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An interesting result of tracking changes throughout composting is illustrated by studies from
two different groups: 1) Ishii et al. [1] and Ishii & Takii [2] noticed from lab and field studies of
thermophilically-composted sewage sludge that similar groups of bacteria developed during
the process; 2) Franke-Whittle et al. [3] reported similar end-stage communities developed
despite starting with three different compost mixes 16 days earlier. Accordingly, we were
interested in not only which bacteria declined during thermophilic composting, but also which
increased.
The increases we observed for members of Bacillus, Geobacillus, and some of the
Actinomycetales are consistent with other reports where these organisms were prominent in
thermophilic composts [4]. Members of these groups have been shown to be able to degrade
cellulosic and lignocellulosic materials [5,6]. Bacillus, Geobacillus, and other genera within the
Firmicutes increased during the thermophilic stage and decreased afterwards. Bacillus, in
particular, has been reported to dominate the thermophilic stage of composting regardless of
the starting material, whether based on culture assays [7–10] or molecular assays [1,2,11,12], and
Bacillus and Geobacillus were among the bacteria with the greatest increases in the present study.
Bacillus spp. are known for producing proteases, amylases, and lipases [13,14]. Geobacillus has
an array of enzymes for hydrolyzing plant matter [15], including lipids [16]. The substantial
increase of these bacteria at the thermophilic stage is due to their heat tolerance (or preference)
combined with their ability to degrade the readily available plant and fecal matter.
Other members of Class Bacilli that increased at the thermophilic stage were Planifilum,
Paenibacillus, and Ureibacillus. Planifilum is classified within the Thermoactinomycetatceae.
Yoshii et al. [10] recovered a Planifilum sequence by DGGE analysis of extremely thermophilic
compost piles, reaching 90 – 100 C at 50 cm below the surface. Strom [8], Ryckeboer et al. [17],
and Rawat & Johri [4] also noted Thermoactinomyces, another genus within this family, has been
recovered from various thermophilic and mesophilic composts, as was Paenibacillus. Ureibacillus
o

was dominant in a sample just cooling (at 45 C) from the highest temperature point of a sewage
sludge compost [12]. Ureibacillus can produce xylanase, ligninase, amylase, and cellulase (Ting
et al., 2013) and have optimal growth temperatures of 50-60 C [18], thus being well suited to
thermophilic composting.
o

o

The delayed reduction of the Lactobacillales is consistent with other reports that showed
Lactobacillus survived well through the thermophilic stage of mixed-animal zoo compost
(collected on Day 60, temp. was 67 C), as ~75% of the unassembled 16S rRNA gene sequences
from metagenome data were affiliated with this genus [19]. The authors proposed the bacteria
may have been involved with protein decomposition and carbon cycling.
In the current study, some Lactobacillus decreased markedly at the thermophilic stage (e.g., L.
ruminis), while others remained fairly steady. Previous studies also show two kinds of
responses for various members of the Lactobacillaceae: reports from Haruta et al. [20] and
Peters et al. [11] showed greater abundances at mesophilic or early thermophilic stages, whereas
Ishii & Takii [2] found them abundant in the thermophilic stage. Partanen et al. [14] reported
Lactobacillus often accounted for a large proportion of 16S rRNA tag sequences from either feed
or the ‘feeding end’ of compost drums where the temperature varied from 0 – 55 C. Thus, it
appears temperatures in the lower range of the thermophilic spectrum do not restrict growth of
some members of the Lactobacillaceae, at least in compost.
o

In the current study, many OTU within the Clostridiales decreased at least slightly at the
Thermo stage, and this was likely due to the number of them originating from the fecal material
and so unlikely to grow when the compost piles reached temperatures above 50 C [21]. The
main – and striking - exception within the Clostridiales was Symbiobacterium thermophilum,
which increased dramatically at the thermophilic stage at both locations. This species was first
established in co-culture with thermophilic Bacillus from compost [22]. Ueda and colleagues [23]
suggested that while it was co-cultured with a thermophilic Bacillus, it is likely commensal with
various bacteria in nature, and they documented its wide distribution (compost, soil, feces of
numerous animals, feed). S. thermophilum produces tryptophanase and tyrosine-phenyl lyase
[23], and genome analysis indicates it produces endospores [24]. Additionally, there were
representatives of the genus Clostridium that did not decline at the Thermo stage at PauP. In two
zoo compost metagenome samples, members of the Clostridiales (specifically Clostridia) had
somewhat greater abundances than either Bacillus or Geobacillus (~5 – 15 % Clostridiales vs. ~29% Bacillales) [19]. Martins et al. suggest the Clostridiales are likely degrading cellulose and
hemicellulose in the zoo compost. The SIMPER analysis also revealed OTU within
Desulfotomaculum had elevated relative abundance in Thermo samples compared with Bucket
samples., indicating a role for sulfur cycling at this stage.
o

Many members of the Actinobacteria increased at the thermophilic stage (Thermobifida fusca,
Saccharomonospora, Streptomonospora, Streptosporangium, Actinomadura, and some
Cellulomonadaceae and Micromonosporaceae) and did so to a greater degree at PauP than at
Cap-H, though the increases were more consistently indicative of the Thermo stage at Cap-H
according to the SIMPER results. Most then increased through to the Bagged stage at Cap-H,
while peaking in the Curing stage at PauP. Several of the genera within Actinomycetales that
increased in the thermophilic stage have been observed by others to be present in thermophilic
compost (defined as spanning 45 - 70 C), as reviewed by Ryckeboer et al. [17], Rawat & Johri
[4], and discussed in Steger et al. [25]. Thermobifida fusca has an optimal growth temperature of
55 C and has been found associated with both mesophilic and thermophilic compost stages
previously [17,25]. The substantial and prolonged increase of T. fusca, among other
Actinomycetes, throughout composting in the present study is consistent with T. fucsa
o

o

producing extraceulluar cellulases and lignocellulases important for plant cell wall degradation
[19,26,27]. Specifically, T. fusca has been shown to produce lignocellulose-degrading enzymes
when grown on sugarcane bagasse [28]. Trigo and Ball [26] also reported cellulolytic activity in
Saccharomonospora viridis and many species of Streptomyces. Saccharomonospora has been reported
from the hottest compost period [17,25] and also from later periods [10,12]. It can hydrolyse
starch and xylan in addition to other compounds [2]. Cellulomonas within Cellulomonadaceae
has been observed in the second mesophilic stage of compost [29] and various members of the
family contain a suite of enzymes for carbohydrate metabolism as well as show chemotaxis
toward cellobiose and hemicellulose degradation products [30].
In contrast to what was observed for most of the Actinobacteria, members of Streptomyces,
Actinomadura, and especially Arthrobacter seemed to be sensitive to heat and so their greatest
increases occurred later in the process, corroborated by the SIMPER results. Streptomyces has
been recovered commonly from a variety of composts at both mesophilic and thermophilic
stages [4,8,11,17] and was the dominant actinomycete cultured from sugarcane bagasse [31].
Streptomyces spp. are important not only because of their ability to degrade cellulose, chitin,
xylan, and lignin [32,33], but also because of their extensive antibiotic production [33]. These
traits combined make them great competitors for resources during composting. Arthrobacter has
a more restricted appearance in composts. Ryckeboer et al. [17] listed Arthrobacter as being
recovered only from mesophilic stages, Ishii et al. [1] observed it appearing in the late maturing
phase of their study, and Steger et al. [25] reported Arthrobacter was the last of the actinomycetes
to be detected, when the compost had cooled to a mean of 50 °C and then was dominant by
Week 57, when the temperature had declined further to a mean of 45 °C. When considering the
compost maturity index determined for the last experiment, the presence of Arthrobacter – and
perhaps more so its presumed subsequent decline – may be a useful indicator of process
completion. At 57 weeks, the compost analyzed by Steger et al. was considered ‘curing’ by the
SOLVITA test, and it may be the Cap-H compost was of a similar stage when bagged, as
Arthrobacter populations had increased in Bagged samples relative to the Curing samples,
suggesting a longer maturation phase may be beneficial. By comparison, the PauP Arthrobacter
population(s) appeared to have peaked in the Curing stage, so it may have been a more mature
product. Jayasree & Balan [13] note Arthrobacter is prominent in soils and so also suggest their
presence could be used as a marker for compost maturity. Other bacteria commonly associated
with soil (Gemmatimonadetes, Planctomycetes, and Rhizobiales) also increased in the later
stages, bolstering the argument of compost maturity.
The notable declines for the Bacteroidales and Enterobacteriales, especially steep at Cap-H, are
likely for the same reasons as for the many Clostridiales. Reddy and colleagues [34] also noted
decreased Bacteroidetes pyrotag sequences in compost-derived rice-straw incubations at
thermophilic relative to mesophilic incubation temperatures. Regarding the Flavobacteriaceae,
Danon et al. [35] found Chryseobacterium and Flavobacterium in their sewage sludge/yard waste
compost most abundant around Day 41 (temperature around 30 C) and tapering off but still
prominent through Day 205. Our observation of members of the Class Sphingobacteria
increasing at the Curing stage is consistent with observations by others [1,17], as was the
increase of Planctomycetaceae [3,35]. Dyella, a member of the Xanthomonadaceae, likely
increased in relative abundance in the Curing and/or Bagged stages because, similar to
Sphingomonas, Burkholderia, and some Bacillus and Paenibacillus, it is mesophilic and has the
ability to degrade lignin [36]. Interestingly, Halomonas increased at both locations in the Curing
phase. This may indicate a transient increase in salt concentration (osmotic pressure), as
observed by Haruta et al. [20] with a food-based compost, though in that system, it was
Corynebacterium and Staphylococcus that appeared prominently during this phase. Finally, we
o

observed various methyl-utilizing bacteria at their greatest relative abundance in the Curing or
Bagged samples. Methylocaldum spp. are thermotolerant or thermophilic and have been isolated
from compost previously [37]. Bacteria capable of using one-carbon compounds and that are
mesophilic, such as Methyloversatilis [38], could be expected to do well after the thermophilic
stage – as was observed in the current study - given the ongoing degradation of plant material
as the piles cool.
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