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Summary

Aerobic composting is a bacteria-driven process to
degrade and recycle wastes. This study quantified the
kinetics of bacterial growth and decay during pig
manure–wheat straw composting, which may provide
insights into microbial reaction mechanisms and com-
posting operations. First, a propidium monoazide–
quantitative polymerase chain reaction (PMA–qPCR)
method was developed to quantify the viable bacteria
concentration of composting samples. The optimal
PMA concentration and light exposure time were
100 lM and 8 min respectively. Subsequently, the
concentrations of total and decayed bacteria were
quantified. Viable and decayed bacteria coexisted dur-
ing the entire composting period (experiments A and
B), and the proportion of viable bacteria finally fell to
only 35.1%. At the beginning, bacteria grew logarithmi-
cally and decayed rapidly. Later, the bacterial growth
in experiment A remained stable, while that of experi-
ment B was stable at first and then decomposed. The
duration of the stable stage was positively related to
the soluble sugar content of composting materials.
The logarithmic growth and rapid decay of bacteria
followed Monod equations with a specific growth
(0.0317 � 0.0033 h�1) and decay rate (0.0019 �

0.0000 h�1). The findings better identified the bacte-
rial growth stages and might enable better prediction
of composting temperatures and the degree of
maturation.

Introduction

Evolving environmental pollution caused by livestock
manure has drawn considerable attention in recent
years. As the annual discharge of livestock manure in
China currently represents approximately 3.8 billion tons
(Wang and Zhang, 2016), improved manure manage-
ment is both important and necessary. Aerobic compost-
ing represents a potentially effective solution capable of
tackling these issues owing to its ability to recycle live-
stock manure as well as other biodegradable wastes into
sustainable energy such as organic fertilizers and renew-
able materials (Haug, 1993).
In essence, aerobic composting is a bacteria-driven

process (Haug, 1993). During composting, bacteria con-
sume organic matter and oxygen to conduct their metabo-
lism, and since this reaction is exothermic, energy is
released, which heats up composting materials and pas-
teurizes most pathogens which are present (Haug, 1993).
Knowledge of the kinetics of bacterial growth and decay is
crucial to the construction of mechanical models and opti-
mization of operation strategies of composting processes
because bacterial metabolism is directly correlated with
the variation of composting temperature and degradation
of organic matter (Haug, 1993; Mason, 2006). Previous
research has employed Monod kinetics to describe bacte-
rial growth and decay during aerobic composting as fol-
lows (Mason, 2006; Sole-Mauri et al., 2007):

dXviable=dt ¼ ðl� kdÞXviable (1)

dXdecay=dt ¼ ðkdXviableÞ (2)

where Xviable is the viable bacteria concentration; t is the
composting time; l is the specific growth rate coefficient;
kd is the decay rate coefficient; Xdecay is the decayed
bacteria concentration.
Scientists have applied different methods to determine

the values of l and kd of composting processes.
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Quantitative polymerase chain reaction (qPCR) technol-
ogy was used to quantify the total bacteria concentration
(Xtotal), i.e., the sum of Xviable and Xdecay (Li et al., 2013;
Wang et al., 2014; L€u et al., 2015; Meng et al., 2016a,
b). However, l and kd still cannot be calculated accord-
ing to Eqs. 1 and 2, because there is no method avail-
able to characterize Xviable for composting materials. For
this reason, researchers relied upon assumption and
empirical regression to calculate estimates of these two
parameters. For example, some research assigned l
and kd by assumption for the composting processes of
corncobs, cattle manure–municipal sewage sludge and
swine–straw (Stombaugh and Nokes, 1996; Sole-Mauri
et al., 2007; Wang and Witarsa, 2016), while others
inferred the variation of Xviable and the values of l and
kd based on the regression relationship between bacte-
rial growth and the composting temperature and degra-
dation of organic matter (Mason, 2006; Yamada and
Kawase, 2006; Vasiliadou et al., 2015; Ge et al., 2016a,
b). Not only are l and kd the key parameters in interpret-
ing the mechanisms of bacterial growth and decay, but
the values also affect the accuracy of numerical simula-
tion of composting processes (Sole-Mauri et al., 2007;
Zhang et al., 2012; Ge et al., 2015; Vasiliadou et al.,
2015). Consequently, development of a characterization
method of Xviable for composting materials and illustration
of the kinetics of bacterial growth and decay during com-
posting are of considerable importance.
Propidium monoazide (PMA) combined with qPCR

has been proven to be able to characterize Xviable

(Reyneke et al., 2017). The principle is that PMA as a
nucleic acid dye binds the exposed DNA of decayed
cells by photoactivation and thereby inhibits qPCRs in
decayed bacteria. With the decayed bacteria thus dis-
abled, in a sense, and prevented from contributing their
amplified DNA to the result of the qPCR, the resulting
amplified amount of bacterial DNA will come from
viable cells only (Nocker et al., 2006) and can be used
to measure the concentration of these viable bacteria,
i.e., Xviable. Particularly, Nocker et al. (2007) applied
the PMA–qPCR method to the detection of viable and
decayed bacteria in pure strains, municipal wastewater,
estuarine benthic mud and marine sediment. The PMA
concentration, light exposure time and light source
used in this study were 50 lM, 2 min and a halogen
lamp of 650 W. The results showed that these PMA-
treatment conditions were efficient for pure strains but
needed to be modified for the mud and sludge sam-
ples. Moreover, the study showed that when the PMA
concentration was higher than 150 lM, changes in the
concentration did not affect the quantitative results. Yu
et al. (2015) optimized the PMA–qPCR method for
chicken samples, using a PMA concentration of 15 lM
and a light exposure time of 5 min with a halogen

lamp of 650 W. Their results showed that when the
PMA concentration was excessively high, it would exert
toxic effects on viable bacteria, and they also con-
cluded that the light exposure time should be extended
for solid samples. PMA–qPCR has been applied to the
detection of viable microbes in a number of previous
studies which examined a variety of different samples,
and these studies may provide some guidance in the
choice of appropriate PMA concentration and light
exposure time to be used in such experiments. The
PMA-treatment conditions used in these studies are
listed in Table 1. Among the studies of liquid samples
(Li et al., 2014; Moreno et al., 2015; Bonetta et al.,
2017; Casanovas-Massana et al., 2018; Lu et al.,
2018), there is little consensus on optimal PMA con-
centrations, which range from 5 to 100 lM, or on light
exposure time, which ranges from 4 to 60 min. In stud-
ies of pure strains (Lee et al., 2015; Yu et al., 2015;
Lai et al., 2017; Reyneke et al., 2017), the PMA con-
centrations ranged widely, from 15 to 100 lM, but the
light exposure time used in all the studies was <5 min.
In studies of solid samples (Moreno et al., 2015;
Cancino-Faure et al., 2016; Youn et al., 2017; Casano-
vas-Massana et al., 2018), the optimal PMA concentra-
tion was at a relatively high level, with a range of
50–100 lM; the maximum PMA concentration was
200 lM; and the light exposure time was relatively
long, with a range of 8–20 min. In the one study of
gas samples (Chang et al., 2017), which studied air,
the optimal PMA concentration was only 1.5 lM, the
lowest among all the studies and all sample types.
However, as the technical parameters of PMA treat-
ment differ significantly among different samples, it is
necessary to customize the method to suit the charac-
teristics of the specific materials that are being studied
(Nocker et al., 2007; Yu et al., 2015). However, as the
technical parameters of PMA treatment differ signifi-
cantly between various samples, it is necessary to cus-
tomize the method for specific materials (Nocker et al.,
2007; Yu et al., 2015). Notably, to our best knowledge,
there is no report of the application of PMA–qPCR to
composting materials.
Therefore, the present study was designed to (i)

develop a PMA–qPCR method for swine manure–wheat
straw composting materials; (ii) quantify the variation of
Xviable during swine manure–wheat straw aerobic com-
posting based on the PMA–qPCR method, determine
the variation of Xtotal based on qPCR and calculate Xde-
cay from the results of Xviable and Xtotal; and (iii) charac-
terize the values of l and kd based on the variation of
Xviable and Xdecay. These efforts may help to elucidate
the mechanisms of bacterial reactions during composting
and provide methodological and data support for improv-
ing kinetic models for manure composting.
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Results and discussion

Pig manure–wheat straw aerobic composting

The evolution of temperature, oxygen concentration,
organic matter content and soluble sugar content during
pig manure–wheat straw aerobic composting is given in
Fig. 1. The composting temperature of both experiments
A and B experienced mesophilic (days 0–4), thermophilic
(days 4–6), cooling (days 6–12) and maturation (days
12–16) phases. During the mesophilic phase, oxygen of
both experiments was consumed quickly. The oxygen
concentration decreased to minimum and then kept at a
relatively low level. During the thermophilic phase, the
oxygen concentration increased significantly on day 5,
indicating the metabolism of aerobic microbes such as
bacteria began to decline. During the cooling–maturation
phase, the oxygen concentration of experiment A
increased remarkably and then slightly, while the oxygen
concentration of experiment B increased and then fluctu-
ated prominently. The organic matter content of both
experiments reduced rapidly during the mesophilic–ther-
mophilic phase and decreased gradually during the cool-
ing–maturation phase. On day 6, the standard deviation
of the organic matter content in experiment B was rela-
tively high, and the results of three duplicates were
65.1%, 65.1% and 78.9%, perhaps because the com-
posting samples were not homogeneous. As shown in
Fig. 1B, the soluble sugar content of experiment B was

initially higher than that of experiment A, but from Day 4
onwards, it fell significantly lower than that of experiment
A (P < 0.05). As this work focuses on the microbial
kinetics during composting, the variation in chemical
parameters such as chemical oxygen demand (COD)
and total organic carbon (TOC) has not been included.
Also as a fundamental indicator reflecting the oxygen
demand of microorganisms, oxygen uptake rate (OUR)
has been investigated in our previous studies (Ge et al.,
2015, 2016a,b). Some composting research found that
the trends of COD and OUR were similar and that both
exhibited oscillations (Kalamdhad and Kazmi, 2009;
Singh et al., 2016), while TOC usually decreased with
time (Grigatti et al., 2011; Hait and Tare, 2011). How-
ever, the relationship between COD, TOC and bacterial
kinetics will be addressed in our future work.

Optimization of PMA-treatment conditions for
quantification of Xviable of pig manure–wheat straw
composting materials

The electrophoretograms and qPCR results of groups 1–
15 are shown in Fig. 2, where the gene copy number
was log 10-transformed to meet normality assumptions
in statistical analysis.
The results for the bacterial solutions in groups 1–5

are shown in the first panel of Fig. 2. These five groups
were autoclaved and then treated with different PMA con-
centrations to determine the optimal PMA concentration.

Table 1. PMA-treatment conditions in previous studies.

Material
Optimal PMA
concentration

Maximum PMA
concentration

Light exposure
time References

Liquid
Sputum 100 lM 400 lM 20 min Lu et al. (2018)
Spring water 5 lM / 60 min Casanovas-Massana et al. (2018)
Water 25 lM / 5 min Bonetta et al. (2017)
Industry water 50 lM / 15 min Moreno et al. (2015)
Wastewater 100 lM / 4 min Li et al. (2014)

Pure strain
Lactobacillus gasseri and
Lactobacillus salivarius

100 lM / 5 min Lai et al. (2017)

Mycobacterium fortuitum 30 lM / 2 min Lee et al. (2015)
Salmonella 15 lM 40 lM 5 min Yu et al. (2015)
Legionella Pneumophila,
Pseudomonas aeruginosa,
Salmonella typhimurium,
Staphylococcus aureus and
Enterococcus faecalis

50 lM / 5 min Reyneke et al. (2017)

Solid
Pig manure–wheat straw 100 lM 200 lM 8 min This study
Soil 100 lM / 15 min Casanovas-Massana et al. (2018)
Chicken 100 lM / 20 min Youn et al. (2017)
Parasite 100 lM 200 lM 15 min Cancino-Faure et al. (2016)
Vegetable and shellfish 50 lM / 15 min Moreno et al. (2015)

Gas
Air 1.5 lM / 20 min Chang et al. (2017)

ª 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 12, 502–514

504 J. Ge et al.



Group 1 without PMA showed a bright electrophoretic
band and the highest gene copy number, which was
taken to represent the level of DNA amplification from
viable bacteria and decayed bacteria together. As the
PMA concentration increased from 0 to 50 lM (groups 1
to 4), the brightness of the band faded, and the gene
copy number decreased significantly (P < 0.05), implying
that the inhibition of amplification of the DNA of decayed
significantly increased with the increasing PMA concen-
tration. When the autoclaved bacterial solutions were
subjected to a PMA concentration of 50 lM or higher
(groups 4 and 5), the electrophoretic band disappeared,
and the gene copy number was extremely low, indicating
an almost complete prevention of amplification of the
DNA of the decayed bacteria. However, the DNA of

some decayed bacteria could be still amplified, probably
because these decayed bacteria retained intact
cytomembranes that PMA could not permeate (Nocker
et al., 2006). According to the statistical results, the gene
copy number did not change significantly as the PMA
concentration was raised from 50 to 100 lM (P > 0.05).
Therefore, 50 lM was considered the minimum PMA
concentration inhibiting qPCR amplification of the DNA of
decayed bacteria and used for groups 11–16. The value
is higher than the minimum PMA concentration (30 lM)
for the pure bacterial strain (Nocker et al., 2006), which
could be explained by a higher degree of turbidity in the
solutions containing pig manure (van Frankenhuyzen
et al., 2013).
Groups 6–10 were non-autoclaved bacterial solutions

treated with different PMA concentrations. The middle
panel of Fig. 2 shows that, as the PMA concentration
increased from 0 to 50 lM (groups 6 and 7), there was
a significant decrease in the gene copy number
(P < 0.05), indicating that PMA effectively bound the
exposed DNA of decayed bacteria, and thereby hin-
dered the amplification of the DNA of the decayed bac-
teria. Therefore, the decrease in the gene copy number
from group 6 to group 7 should be attributed to the
decayed bacteria in the non-autoclaved solutions. With
an increase in PMA concentration from 50 to 150 lM
(groups 7–9), the gene copy number did not change sig-
nificantly (P > 0.05), implying similar performance of
PMA at both levels of concentration. As the PMA con-
centration increased from 150 to 200 lM (groups 9 and
10), the gene copy number fell by a statistically signifi-
cant amount (P < 0.05), which suggested that a PMA
concentration as high as 200 lM exerted toxicity
towards the viable bacteria, producing a mortality rate of
63%. The toxicity could be explained by the infiltration
of excessive PMA to the viable cells (Gyawali et al.,
2016). Therefore, it is necessary to determine the maxi-
mum PMA concentration for specific samples, especially
for manure, sludge and soil (Gyawali et al., 2016). From
the above, 150 lM was taken as the maximum PMA
concentration, which would not inhibit qPCR amplifica-
tion of the DNA of viable bacteria. The result is higher
than the maximum PMA concentration reported for
Escherichia coli and Salmonella (100 and 80 lM,
respectively) (Luo et al., 2010; Yu et al., 2015), possibly
because of the higher degree of turbidity in the solutions
in this study.
In groups 11–15, the research objective was to find

the effect time of light exposure on autoclaved bacterial
solutions. Comparison between groups 11 and 12
showed that the brightness of the band and the copy
number decreased significantly (P < 0.05) after a 2 min
light exposure, indicating that light exposure was a
necessity for the effective application of PMA. As the

Fig. 1. Evolution of (A) T, O2 and OM and (B) soluble sugar content
during pig manure–wheat straw aerobic composting. Note: T is the
composting temperature; O2 is the oxygen concentration in the
upper part of the composting reactor; OM is the organic matter con-
tent; exp represents experiment; the measurements of the OM and
soluble sugar content were based on dry weight; error bars of the
OM and soluble sugar content represent the standard deviation of
triplicate measurements; in Fig. 1B, the numbers followed by –, * or
** represent the significance level (P) of the difference between
experiments A and B; – represents no significant difference;
* represents significant difference at 0.01 < P ≤ 0.05; ** represents
significant difference at P ≤ 0.01.
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light exposure time was increased to 8 min (group 14),
the weakness of the electrophoretic band and the extre-
mely low copy number demonstrated a notable inhibition
of amplification of the DNA of decayed bacteria. There
was no noted improvement when the light exposure time
was extended from 8 to 16 min (groups 14 and 15), so
8 min was chosen as the minimum light exposure time
inhibiting qPCR amplification of the DNA of decayed
bacteria. Previous studies showed that the optimal light
exposure time was only 1 min with a light power of
750 W for Enterobacter sakazakii (Cawthorn and Wit-
thuhn, 2008) and more than 10 min with a light power of
500 W for activated sludge (van Frankenhuyzen et al.,
2013; Guo and Zhang, 2014), whereas it was 8 min with
a light power of 650 W in this study. The discrepancy
between these studies and our results implied that the
light exposure time might be inversely proportional to the
light power. Moreover, with the same treatment condi-
tions, group 14 showed a gene copy number similar to
that of group 4, which demonstrates a good reproducibil-
ity of the PMA–qPCR results.
As shown in Fig. 2, the DNA of some decayed bacte-

ria in autoclaved groups 4, 5, 14 and 15 was still ampli-
fied. There might be two reasons for this. First, the
autoclave procedure used in this study belongs to the
class of rapid sterilization methods, and under such
methods, the morphology of cells may remain intact and
the cells remain impermeable to PMA (Trevors, 2012;
Lawn and Nicol, 2015). Second, a small number of bac-
teria may enter a viable-but-non-culturable (VBNC) state
as a response to unfavourable conditions occurring dur-
ing autoclaving. In this case, the cells cannot grow but

retain their cytomembranes (Ferrentino et al., 2015).
However, the statistical analysis of the data as shown in
Fig. 2 indicates that the decayed bacteria with intact
cytomembranes accounted for only 0.002–0.003% of the
total decayed bacteria. In addition, composting pro-
cesses would not have the effects of rapid pasteurization
procedures such as autoclaving. Therefore, the decayed
bacteria with intact morphology were not considered in
the calculation of the kinetic parameters during the com-
posting operation.
The above results indicated that, to effectively discern

the viable and decayed bacteria of the samples of man-
ure composting, the PMA concentration and light expo-
sure time should be in the range of 50–150 lM and no
<8 min respectively. Given the high turbidity of the solu-
tions, 100 lM was accepted as the optimal PMA con-
centration, which is in accordance with the results for
activated sludge and wastewater (Guo and Zhang, 2014;
Li et al., 2014), possibly because of the similar physico-
chemical properties of the solutions. According to the
results from groups 11–15, a period of 8 min was cho-
sen as the optimal light exposure time.

Quantification results and related mechanisms of
bacterial growth and decay during pig manure–wheat
straw aerobic composting

To meet normality assumptions in statistical analysis, the
variables Xtotal, Xviable and Xdecay were natural log-trans-
formed. Based on the qPCR and optimized PMA–qPCR
methods, the variation of lnXtotal, lnXviable and lnXdecay

during pig manure–wheat straw aerobic composting and

Fig. 2. Electrophoretograms and qPCR results of groups 1–15. Note: The gene copy number was log 10-transformed to meet normality
assumptions in the statistical analysis; the columns in the same panel marked by the same letter are not significantly different at a significance
level of 0.05; error bars represent the standard deviation of triplicate measurements.
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statistical analysis results is illustrated in Fig. 3 and
Table 2.
It could be seen that viable and decayed bacteria

coexisted in the whole composting period. As the experi-
ments approached an end, the proportion of viable bac-
teria (Xviable/Xtotal) in experiment B fell as low as 35.1%.
Such large changes in the course of a process run imply
that it is important to be able to quantify Xviable for com-
posting processes.
As shown in Fig. 3 and Table 2, the variation of the

bacterial concentration exhibited some similarities and

some differences between experiments A and B. During
the mesophilic phase, the value of lnXtotal (or lnXviable)
showed no difference between experiments A and B
(P > 0.05), lnXviable increased linearly, and lnXdecay

increased correspondingly. This indicated a logarithmic-
growth stage synchronizing with a rapid-decay stage.
From the middle of the thermophilic phase (around day
5), the oxygen concentration of both experiments started
to increase (Fig. 1), which implied that the bacterial
metabolism had begun to slow down and the bacterial
growth and decay in both experiments entered into a
stable stage at the same time point. However, after this
time point, the variation of the bacterial concentration
between experiments A and B deviated significantly. In
experiment A, lnXviable remained almost unchanged
(P > 0.05) from the middle of the thermophilic phase to
the maturation phase, indicating that the bacterial growth
in experiment A remained at the stable stage until the
end. In experiment B, however, lnXviable was quite con-
stant (P > 0.05) during days 6–8, implying that the bac-
terial growth in experiment B was at the stable stage for
that time period. But during days 8–16, lnXtotal and lnXvi-
able in experiment B decreased significantly (P < 0.05)
while lnXdecay remained almost unchanged. The
decrease in Xtotal agrees with the studies of poultry man-
ure, feather waste and sewage sludge composting
(Chroni et al., 2009; Korniłłowicz-Kowalska and Bohacz,
2010; Pepe et al., 2013). The decreasing Xviable and
constant Xdecay in experiment B perhaps implied that
bacteria were decomposing by means of autolysis and
autophagy, in which case the bacterial decay was occur-
ring at a decomposition stage. A possible explanation for
the autolysis and autophagy of bacteria in experiment B
is that, with continued degradation of organic matter and
near-exhaustion of soluble sugar in the composting

Fig. 3. Variation of Xtotal, Xviable and Xdecay during pig manure–
wheat straw aerobic composting. Note: Xtotal, Xviable and Xdecay are
the concentration of total, viable and decayed bacteria respectively;
Xtotal, Xviable and Xdecay were natural log-transformed to meet nor-
mality assumptions in the statistical analysis; exp represents experi-
ment; error bars represent the standard deviation of triplicate
measurements.

Table 2. Quantification and statistical analysis results of Xtotal, Xviable and Xdecay during pig manure–wheat straw aerobic composting.

Experiment
Concentration
or proportion

Composting progress

Day 0 Day 2 Day 4 Day 6 Day 8 Day 12 Day 16

A lnXtotal (copies g�1) 14.6 � 0.5aA 16.6 � 0.5bA 18.4 � 0.1cA 19.3 � 0.1dA 19.5 � 0.2dA 19.4 � 0.3dA 19.1 � 0.5dA

lnXviable (copies g�1) 14.6 � 0.5aC 16.6 � 0.5bC 18.3 � 0.1cC 19.2 � 0.2dC 19.4 � 0.1dC 19.2 � 0.3dC 18.9 � 0.4dC

lnXdecay (copies g�1) 11.3 13.8 16.0 17.2 17.5 17.5 17.5
Xviable/Xtotal (%) 96.6 94.4 91.0 88.3 86.1 85.5 81.2
Xdecay/Xtotal (%) 3.4 5.6 9.0 11.7 13.9 14.5 18.8

B lnXtotal (copies g�1) 14.9 � 0.2aA 17.0 � 0.1bA 18.6 � 0.2cA 18.6 � 0.2cB 18.5 � 0.2cB 17.7 � 0.2 dB 17.4 � 0.3bdB

lnXviable (copies g�1) 14.8 � 0.2aC 16.6 � 0.5bC 18.4 � 0.2cC 18.5 � 0.2cD 18.2 � 0.3cD 17.2 � 0.4dD 16.3 � 0.1bD

lnXdecay (copies g�1) 12.2 15.8 16.7 16.7 16.9 16.6 17.0
Xviable/Xtotal (%) 93.6 70.9 85.2 86.0 78.8 65.4 35.1
Xdecay/Xtotal (%) 6.4 29.1 14.8 14.0 21.2 34.6 64.9

Xtotal, Xviable and Xdecay are the concentration of total, viable and decayed bacteria respectively; Xdecay = Xtotal � Xviable; Xtotal, Xviable and Xdecay

were natural log-transformed to meet normality assumptions in the statistical analysis; values are expressed as the mean � standard deviation
(n = 3); a,b,c,dsignificant difference of lnXtotal (or lnXviable) between different time points in the same row; A,Bsignificant difference of lnXtotal

between experiments A and B at each time point; C,Dsignificant difference of lnXviable between experiments A and B at each time point; the sig-
nificance level is 0.05.
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materials (Fig. 1), the bacteria may have been forced to
consume their own organic matter. As previous compost-
ing studies did not measure the variation in viable and
decayed bacteria, there is no available report on the
bacterial autolysis and autophagy occurring in compost-
ing. However, some studies on the anaerobic digestion
of pig manure (Harvey et al., 1984) and sludge (Alphe-
naar et al., 1993; Yang et al., 2010) have demonstrated
the phenomenon of bacterial autolysis and autophagy
during the latter phase of digestion. Therefore, we con-
jecture that the significant decrease in lnXviable in experi-
ment B was caused by bacterial autolysis and
autophagy. Regarding the duration of the stable stage of
bacterial growth as shown in Fig. 3, experiment B had a
shorter stable stage than experiment A. This was proba-
bly due to the fact that the soluble sugar content of
experiment B dropped dramatically from Day 4 onward
and remained at a low level during days 8–16 (Fig. 1B),
which might be insufficient to support the metabolism of
viable bacteria during days 8–16. It could be inferred that
the duration of the stable stage of bacterial growth might
be related to the soluble sugar content of the compost-
ing materials; plentiful organic matter may result in an
extension of composting. As this observation is interest-
ing, the effects of different organic compounds such as
soluble sugar, lignocellulose, proteins and fats on the
bacterial kinetics will be further investigated in our future
work.
In existing studies of aerobic composting, the bacterial

decay rate was proportional to the growth rate when
there was sufficient soluble substrate for bacterial meta-
bolism (Angelidaki et al., 1993; Oudart et al., 2015).
Hence, the decay rate was positively correlated with the
growth rate. Therefore, during the mesophilic–ther-
mophilic phase, lnXdecay increased with the increase of
lnXviable (see Fig. 3). However, when the composting
process entered the cooling phase, the bacterial growth
and decay entered a stable state, perhaps because the
soluble substrate became insufficient for bacterial prolif-
eration (Haug, 1993).
To summarize the above quantification results, during

the mesophilic–early thermophilic phase, bacteria were
at the logarithmic-growth stage that synchronized with
the rapid-decay stage; from the middle of the ther-
mophilic phase, bacterial growth entered into the stable
stage, and possibly further entered into the decomposi-
tion phase; the duration of the stable stage of bacterial
growth was positively related to the soluble sugar con-
tent of the composting materials. Quantification of Xtotal,
Xviable and Xdecay enables the identification of the loga-
rithmic-growth, stable and decomposition stages of bac-
terial growth and thereby enables better prediction of the
variation of composting temperature and the degree of
maturation of the composting materials. A better

understanding of these details of the composting pro-
cess will ultimately enable researchers to improve com-
posting efficiency.

Determination results of l and kd for pig manure–wheat
straw aerobic composting

During the mesophilic–early thermophilic phase, the vari-
ation of Xviable and Xdecay of both experiments followed
the Monod equations, i.e., Eqs. 1 and 2. Given no signif-
icant differences of lnXtotal (or lnXviable) between experi-
ments A and B (Table 2), the mean value of Xtotal (or
Xviable) of the two experiments was simulated using
Eqs. 1 and 2 to calculate l and kd. The values of l and
kd were 0.0317 � 0.0033 h�1 and 0.0019 � 0.0000 h�1

respectively (the values of R2 for both equations were
1.00).
The values of l and kd reported in the present study

and some previous studies are listed in Table 3. The
comparison as shown in Table 3 indicates that the value
of l (or kd) differs significantly across different compost-
ing materials. Among these studies, Kaiser (1996),
Stombaugh and Nokes (1996), Seki (2000) and Vidri-
ales-Escobar et al. (2017) incorporated a temperature
correction factor [f(T)] into the calculation of the cor-
rected specific growth rate [l(T)], which varied with the
composting temperature (T). The average values of l(T)
in the above studies were 0.07, 0.29, 0.02 and 0.05 h�1.
The value obtained for l in the present study based on
the quantification results of Xviable and Xdecay is
l = 0.0317 � 0.0033 h�1, which approximates the val-
ues in the early research using similar composting mate-
rials, such as chicken manure–rice bran–sawdust (Seki,
2000) and pig manure–wheat straw (Wang and Witarsa,
2016). As for kd, the range of kd in the previous studies,
as shown in Table 3, was (0.01–0.25) times the value of
l, while some past research assumed kd = 0.05 l
(Angelidaki et al., 1993; Oudart et al., 2015). The kd
obtained in the present study is (0.06 � 0.01) times the
value of l, which falls within the published range.
In previous studies in which the PMA–qPCR method was

not employed, separate measures of Xviable and Xdecay

could not be obtained. Hence, when calculating l, the
Xviable in Eq. 1 was replaced with Xtotal, and kd was
considered to be negligible or assumed to be equal to
0.05 l (Angelidaki et al., 1993; Oudart et al., 2015). For
comparison, the present study also evaluated l by
replacing Xviable with Xtotal using the data set of this
study: When kd was neglected, the measured value for
l = 0.0166 � 0.0093 h�1; when kd = 0.05 l, l =
0.0176 � 0.0107 h�1. However, both of the above l
values were lower than the result obtained from the
PMA–qPCR method, i.e., l = 0.0317 � 0.0033 h�1.
Therefore, the l value might be underestimated the
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relative concentration of viable and decayed bacteria is
not considered, because this causes the degree of degra-
dation of organic matter to be underestimated. Since an
understanding of the bacterial kinetics of the process is
important for simulating the degradation of organic matter
and the emission of greenhouse gases during aerobic
composting, the improvement in parameter estimates
made possible by the new method may enable research-
ers to understand these mechanisms better.
Existing studies indicate that the degradation of

organic matter during aerobic composting follows the
first-order equation (Haug, 1993):

OM ¼ OM0 � e�kt (3)

where OM is the organic matter content (%); OM0 is the
initial organic matter content (%); k is the degradation
rate constant (h�1); t is the composting time (h). By fit-
ting the variation of OM in our study across time t, the k

value was estimated to be 0.001 � 0.000 h�1, which
was 0.03 � 0.01 times the value of l. Obviously, k <
l, as it should be, since there is a bacterial yield coeffi-
cient (YX) (which captures the interplay between bacte-
rial growth and organic matter degradation), which
represents the bacterial yield generated by consuming
one unit mass of organic matter (Vidriales-Escobar et al.,
2017; Renter�ıa-Tamayo et al., 2018). A study on Chi-
nese hamster ovary cells implied that l = 0.005 h�1,
while k varied with different organic compounds and was
in a range of 0.002–0.004 h�1, i.e., k = (0.06–0.66)l
(Kurano et al., 1990). A study of the aerobic degradation
of sludge reported that the l and k of bacteria were
0.048 and 0.006 h�1, respectively, which implies a value
of k = 0.13 l (Accashian et al., 1998). Lastly, a study of
the aerobic degradation of groundwater which involved a
variety of different organic compounds found that
k = (0.03–0.21)l and found that k varied with different
organic compounds – the more difficult the organic

Table 3. Specific growth rate coefficient (l) and decay rate coefficient (kd) reported in this study and previous studies.

Composting
materials Scale

Determination method
of l and kd

Initial
OM (%) l (h�1) kd (h�1)

Simulation
accuracy References

Pig manure–wheat
straw

16 l reactor Variation of the
concentration of viable and
decayed bacteria

81.3 0.03 0.002, 0.06 l R2 = 0.93 This study

Horticultural
residues–straw

0.7 m3 reactor Relationship between the
variation of bacterial
concentration and
composting temperature

/ 0.07a 0.001, 0.01 l R2 = 0.80 Kaiser (1996)

Corncobs 2.1 l reactor Relationship between the
variation of bacterial
concentration and
composting temperature

/ 0.29a 0.025, 0.13 l / Stombaugh
and Nokes
(1996)

Chicken manure–rice
bran–sawdust

18.8 l reactor Relationship between the
variation of bacterial
concentration and
composting temperature

75 0.02a 0.001, 0.25 l R2 = 0.78 Seki (2000)

Poultry manure–barley
straw

12.3 l reactor Relationship between the
variation of bacterial
concentration and
ammonia emission rate

/ 0.60 0.025, 0.04 l R2 = 0.86 Liang et al.
(2004)

Fruit pulp–cattle
manure–sludge

15 l reactor Relationship between the
variation of bacterial
concentration and dry
matter content

/ 0.20 0.030, 0.15 l MD = 2.14% Sole-Mauri et al.
(2007)

Pig slurry–wheat
straw

8 m3 pile Relationship between the
variation of bacterial
concentration and nitrogen
content

15.8–29.1 0.20 0.008, 0.04 l / Oudart et al.
(2015)

Pig manure–wheat
straw

50 l reactor Relationship between the
variation of bacterial
concentration and pile
density

86.1 0.02 0.002, 0.12 l R2 = 0.99 Wang and
Witarsa (2016)

Tobacco industry
solid waste

25 l reactor Relationship between the
variation of bacterial
concentration and
composting temperature

/ 0.05a 0.036, 0.20 l R2 = 0.92 Vidriales-Escobar
et al. (2017)

MD is the mean deviation; OM is the organic matter content; R2 is the coefficient of determination; T is the composting temperature.
a. The average of the corrected specific growth rate coefficient [l(T)].
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compound to be degraded, the lower the k value, and
the lower the ratio of k to l (Powers et al., 2001).
Especially for developing countries such as China,

Vietnam and India, which feature massive solid wastes
but limited land for waste management, there is a
tremendous demand for automatic and intelligent com-
posting strategies. With the help of the PMA–qPCR
method, operators of composting facilities could perform
real-time monitoring of Xviable and Xdecay and thereby cal-
culate the kinetic parameters of ongoing processes more
precisely. They would be informed of variations in the
quantities of various bacteria, including pathogens, and
would be better able to estimate the degree of degrada-
tion of organic matter and the maturity of the compost.
Consequently, operators could optimize composting pro-
cedures to facilitate microbial growth, accelerate decom-
position of wastes and produce high-quality compost
free of harmful bacteria.

Conclusions

As an understanding of the kinetics of bacterial growth
and decay is important for simulating the degradation of
organic matter and emissions of greenhouse gases dur-
ing aerobic composting, improved estimates of l and kd
would help to better understand the above mechanisms
and estimate other parameters involved. In order to char-
acterize the parameters, a PMA–qPCR method was
applied, and the PMA-treatment conditions were opti-
mized for pig manure–wheat straw aerobic composting,
including a PMA concentration of 100 lM and an expo-
sure time of 8 min. The resulting variation of Xtotal, Xviable

and Xdecay showed that during the mesophilic–early ther-
mophilic phase, bacteria were at a logarithmic-growth
stage that synchronized with a rapid-decay stage. During
the late thermophilic–maturation phase, bacterial growth
either remained at a stable stage or entered a decompo-
sition stage, which might be related to a possible decline
in the soluble sugar content of the composting materials.
The l value obtained in studies which did not employ the
PMA–qPCR method was lower than the result obtained
from the PMA–qPCR method, suggesting that there is a
danger of underestimating the extent of bacterial growth if
we fail to consider the concentrations of viable and
decayed bacteria separately, due to an underestimation
of the degree of degradation of organic matter.

Experimental procedures

Aerobic composting experiments and physicochemical
analysis

Composting materials consisted of pig manure (10.0 kg)
and chopped wheat straw (1.0 kg), which were collected
from the livestock and poultry test site of the Chinese

Academy of Agricultural Sciences (Changping, Beijing,
China) and suburban areas of Beijing respectively. Dur-
ing manual mixing, 1.0 kg of deionized water was added
to achieve a moisture content of 50–67% (Haug, 1993).
The materials were mixed thoroughly and divided into
two equal portions to be loaded into each of two 15-l
cylindrical reactors (0.40 m height 9 0.25 m inside diam-
eter) (L€u et al., 2008). We established two independent
aerobic composting experiments (A and B). Each of
them was 16 days in duration. The ventilation pattern
and aeration rate were set to 1 h on/1 h off and
0.35 l min�1 based on previous work (Ge et al., 2015).
Composting temperature and oxygen concentration in
the upper part of the reactor were determined using a
thermocouple (Pt100, Thermocoax, Hamburg, Germany)
located in the middle of the composting mixture and an
oxygen sensor (O2S-FR-T2-18X; Apollo Electronics Co.,
Ltd., Zhuhai, China) respectively (Ge et al., 2016a,b).
Samples were collected on days 0, 2, 4, 6, 8, 12 and
16. Each time, an amount of approximately 200 g of
sample was taken from each reactor. Not <50 g was
taken out and stored at �20°C for qPCR and PMA–
qPCR analysis, while the remaining amount was stored
at 4°C for physicochemical analysis.
The moisture content and organic matter content of

the samples were measured according to Test Methods
for the Examination of Composting and Compost
(TMECC) standard procedures (03.09-A and 05.07-A)
(U.S. Composting Council, 2002). The carbon to nitrogen
ratio was calculated from total carbon and total nitrogen,
which were determined by dry combustion using an ele-
mental analyser (Vario MACRO, Elementar, Hanau, Ger-
many). The soluble sugar content was determined using
a spectrophotometer (UV-2550, Shimadzu, Tokyo,
Japan) according to the anthrone–sulphuric acid method
(Yemm and Willis, 1954). The above physicochemical
properties were determined using three replicates.
The physicochemical properties of the initial compost-

ing mixtures of experiments A and B are illustrated in
Table 4. The initial values of all the physicochemical
properties conformed to the requirements of composting
standards (Haug, 1993). The statistical analysis showed
that the initial organic matter content of experiment A
was significantly higher than that of experiment B.

qPCR analysis and quantification of Xtotal of pig manure–
wheat straw composting materials

An aliquot of 5 g of a composting sample was added to
50 ml of sterile water and mixed completely to generate
a bacterial solution. The DNA of the solution was
extracted using a TIANamp Bacteria DNA Kit (Tiangen
Biotech Beijing Co., Ltd., China) followed by amplifica-
tion on a real-time PCR system (ABI 7500; Applied
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Biosystems, Foster City, CA, USA) with a forward primer
(519F, 5-CAGCMGCCGCGGTAATWC-3), and reverse
primer (907R, 5-CCGTCAATTCMTTTRAGTTT-3) (Zhang
et al., 2015). The qPCR products were electrophoresed
on a 1% agarose gel containing ethidium bromide and
visualized using a gel image processing system (Tanon-
1600; Tanon Science & Technology Co., Ltd., Shanghai,
China). The qPCR products were then cloned using a
pUC-T TA cloning kit (CoWin Biosciences, Beijing,
China). The products were transformed into E. coli DH5a
competent cells. The transformants were incubated in
broth. Positive clones were selected and further identi-
fied by qPCR using the primers. The plasmids of the
positive clones were saved as plasmid DNA standards.
Serial 10-fold dilutions of the plasmid standards were
prepared (Selvam et al., 2012). Calibration curves were
generated with Sequence Detection System software
(version 2.0; Applied Biosystems) according to the qPCR
results of the plasmid DNA standards and dilutions.
An aliquot of 5 g of each sample from experiments A

and B was added to 50 ml sterile water and mixed com-
pletely to generate bacterial solutions. The DNA of the
solutions were extracted and tested by qPCR as
described as above to obtain Xtotal. Each sample was
tested in triplicate.

Optimization of PMA-treatment conditions

An aliquot of 5 g of a composting sample was added to
50 ml of sterile water and mixed completely to generate a
bacterial solution. An aliquot of 20 ml of the bacterial solu-
tion was autoclaved at 121°C for 30 min to generate an
autoclaved solution. Based on the results of preliminary
experiments, PMA treatment contained 15 groups; each
group was generated in triplicate; the design is listed in
Table 5. Groups 1–5, 6–10 and 11–15 were used to iden-
tify the minimum PMA concentration inhibiting qPCR
amplification of the DNA of decayed bacteria, the maxi-
mum PMA concentration not inhibiting qPCR amplification
of the DNA of viable bacteria, and the minimum light expo-
sure time inhibiting qPCR amplification of the DNA of
decayed bacteria respectively. In groups 1–5, the auto-
claved solution, PMA stock solution (Biotium, Hayward,
CA, USA) and sterile water were mixed to generate five
PMA concentrations (0, 10, 20, 50 and 100 lM). The
tubes were wrapped in aluminium foil, fixed onto an ice
box and placed on a shaker (SK-O180-E; DRAGON-LAB,
Beijing, China) for 10 min (Elizaqu�ıvel et al., 2014; Guo
and Zhang, 2014; Li et al., 2014). Then, the aluminium foil
was removed, and the tubes were exposed to the light
from a 650-W halogen lamp (64540, Osram, Munich,

Table 4. Physicochemical properties of the initial composting mixtures of experiments A and B.

Physicochemical properties Experiment A Experiment B F value P value

Moisture content (%)a 56.2 � 2.6 56.5 � 2.8 0.0 0.9
Organic matter content (%)b 83.3 � 1.4 79.3 � 1.2 14.6 0.0
Total carbon content (%)b 42.0 � 0.2 43.9 � 2.2 2.2 0.2
Total nitrogen content (%)b 2.6 � 0.2 2.8 � 0.1 3.0 0.2
Carbon to nitrogen ratiob 16.6 � 1.4 15.8 � 1.0 0.6 0.5

Values are expressed as the mean � standard deviation (n = 3).
a. Measurements based on wet weight.
b. Measurements based on dry weight; F and P values were derived from one-way ANOVA.

Table 5. Design of PMA treatment.

Technical parameter Group
Bacterial solution,
100 ll

PMA concentration
(lM)

Light exposure
time (min)

Minimum PMA concentration
inhibiting qPCR amplification
of DNA of decayed bacteria

1 Autoclaved 0 8
2 Autoclaved 10 8
3 Autoclaved 20 8
4 Autoclaved 50 8
5 Autoclaved 100 8

Maximum PMA concentration
not inhibiting qPCR amplification
of the DNA of viable bacteria

6 Non-autoclaved 0 8
7 Non-autoclaved 50 8
8 Non-autoclaved 100 8
9 Non-autoclaved 150 8

10 Non-autoclaved 200 8
Minimum light exposure time
inhibiting qPCR amplification
of the DNA of decayed bacteria

11 Autoclaved 50 0
12 Autoclaved 50 2
13 Autoclaved 50 4
14 Autoclaved 50 8
15 Autoclaved 50 16
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Germany) for 8 min to photoactivate the exposed DNA of
the decayed bacteria. The tubes were gently shaken dur-
ing the exposure. In groups 6–10, the non-autoclaved
solution, PMA stock solution and sterile water were mixed
to generate five PMA concentrations (0, 50, 100, 150 and
200 lM). The light exposure process was the same as
described above. In groups 11–15, autoclaved solution,
PMA stock solution and sterile water were mixed to gener-
ate a PMA concentration of 50 lM which was determined
according to the results of the groups 1–5. Light exposure
time was set as 0, 2, 4, 8 and 16 min. The DNA of the
PMA-treated solutions was extracted and examined by
qPCR using the same procedures as described as above.
The results were used to identify the best PMA-treatment
conditions.

Quantification of Xviable and Xdecay of pig manure–wheat
straw composting materials by the optimized PMA–
qPCR method

The bacterial solutions of all samples from experiments
A and B were treated by the optimized PMA-treatment
conditions. Each sample was treated in triplicate. The
DNA of the PMA-treated solutions was extracted and
tested by qPCR using the same procedures as
described as above to acquire Xviable. The difference
between Xtotal and Xviable was noted as Xdecay.

Determination of l and kd for pig manure–wheat straw
aerobic composting

The variation of Xtotal and Xviable was fitted by Eqs. 1 and
2 to calculate l and kd by a universal global optimization
algorithm using mathematical software (1stOpt; 7D-Soft
High Technology Inc., Beijing, China). The fit quality was
evaluated by the determination coefficient (R2).

Statistical analysis

One-way analysis of variance and least significant differ-
ence tests were performed using statistical software
(SPSS 15.0; SPSS Inc., Chicago, IL, USA), with the sig-
nificance level set at P = 0.05, to determine whether
there was any significant difference in (i) initial physico-
chemical properties between experiments A and B; (ii)
the gene copy number between groups 1–5, 6–10 and
11–15; (iii) the bacterial concentration between different
time points; (4iv) the bacterial concentration between
experiments A and B.

Acknowledgements

This work was supported by the China Agriculture
Research System (grant number CARS-36), the

Program for Changjiang Scholars and Innovative
Research Team in University (grant number IRT1293),
and the National Natural Science Foundation of China
(grant number 31771684). We thank Christopher Monroe
for editing support.

Conflicts of interest

None declared.

References

Accashian, J.V., Vinopal, R.T., Kim, B.-J., and Smets, B.F.
(1998) Aerobic growth on nitroglycerin as the sole carbon,
nitrogen, and energy source by a mixed bacterial culture.
Appl Environ Microbiol 64: 3300–3304.

Alphenaar, P.A., P�erez, M.C., and Lettinga, G. (1993) The
influence of substrate transport limitation on porosity and
methanogenic activity of anaerobic sludge granules. Appl
Microbiol Biotechnol 39: 276–280.

Angelidaki, I., Ellegaard, L., and Ahring, B.K. (1993) A math-
ematical model for dynamic simulation of anaerobic diges-
tion of complex substrates: focusing on ammonia
inhibition. Biotechnol Bioeng 42: 159–166.

Bonetta, S., Pignata, C., Bonetta, S., Meucci, L., Giacosa,
D., Marino, E., et al. (2017) Viability of Legionella pneu-
mophila in water samples: a comparison of propidium
monoazide (PMA) treatment on membrane filters and in
liquid. Int J Environ Res Public Health 14: 467.

Cancino-Faure, B., Fisa, R., Alcover, M.M., Jimenez-Marco,
T., and Riera, C. (2016) Detection and quantification of
viable and nonviable trypanosoma cruzi parasites by a
propidium monoazide real-time polymerase chain reaction
assay. Am J Trop Med Hyg 94: 1282–1289.

Casanovas-Massana, A., Pedra, G.G., Wunder, E.A., Dig-
gle, P.J., Begon, M., and Ko, A.I. (2018) Quantification of
Leptospira interrogans survival in soil and water micro-
cosms. Appl Environ Microbiol 84: e00507–e00518.

Cawthorn, D.M., and Witthuhn, R.C. (2008) Selective PCR
detection of viable Enterobacter sakazakii cells utilizing
propidium monoazide or ethidium bromide monoazide. J
Appl Microbiol 105: 1178–1185.

Chang, C.-W., Hung, N.-T., and Chen, N.-T. (2017) Opti-
mization and application of propidium monoazide-quanti-
tative PCR method for viable bacterial bioaerosols. J
Aerosol Sci 104: 90–99.

Chroni, C., Kyriacou, A., Manios, T., and Lasaridi, K.-E.
(2009) Investigation of the microbial community structure
and activity as indicators of compost stability and com-
posting process evolution. Bioresour Technol 100: 3745–
3750.

Elizaqu�ıvel, P., Aznar, R., and S�anchez, G. (2014) Recent
developments in the use of viability dyes and quantitative
PCR in the food microbiology field. J Appl Microbiol 116:
1–13.

Ferrentino, G., Tamburini, S., Bath, K., Foladori, P., Spilim-
bergo, S., and Jousson, O. (2015) Application of culture-
independent methods for monitoring Listeria monocytoge-
nes inactivation on food products. Process Biochem 50:
188–193.

ª 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 12, 502–514

512 J. Ge et al.



Ge, J., Huang, G., Huang, J., Zeng, J., and Han, L. (2015)
Modeling of oxygen uptake rate evolution in pig manure–
wheat straw aerobic composting process. Chem Eng J
276: 29–36.

Ge, J., Huang, G., Huang, J., Zeng, J., and Han, L. (2016a)
Particle-scale modeling of methane emission during pig
manure/wheat straw aerobic composting. Environ Sci
Technol 50: 4374–4383.

Ge, J., Huang, G., Huang, J., Zeng, J., and Han, L. (2016b)
Particle-scale modeling of oxygen uptake rate during pig
manure–wheat straw composting: a new approach that
considers surface convection. Int J Heat Mass Trans 97:
735–741.

Grigatti, M., Cavani, L., and Ciavatta, C. (2011) The evalua-
tion of stability during the composting of different starting
materials: comparison of chemical and biological parame-
ters. Chemosphere 83: 41–48.

Guo, F., and Zhang, T. (2014) Detecting the nonviable and
heat-tolerant bacteria in activated sludge by minimizing
DNA from dead cells. Microb Ecol 67: 829–836.

Gyawali, P., Ahmed, W., Sidhu, J., Nery, S., Clements, A.,
Traub, R., et al. (2016) Quantitative detection of viable
helminth ova from raw wastewater, human feces, and
environmental soil samples using novel PMA-qPCR meth-
ods. Environ Sci Pollut R 23: 18639–18648.

Hait, S., and Tare, V. (2011) Optimizing vermistabilization of
waste activated sludge using vermicompost as bulking
material. Waste Manage 31: 502–511.

Harvey, M., Forsberg, C.W., Beveridge, T.J., Pos, J., and
Ogilvie, J.R. (1984) Methanogenic activity and structural
characteristics of the microbial biofilm on a needle-punched
polyester support. Appl Environ Microbiol 48: 633–638.

Haug, R.T. (1993) The Practical Handbook of Compost
Engineering. Boca Raton, FL, USA: CRC Press.

Kaiser, J. (1996) Modelling composting as a microbial
ecosystem: a simulation approach. Ecol Model 91: 25–37.

Kalamdhad, A.S., and Kazmi, A.A. (2009) Effects of turning
frequency on compost stability and some chemical char-
acteristics in a rotary drum composter. Chemosphere 74:
1327–1334.

Korniłłowicz-Kowalska, T., and Bohacz, J. (2010) Dynamics
of growth and succession of bacterial and fungal commu-
nities during composting of feather waste. Bioresour
Technol 101: 1268–1276.

Kurano, N., Leist, C., Messi, F., Kurano, S., and Fiechter, A.
(1990) Growth behavior of Chinese hamster ovary cells in
a compact loop bioreactor. 2. Effects of medium compo-
nents and waste products. J Biotechnol 15: 113–128.

Lai, C.-H., Wu, S.-R., Pang, J.-C., Ramireddy, L., Chiang,
Y.-C., Lin, C.-K., et al. (2017) Designing primers and eval-
uation of the efficiency of propidium monoazide – Quanti-
tative polymerase chain reaction for counting the viable
cells of Lactobacillus gasseri and Lactobacillus salivarius.
J Food Drug Anal 25: 533–542.

Lawn, S.D., and Nicol, M.P. (2015) Editorial commentary:
dead or alive: can viability staining predict response to
tuberculosis treatment? Clin Infect Dis 60: 1196–1198.

Lee, E.-S., Lee, M.-H., and Kim, B.-S. (2015) Evaluation of
propidium monoazide-quantitative PCR to detect viable
Mycobacterium fortuitum after chlorine, ozone, and ultravi-
olet disinfection. Int J Food Microbiol 210: 143–148.

Li, Q., Wang, X.C., Zhang, H.H., Shi, H.L., Hu, T., and Ngo,
H.H. (2013) Characteristics of nitrogen transformation and
microbial community in an aerobic composting reactor
under two typical temperatures. Bioresour Technol 137:
270–277.

Li, D., Tong, T., Zeng, S., Lin, Y., Wu, S., and He, M.
(2014) Quantification of viable bacteria in wastewater
treatment plants by using propidium monoazide combined
with quantitative PCR (PMA-qPCR). J Environ Sci 26:
299–306.

Liang, Y., Leonard, J.J., Feddes, J.J., and McGill, W.B.
(2004) A simulation model of ammonia volatilization in
composting. Trans ASAE 47: 1667–1680.

Lu, J., Zheng, H., Chu, P., Han, S., Yang, H., Wang, Z.,
et al. (2018) Direct detection from clinical sputum samples
to differentiate live and dead Mycobacterium Tuberculo-
sis. J Clin Lab Anal: e22716.

L€u, H., Han, L., and Yang, Z. (2008) Optimization of aerobic
composting parameters on pig slurry–wheat straw reactor.
Trans CSAM 39: 101–105.

L€u, B., Xing, M., Yang, J., and Zhang, L. (2015) Pyrose-
quencing reveals bacterial community differences in com-
posting and vermicomposting on the stabilization of mixed
sewage sludge and cattle dung. Appl Microbiol Biot 99:
10703–10712.

Luo, J., Lin, W., and Guo, Y. (2010) Detection of viable bac-
terium cells based on propidium monoazide in combina-
tion with PCR. J South China Univ Technol (Nat Sci) 38:
142–146.

Mason, I.G. (2006) Mathematical modelling of the compost-
ing process: a review. Waste Manage 26: 3–21.

Meng, L., Li, W., Zhang, S., Wu, C., Jiang, W., and Sha, C.
(2016a) Effect of different extra carbon sources on nitro-
gen loss control and the change of bacterial populations
in sewage sludge composting. Ecol Eng 94: 238–243.

Meng, L., Li, W., Zhang, S., Wu, C., and Wang, K. (2016b)
Effects of sucrose amendment on ammonia assimilation
during sewage sludge composting. Bioresour Technol
210: 160–166.

Moreno, L., Aznar, R., and S�anchez, G. (2015) Application
of viability PCR to discriminate the infectivity of hepatitis
A virus in food samples. Int J Food Microbiol 201: 1–6.

Nocker, A., Cheung, C.-Y., and Camper, A.K. (2006) Com-
parison of propidium monoazide with ethidium monoazide
for differentiation of live vs. dead bacteria by selective
removal of DNA from dead cells. J Microbiol Meth 67:
310–320.

Nocker, A., Sossa-Fernandez, P., Burr, M.D., and Camper,
A.K. (2007) Use of propidium monoazide for live/dead dis-
tinction in microbial ecology. Appl Environ Microbiol 73:
5111–5117.

Oudart, D., Robin, P., Paillat, J., and Paul, E. (2015) Model-
ling nitrogen and carbon interactions in composting of ani-
mal manure in naturally aerated piles. Waste Manage 46:
588–598.

Pepe, O., Ventorino, V., and Blaiotta, G. (2013) Dynamic of
functional microbial groups during mesophilic composting
of agro-industrial wastes and free-living (N2)-fixing bacte-
ria application. Waste Manage 33: 1616–1625.

Powers, S.E., Hunt, C.S., Heermann, S.E., Corseuil, H.X.,
Rice, D., and Alvarez, P.J.J. (2001) The transport and

ª 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 12, 502–514

Bacterial kinetics of composting based on PMA–qPCR 513



fate of ethanol and BTEX in groundwater contaminated
by gasohol. Crit Rev Env Sci Tec 31: 79–123.

Renter�ıa-Tamayo, R., Vidriales-Escobar, G., Gonz�alez-
Ortega, O. and Alatriste-Mondrag�on, F. (2018) Mathemati-
cal modeling of the mesophilic and thermophilic stages of
a composting tubular reactor for sewage sludge sanitiza-
tion. Waste Biomass Valori: 1–12.

Reyneke, B., Ndlovu, T., Khan, S., and Khan, W. (2017)
Comparison of EMA-, PMA- and DNase qPCR for the
determination of microbial cell viability. Appl Microbiol Biot
101: 7371–7383.

Seki, H. (2000) Stochastic modeling of composting pro-
cesses with batch operation by the Fokker-Planck equa-
tion. Trans ASAE 43: 169–180.

Selvam, A., Xu, D., Zhao, Z., and Wong, J.W. (2012) Fate
of tetracycline, sulfonamide and fluoroquinolone resis-
tance genes and the changes in bacterial diversity during
composting of swine manure. Bioresour Technol 126:
383–390.

Singh, W.R., Kalamdhad, A.S., and Singh, J. (2016) The
preferential composting of water fern and a reduction of
the mobility of potential toxic elements in a rotary drum
reactor. Process Saf Environ 102: 485–494.

Sole-Mauri, F., Illa, J., Magr�ı, A., Prenafeta-Bold�u, F.X., and
Flotats, X. (2007) An integrated biochemical and physical
model for the composting process. Bioresour Technol 98:
3278–3293.

Stombaugh, D.P., and Nokes, S.E. (1996) Development of
a biologically based aerobic composting simulation model.
Trans ASAE 39: 239–250.

Trevors, J. (2012) Can dead bacterial cells be defined and
are genes expressed after cell death? J Microbiol Meth
90: 25–28.

U.S. Composting Council (2002) Test Methods for the
Examination of Composting and Compost. Bethesda, MD,
USA: U.S. Composting Council.

van Frankenhuyzen, J.K., Trevors, J.T., Flemming, C.A.,
Lee, H., and Habash, M.B. (2013) Optimization, valida-
tion, and application of a real-time PCR protocol for quan-
tification of viable bacterial cells in municipal sewage
sludge and biosolids using reporter genes and Escheri-
chia coli. J Ind Microbiol Biotechnol 40: 1251–1261.

Vasiliadou, I.A., Muktadirul Bari Chowdhury, A.K.M., Akra-
tos, C.S., Tekerlekopoulou, A.G., Pavlou, S. and Vaye-
nas, D.V. (2015) Mathematical modeling of olive mill
waste composting process. Waste Manage 43, 61–71.

Vidriales-Escobar, G., Renter�ıa-Tamayo, R., Alatriste-Mon-
drag�on, F., and Gonz�alez-Ortega, O. (2017) Mathematical
modeling of a composting process in a small-scale tubular
bioreactor. Chem Eng Res Des 120: 360–371.

Wang, Y., and Witarsa, F. (2016) Application of Contois,
Tessier, and first-order kinetics for modeling and simula-
tion of a composting decomposition process. Bioresour
Technol 220: 384–393.

Wang, Y., and Zhang, Z. (2016) The economical efficiency
of excrement energy engineering in breeding industry.
Sustainable Dev 6: 223–230.

Wang, C., Guo, X., Deng, H., Dong, D., Tu, Q., and Wu, W.
(2014) New insights into the structure and dynamics of
actinomycetal community during manure composting.
Appl Microbiol Biot 98: 3327–3337.

Yamada, Y., and Kawase, Y. (2006) Aerobic composting of
waste activated sludge: kinetic analysis for microbiological
reaction and oxygen consumption. Waste Manage 26:
49–61.

Yang, Q., Luo, K., Li, X.-M., Wang, D.-B., Zheng, W.,
Zeng, G.-M., et al. (2010) Enhanced efficiency of biologi-
cal excess sludge hydrolysis under anaerobic digestion
by additional enzymes. Bioresour Technol 101: 2924–
2930.

Yemm, E.W., and Willis, A.J. (1954) The estimation of car-
bohydrates in plant extracts by anthrone. Biochem J 57:
508–514.

Youn, S., Jeong, O., Choi, B., Jung, S., and Kang, M.
(2017) Application of loop-mediated isothermal amplifica-
tion with propidium monoazide treatment to detect live
Salmonella in chicken carcasses. Poultry Sci 96: 458–
464.

Yu, Y., Wang, W., and Lu, Y. (2015) Research on a
quantitative method to detect viable Salmonella by
PMA-qPCR in livestock and poultry meat. Lab Med 30:
500–506.

Zhang, Y., Lashermes, G., Houot, S., Doublet, J., Steyer,
J.P., Zhu, Y.G., et al. (2012) Modelling of organic matter
dynamics during the composting process. Waste Manage
32: 19–30.

Zhang, Z., Zhao, J., Yu, C., Dong, S., Zhang, D., Yu,
R., et al. (2015) Evaluation of aerobic co-composting
of penicillin fermentation fungi residue with pig manure
on penicillin degradation, microbial population dynam-
ics and composting maturity. Bioresour Technol 198:
403–409.

ª 2019 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 12, 502–514

514 J. Ge et al.


