14,
21, and 28. All samples were freeze-dried after collection and used
for subsequent DNA extraction.

2.2. Gas collection and analysis

Changes in CH4 and N2O concentrations (ppm) in the composter
headspace were used for the qualitative estimation of CH4 and N2O
emissions from passively aerated composters. For gas collection, a
flexible polyvinyl chloride tube (3.2 mm diameter; Nalgene, New
York, USA) was inserted into each composter headspace through
a hole drilled in the composter sidewall. One end of the tube was
placed above the center of the compost matrix within the compos-
ter, while the other end, protruding out of the composter was
sealed using an air-tight tube fitting (Swagelok, Medicine Hat, Can-
ada). Gas samples (11 ml) were extracted from the tube fitting
using a polypropylene syringe and then injected into 5.9-ml, pre-
evacuated, septum-stoppered vials (Exetainer; Labco Limited,
Buckinghamshire, UK). Gas samples were collected from each com-
poster three times daily at 4 h intervals and analyzed for CH4 and
N2O concentrations using a gas chromatograph (Varian 450; Varian
Instruments, Walnut Creek, USA) equipped with flame ionization
and electron capture detectors. Oxygen concentration (ppm) in
the compost was measured twice daily using an oxygen monitor
(Model OT-21; Demista Instruments, Arlington Heights, USA) at
the same depth as the mesh bags were implanted.

2.3. DNA extraction

Prior to DNA extraction, freeze-dried SRM (n = 27) and compost
(n = 30) samples collected at days 0, 7, 14, 21, and 28 were ground
using a Ball Mill (MM200; Retsch GmbH, Haan, Germany). Subse-
quently, DNA was extracted from 100 mg of each sample by QIA-
amp DNA stool mini kit (Qiagen, Toronton, Canada). Extracted
DNA was quantified using a Nanodrop 1000 Spectrophotometer
(Thermo Scientific, Waltham, USA) and then stored at �20 �C prior
to further PCR–DGGE and qPCR analyses.

2.4. PCR–DGGE and sequencing analysis

To decrease the variability within a given treatment, an equal
amount of DNA extracted from replicate samples at each sampling
date was pooled (Xu et al., 2011), resulting in a total of nine SRM
and 10 compost DNA samples used for the subsequent PCR–DGGE
analysis. All PCR amplifications contained 1 � HotStarTaq Plus DNA
Master Mix (Qiagen), 0.2 lM of each primer in a final volume of
50 ll. Amplification was conducted using a thermal cycler (Master-
cycler epgradient; Eppendorf, Hamburg, Germany). Partial frag-
ments of the bacterial 16S rRNA gene were amplified using
primers F984GC and R1378 (Heuer et al., 1997; Table 1). Each reac-
tion contained 40 ng of template DNA and the cycling conditions
consisted of 95 �C for 5 min, followed by 35 cycles of 1 min at
94 �C, 1 min at 62 �C, 2 min at 72 �C, and final extension for
10 min at 72 �C. For fungi, partial fragments of the fungal 18S rRNA
gene were amplified using nested PCR. In the first-round PCR, tem-
plate DNA (100 ng) was amplified by primers EF4 and Fung5 (Mar-
shall et al., 2003 and Table 1) with conditions of 95 �C for 5 min,
followed by 35 cycles of 30 s at 94 �C, 30 s at 53 �C, 1 min at
72 �C, and final extension for 5 min at 72 �C. In the nested step,
amplification was conducted with primers EF4 and NS2GC (Mar-
shall et al., 2003 and Table 1) in the same manner as described
above in the first-round PCR. The PCR products were visualized
on a 1.0% (w/v) agarose gel before DGGE analysis.

Bacterial and fungal PCR products were loaded onto 6% and 7.5%
polyacrylamide gels in 1 � TAE buffer at 60 �C using a DCode™
Universal Mutation System (Bio-Rad, Hercules, USA). For bacteria,



Table 1
Primers used in this study to target various microbial communities.

DNA target Primera Sequence (50–30) References

Bacteria F984GCb GC.-AACGCGAAGAACCTTAC Heuer et al. (1997)
16S rDNA R1378 CGGTGTGTACAAGGCCCGGGAACG
Fungi EF4 GGAAGGGRTGTATTTATTAG Marshall et al. (2003)
18S rDNA Fung5 GTAAAAGTCCTGGTTCCCC

NS2GCc GC.-TGCTGGCACCAGACTTGC
Methanogen mlas GGTGGTGTMGGDTTCACMCARTA Steinberg and Regan (2009)
mcrA gene mcrA-rev CGTTCATBGCGTAGTTVGGRTAGT
Methanotroph A189F GGNGACTGGGACTTCTGG Kolb et al. (2003)
pmoA gene Mb661R CCGGMGCAACGTCYTTACC

a F, forward primer; R, reverse primer.
b GC. clamp, CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG, is attached to 50-end of primer.
c GC. clamp, CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGC, is attached to 50-end of primer.
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DGGE gels consisted of a linear gradient of denaturant (40–70%
from top to bottom) and were run at a constant voltage of 150 V
for 6 h. For fungal DGGE, the denaturant gradient was 18–38%,
and the electrophoresis was performed at 50 V for 14 h. For bacte-
ria, a previously developed DGGE marker (Xu et al., 2011) consist-
ing of bands representing Thermobifida fusca, Streptomyces
thermovulgaris, Saccharomonospora viridis, Actinomadura hallensis,
Streptomyces thermophilis and Nocardiopsis sp. was used. For fungal
DGGE, a commercial DGGE marker (Marker IV, Nippon Gene, Toy-
ama, Japan) was loaded between fungal samples. Gels were stained
with SYBR Gold (Invitrogen, Eugene, USA) for 30 min, and the
migration patterns were visualized using a UV transilluminator
(Biospectrum 800 imaging system; UVP, LLC, Upland, USA).

Bacterial and fungal DGGE bands that were predominant in the
SRM samples were excised and placed overnight in 50 ll of elution
TE buffer (pH = 7.4). The eluted bacterial 16S rRNA and fungal 18S
rRNA gene fragments were re-amplified using F984/R1378 primers
and EF4/NS2 primers, respectively. The resulting PCR products
were again electrophoresed in a DGGE gel and subject to a final
purification using a QIAquick PCR kit (Qiagen) and sequenced
(Eurofins MWG Operon, Huntsville, USA).

For phylogenetic analyses, nucleotide sequences were aligned
and trimmed using Sequence Scanner software (version 1.0; Ap-
plied Biosystems, Foster City, USA). Trimmed high quality se-
quences were compared with sequences from the GeneBank
database (NCBI, http://www.ncbi.nlm.nih.gov/) using BLASTN.
The rooted phylogenetic trees were constructed by the neighbor
joining method as implemented within the PHYLIP package (ver-
sion 3.69; University of Washington, Seattle, USA). Sequences from
Rubrobacter radiotolerans (Accession No. U65647) and Mortierell-
ales sp. (Accession No. EF126342) were obtained from the NCBI
database and used as bacterial and fungal out groups, respectively.
The bacterial 16S rRNA and fungal 18S rRNA gene sequences ob-
tained in this study were deposited in the NCBI nucleotide se-
quence database with the Accession Numbers JN596829 to
JN596841 and JN596842 to JN596857, respectively.

2.5. qPCR analysis

The relative abundance of methanogens and methanotrophs in
compost were quantified using qPCR by measuring the copy num-
bers of mcrA (methyl-coenzyme M reductase) and pmoA (particu-
late methane monooxygenase) genes as previously reported by
Steinberg and Regan (2009) and Kolb et al. (2003), respectively.
The mcrA genes were amplified with primers mlas and mcrA-rev,
while the pmoA genes were amplified using primers A189F and
Mb661R (Table 1). To construct DNA quantification standards, mcrA
and pmoA genes were cloned using a TOPO TA Cloning Kit (Invitro-
gen, Carlsbad, USA), and sequenced at a commercial sequencing
center (Eurofins MWG Operon). The BLAST analysis of the cloned
standard mcrA and pmoA genes indicated 99% similarity to the mcrA
gene of Methanoculleus marisnigri (Accession No. CP000562; Ander-
son et al., 2009) and pmoA gene of Methylomicrobium sp. (Accession
No. AY195668; Bodrossy et al., 2003). The mcrA and pmoA se-
quences were deposited in the NCBI nucleotide sequence database
with the Accession Numbers JN186796 and JN186797, respectively.
To generate standard curves for qPCR, plasmid DNA was extracted,
serially diluted over a range from 1 to 107 copies ll�1, and used as a
template for PCR. All reactions were conducted in duplicate on a Mx
3005P qPCR system (Agilent Technologies, La Jolla, USA) and con-
tained 1 � Brilliant II SYBR Green QPCR Master mix (Agilent Tech-
nologies), 20 ng of DNA and 0.1 lg/ll bovine serum albumin
(New England Biolabs, Pickering, Canada) in a final volume of
50 ll. For methanogens, each reaction contained 0.2 lM primers
and PCR conditions consisted of one cycle at 95 �C for 10 min, fol-
lowed by 40 cycles of 1 min at 94 �C, 1 min at 60 �C and 1 min at
72 �C. For methanotrophs, each reaction contained 0.5 lM primers
and PCR conditions were similar to those for methanogens except
that the annealing temperature was 63 �C. Melt curve analysis
was performed after the final extension step to test for the presence
of primer dimmers and non-specific amplification. Florescence nor-
malization and data analysis were conducted using MX3005P soft-
ware (version 4.10; Stratagene).

2.6. Statistical analysis

Statistical analysis of the DGGE bands was conducted with Bio-
Numerics software (version 5.1; Applied Maths Inc., Austin, USA)
following the provider’s instructions. Calculation of the pair-wise
similarities based on the presence and absence of the bands was
performed using Dice’s correlation coefficients. Cluster analysis
based on the similarity matrix was performed using the un-
weighted pair group method with arithmetic average (UPGMA)
to form a complete linkage dendrogram.

Changes in headspace CH4 and N2O concentrations, and copy
numbers of mcrA and pmoA genes during composting were ana-
lyzed using the Mixed procedure of SAS (version 8; SAS Institute
Inc., Cary, USA) with time treated as repeated measure. Main ef-
fects of compost types were considered to be statistically signifi-
cant at a probability level of <0.05.

3. Results and discussion

3.1. Bacterial communities associated with SRM degradation

The DGGE analysis of bacterial communities throughout the
composting process is shown in Fig. 1. In general, the average num-
bers of bands observed in compost samples were 14 and 18 in the
first and second composting cycles, respectively (Fig. 1a). However,
the band numbers were less numerous in SRM samples, with 8 in

http://www.ncbi.nlm.nih.gov/


MC F
Day 0

C F C F
Day 14

C F
Day 21

C F

Day 7 Day 28

1

2

3

4

5

6 8

9

11
10

7

12
13

MC F C F
Day 14

C F
Day 21

C F
Day 7 Day 28

10
0

806040 Compost type Sampling day
Day 14

Day 7
Day 7
Day 28
Day 21
Day 21
Day 28
Day 0

SRM
SRM
SRM
SRM
SRM
SRM
SRM
SRM

DNA type

Day 21
Day 28

Day 28
Day 21
Day 14
Day 14
Day 7
Day 7

Feather compost
Control  compost
Feather compost
Control  compost
Control  compost

Feather compost
Control  compost
Feather compost
Feather compost
Control  compost
Control  compost
Control  compost

Feather compost
Feather compost
Control  compost
Feather compost
Control  compost
Feather compost

1st cycle

2nd cycle

2ndcycle

1st cycle

Compost
Compost
Compost
Compost
Compost
Compost
Compost
Compost
Compost
CompostDay 0

Day 14

(a)

(b)

(c)

Fig. 1. Denaturing gradient gel electrophoresis (DGGE) separation of 16S rRNA gene fragments after PCR amplification of extracted (a) compost DNA and (b) specified risk
material (SRM) DNA with bacteria-specific primers F984GC and R1378. The SRM sample at day 0 was not included as it did not yield amplifiable DNA. Marked bands were
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are given at the end of branches.
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the first cycle and 9 in the second cycle (Fig. 1b). This suggests that
the bacterial community involved in SRM degradation may be less
diverse than that involved in degrading other organic matter in
compost. In Fig. 1c, the statistical analysis of bacterial DGGE bands
revealed that all SRM samples clustered together and exhibited
only 35% similarity to compost samples. Specified risk material
contains a large fraction of labile protein and fat (Mcllwain and
Bachelard, 1985). However, manure contains a variety of proteins,
lipids, starch, cellulose, hemicellulose, lignin and humic acids
(Ryckeboer et al., 2003). Therefore, these complex components in
manure may have required more diverse bacterial population for
decomposition.

Sequencing and phylogenetic analysis of the predominant bac-
terial DGGE bands from SRM (Fig. 1b) generated the neighbor join-
ing tree depicted in Fig. 2. Bacteria belonging to the phyla of
Actinobacteria, Firmicutes and Proteobacteria were detected over
28 days. In the first composting cycle at days 7 and 14, sequences
corresponded to two robust clades with genera of Saccharomonos-
pora (bands 1, 3, and 6) and Thermobifida (bands 2 and 4) identified
in both compost types. Others have identified moderately thermo-
philic Saccharomonospora viridis and Thermobifida fusca in associa-
tion with thermophilic microbial populations in laboratory-scale
composters containing household food waste (Steger et al.,
2007). This suggests that as temperature increases, thermophilic
actinobacteria may dominate in compost and carry out SRM
decomposition after the easily degradable substrates are ex-
hausted in the initial stages of composting. This pattern of decom-
position was previously revealed in our investigation on the role of
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actinobacteria in SRM degradation during composting (Xu et al.,
2011). Apart from those genera, additional sequences in feather
compost (band 7) and control compost (band 5) were closely affil-
iated with Thermoactinomycetaceae and Thiohalospira. Species of
Thiohalospira alkaliphila have been previously isolated from hyper-
saline habitats (Sorokin et al., 2008). The compost environment in
our study was also highly saline as indicated by its high level of
electrical conductivity (Xu et al., 2013).

After mixing the compost at days 21 and 28, sequences in con-
trol compost (bands 8, 9, and 11; Fig. 1b) were affiliated with Pseu-
domonas. Some Pseudomonas strains previously isolated from
sewage sludge have been noted for their denitrification activity
(Lai and Shao, 2008). In this study, Fig. 5b shows a rapid increase
in N2O concentration in the composter headspace after mixing,
suggesting that significant denitrification occurred at this time. In
addition, sequences in feather compost associated with Actinomad-
ura (bands 10 and 12) and Enterobacter (band 13) were identified
(Fig. 1b). The relative maturity of the compost could be indicative
of the presence of these two genera, as Actinomadura and Entero-
bacter have been also found during the later stages of composting
of sewage solids (Novinscak et al., 2009) and in mature manure
compost-amended soil (Edrington et al., 2009). We previously iso-
lated a novel species of Actinomadura from compost with the abil-
ity to degrade keratin from bovine hooves (Puhl et al., 2009). The
appearance of Actinomadura in feather compost suggested that this
genus also likely played a role in the degradation of feather keratin
and SRM.
3.2. Fungal communities associated with SRM degradation

In contrast to bacteria, the number of fungal DGGE bands asso-
ciated with compost samples (Fig. 3a) tended to be less than that in
SRM (Fig. 3b), suggesting that SRM as a substrate was colonized by
a more diverse fungal community than compost. Ryckeboer et al.
(2003) demonstrated that fungi can more easily attack organic res-
idues in compost that are too dry for bacteria due to their hyphal
network. The high fat content (11% fresh weight basis; Mcllwain
and Bachelard, 1985) of SRM may have contributed to its hydro-
phobicity, making it a more suitable substrate for fungi than bacte-
ria. Similar to bacteria, fungal DGGE bands from SRM samples
clustered separately from the compost samples and exhibited only
a 20% similarity (Fig. 3c).

Sequencing and phylogenetic analysis of the dominant fungal
DGGE bands from SRM (Fig. 3b) generated the neighbor joining
tree depicted in Fig. 4. In the first composting cycle, fungi belong-
ing to the Ascomycota were detected, while in the second cycle
Basidiomycota predominated. On day 0, the major fungal taxa
(bands 1 and 2) detected from freeze-dried SRM were associated
with Udeniomyces puniceus. After 7 and 14 days of composting, se-
quences associated with Dothideomycetes (bands 3 and 5) and Clad-
osporium (band 4) were found in control compost, whereas other
sequences (bands 6–10) from both control and feather compost
formed a robust clade with Chaetomium. Dothideomycetes sp. have
been isolated from bone marrow in a bison carcass (Reeb et al.,
2011), suggesting that they may be also capable of degrading
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Fig. 5. Changes of (a) CH4 and (b) N2O concentrations (ppm) in the headspace, and
(c) O2 concentration (ppm) in compost during composting of specified risk material.
The data of O2 concentrations are cited from Xu et al. (2013). The symbols �
represent differences of P < 0.05 between control and feather compost within each
sampling time. Arrows indicate the date compost was mixed.

Fig. 6. Quantitative PCR analyses on the changes of (a) mcrA (log10 copies g�1 -
dry weight) and (b) pmoA (log10 copies g�1 dry weight) genes during composting of
specified risk material. Arrows indicate the date compost was mixed.
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substrates in SRM. Moreover, Cladosporium cladosporioides are
highly proteolytic even at alkaline pH (Breuil and Huang, 1994),
a property that may make them particularly relevant to the degra-
dation of protein under the alkali conditions in compost (Xu et al.,
2013). Chaetomium have been widely identified in soil and com-
post and produce serine protease that are thermally stable and ex-
hibit activity over a broad pH range (Li and Li, 2009). The
proteolytic nature of these genera suggests they may play an
important role in the hydrolysis of SRM in compost.

After mixing of compost on day 14, the sequences of DGGE
bands from SRM samples in control and feather compost (bands
11–16; Fig. 3b) were closely related to Trichaptum abietinum. Tri-
chaptum have been reported to have potent lipase activity (Goud
et al., 2009), suggesting they may be involved in the degradation
of lipids in SRM during composting. However, previous studies
have focused primarily on the ability of this fungus to decompose
wood (Worrall et al., 1997). The predominance of this microorgan-
ism in the later stages of composting may reflect its ability to uti-
lize recalcitrant cell-wall carbohydrates that remained in compost
after more mobile carbon sources were consumed. As SRM were in
contact with the compost matrix it is possible that some of these
microorganisms originated from other organic components in
compost.
3.3. Effect of feather addition on microbial communities associated
with SRM degradation

For either bacterial or fungal DGGE, the band profiles from SRM
and compost samples clustered based on the time of sampling
(Figs. 1c and 3c). Thus, changes in the bacterial or fungal popula-
tions during composting were of a temporal nature. However, con-
siderably different microbial communities associated with SRM
degradation were also produced between control and feather com-
post. For bacteria, a divergence was especially obvious in feather
compost at the later stage of the first composting cycle, which
exhibited only a 50% similarity at day 14 with control compost
(Fig. 1c). Similar to bacteria, inclusion of feathers also altered the
composition of fungal populations in the first cycle, with similari-
ties between composting types being 55% and 35% on days 7 and
14, respectively (Fig. 3c). However, differences in either bacterial
or fungal populations induced by feather addition were relatively
minor in the second cycle (Figs. 1c and 3c).

In this study, inclusion of feathers in compost enhanced
(P < 0.05) SRM degradation in feather compost (Xu et al., 2013). Bo-
hacz and Korniłłowicz-Kowalska (2009) demonstrated that the
presence of feathers in compost stimulated the growth of keratin-
olytic fungi during composting, enhancing the decomposition of
feather keratin. Moreover, some keratinolytic fungi, like Doratomy-
ces microspores, not only degrade keratin, but also hydrolyze other
types of proteins including casein, bovine serum albumin, and elas-
tin (Friedrich and Kern, 2003). Therefore, in our study, it might be
expected that these special keratinolytic microbes within feather
compost had the capacity to degrade a wide range of proteins
and significantly contribute to SRM degradation.
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3.4. Greenhouse gas emissions and abundance of methanogens and
methanotrophs in compost

Accurate measurement of low and variable gas airflow in labo-
ratory-scale passively aerated composters is challenging (Yu et al.,
2005). Although active aeration can produce a more consistent air-
flow, it also contributes to the drying of the compost and curtails
microbial activity (Larney et al., 2000). Changes in gas concentra-
tions of the composter headspace can be a suitable indicator for
the qualitative estimation of gas emissions in passively aerated
systems, where gases are dissipated through natural convective
airflow.

At day 0, CH4 concentrations in the composter headspace were
335 ppm in control compost and 454 ppm in feather compost
(Fig. 5a). After one day of composting, CH4 concentrations peaked
at 1108 ppm in control compost and 2338 ppm in feather compost
(P < 0.05), declining thereafter to below 100 ppm in both compost
types (Fig. 5a). Similar to CH4, the maximum N2O concentrations
(78 ppm for control compost and 90 ppm for feather compost;
P < 0.05) occurred on day 1, thereafter declining to below 10 ppm
(Fig. 5b). Upon mixing at day 14, N2O concentrations once again
rapidly increased peaking on days 16 and 17 in control (42 ppm)
and feather (60 ppm) compost, respectively. Subsequently, N2O
concentrations steadily declined, but remained higher (P < 0.05)
in feather compost than control compost for 4 days (Fig. 5b).

The concentrations of O2 were 7 � 104 ppm in control compost
and 6 � 104 ppm in feather compost at day 0, and decreased to
6 � 104 ppm in control compost and 3 � 104 ppm in feather com-
post on day 1 (Fig. 5c). After day 2, O2 concentrations increased
to 1.8 � 105 ppm in both compost types and remained constant
(i.e., 1.8 � 105–2 � 105 ppm) thereafter (Fig. 5c). As expected, max-
imum CH4 and N2O concentrations occurred in the early stages of
composting when O2 supplies were limited. However, mixing the
compost resulted in an increase in N2O concentrations, possibly
due to redistribution of NO3–N making it available for denitrifica-
tion as proposed by others (Xu et al., 2007). In our study, after mix-
ing, higher (P < 0.05) N2O concentrations occurred in feather than
control composters, partially due to an increase (P < 0.05) in total
N and possible due to greater degradation of recalcitrant keratin
during the second composting cycle (Xu et al., 2013). After turning,
Xu et al. (2007) also reported higher N2O emissions from compost
windrows with increasing levels of total N.

During 28 days of composting, mcrA copy numbers, a reflection
of methanogenic communities, ranged from 6.7 to 7.2 log10 cop-
ies g�1 dry weight at each sampling time (Fig. 6a). No significant
differences were observed in mcrA copy number between control
and feather compost. In relation to CH4 concentrations (Fig. 5a),
mcrA copy numbers were lower (6.8 log10 copies g�1 dry weight;
Fig. 6a) on days 7 and 28, a period associated with a decline in
CH4 concentrations (<15 ppm). Meanwhile, the higher mcrA copy
numbers (7.1 log10 copies g�1 dry weight; Fig. 6a) in compost at
days 14 and 21 were associated with an increase in headspace
CH4 concentration (Fig. 5a). In contrast, pmoA copy numbers, an
indicator of methanotrophic communities, remained relatively
high (4.5 log10 copies g�1 dry weight; Fig. 6b) at day 7 when CH4

concentrations were low (Fig. 5a). However, pmoA copy numbers
declined in both compost types at day 14 (Fig. 6b) after which
headspace CH4 concentrations increased (Fig. 5a). These results
suggested that the majority of composting CH4 emissions occur
when the density of methanogens increases and methanotrophs
decreases.

By using qPCR, copy numbers of mcrA and pmoA genes have
been proposed to reflect the abundance of methanogens and met-
hanotrophs in environmental samples, such as soil, acidic peat and
anaerobic sludge (Kolb et al., 2003; Steinberg and Regan, 2009).
However, little quantitative data on mcrA and pmoA copy numbers
have been reported in compost. Only Sharma et al. (2011) reported
mcrA copy numbers ranged from 7.1 to 8.7 log10 copies g�1 -
wet weight during 15 weeks of windrow composting, while pmoA
copy numbers were more variable and negatively correlated with
CH4 emissions. However, our results showed that there was a lack
of significant relationship between pmoA copy numbers and head-
space CH4 concentrations at day 21 (Figs. 5a and 6b). This may be
in part due to the extraction of DNA from non-viable microbial
cells that would not have been actively oxidizing CH4. In our study,
relatively low CH4 concentrations in composter headspace were
observed throughout the composting process (Fig. 5a). It is impor-
tant to emphasize that the qPCR procedure does not necessarily
indicate activity as mcrA and pmoA copies would be detected in
methanogens and methantrophs that were not metabolically ac-
tive. Therefore, more studies are needed to specifically investigate
enzymatic activities involved in CH4 formation and oxidation.
4. Conclusions

Our results obtained by PCR–DGGE clearly underline the value
of this molecular tool for characterization of bacteria and fungi that
are fastidious to culture, but may possess the capacity to degrade
SRM in compost. In agreement with the hypothesis, potential dif-
ferences in microbial community composition were induced by
the inclusion of feathers within the composting matrix, resulting
in the establishment of communities that were more adept at
degrading SRM and possibly PrPSc.

Composting also has been proposed as a viable and effective op-
tion for the disposal of feather wastes (Bohacz and Korniłłowicz-
Kowalska, 2009). Although inclusion of feathers in compost may
increase greenhouse gas emissions, other methods of feather dis-
posal, including rendering, landfilling and incineration, may pro-
duce similar levels of greenhouse gas emissions. Composting of
feathers still has merit for the disposal of this poultry by-product
and for possibly enhancing the decomposition of SRM.
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