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Abstract

The potential health risks associated with sludge cake application to agricultural land are managed by controlling the levels
of Escherichia coli (E. coli) bacteria which indicate the risk of pathogen transfer. Analyses undertaken following post-
digestion sludge dewatering have shown unpredictable levels of E. coli increase in stored sludge cake. Presently there is
limited understanding on environmental parameters controlling the indicator bacteria density in storage and the contribu-
tory effects dewatering may have. This review aims to establish the state of current knowledge on innate and environmental
factors influencing E. coli dynamics and survival in biosolids. A key factor identified is the effect of mechanical dewatering
processes, which transform the sludge matrix environmental conditions through the increased availability of growth factors
(e.g. nutrient and oxygen). Examples of storage practices from the agricultural and food industries are also discussed as
successful methods to inhibit bacterial growth and survival, which could be extrapolated to the biosolids sector to regulate
E. coli concentrations.
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Statement of Novelty

Increases in levels of pathogenic indicator bacteria are
frequently observed in stored biosolids. However, little
information is known of the environmental conditions pre-
vailing in stored sludge cake and limited advice exists for
the reduction of pathogenic indicators in biosolids during
storage. This review aimed to establish the current state
of knowledge on factors influencing E. coli growth and
survival in stored biosolids. A key factor identified is the
effect of mechanical dewatering processes, which trans-
form the sludge matrix environmental conditions through
the increased availability of growth factors (e.g. nutrient
and oxygen). Examples of storage practices from the agri-
cultural and food industries, such as ensiling and modified
atmosphere packaging, are also discussed and might give
indication of methods to inhibit bacterial growth and sur-
vival in biosolids.

Introduction

The markets for sludge application to agricultural land are
changing. Regulatory reform by the UK’s Water Industry
Regulator on sludge production and trade will encourage
the delivery of efficiencies and higher product quality
standards by 2020 [1]. Sludge has value in biogas energy
production and the sale of biosolids to farmers as an alter-
native to manufactured fertiliser [1]. The improvement
of product quality standards in association with market
competition will drive tighter restrictions on acceptable
levels of nitrogen, phosphorous, heavy metals and bacte-
rial indicator densities present in biosolids products des-
tined for agricultural application. The risk of pathogen
transfer to agricultural land is reduced through anaerobic
digestion (AD) treatment and articles demonstrating the
successful decline in faecal indicator concentrations and
biological stability from digestion processes are extensive
[2]. Advice on temperature optimisation, retention time,
suspended solids concentrations and links with methane
production have enabled sludge producers to optimise
digester outputs for maximum biogas yield with second-
ary advantages of pathogen indicator reductions, measured
upon E. coli bacterial concentrations in the final end prod-
uct. The international guidelines of acceptable bacterial
concentrations in the sludge product are summarised in
Table 1 and demonstrate the categories of product quality
associated with the achieved indicator bacterial reductions.

Challenges in meeting these required standards sur-
face post mechanical dewatering, which aims to increase
the economical transport value of the product by limiting
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the volume of water associated with the solid material.
Studies on dewatering operations have highlighted a sig-
nificant increase in pathogenic indicator bacteria [2-8].
Examples of indicator increases range from — 0.4 log to
+ 6.4 log units after centrifuge dewatering [9] emphasis-
ing the highly variable effects amongst treatment plants.
Dewatering and digestion treatment type appear to have
a significant impact on E. coli growth [5, 7]. A study
comparing single phase thermophilic digestion with
mesophilic anaerobic digestion (MAD) processes showed
that although effluent from thermophilic digesters had
<10 CFU/g DS (a 6 log reduction from the raw influ-
ent), immediately after centrifuge dewatering the density
of faecal coliforms was 10° CFU/g DS, an increase of four
orders of magnitude. For MAD plants, E. coli increased
by approximately one order of magnitude in the dewatered
cake using standard culturing methods [5]. A continuation
of this study also looked at E. coli densities in the stored
biosolids produced after thermophilic and mesophilic
digested sludge was centrifuge dewatered and stored at
35 °C. For both treatments E. coli concentrations increased
within the first three days to between 10 and 10° cells/g
DS. Higgins et al. [5] argues that these results suggest
the conditions after dewatering are favourable for growth.
Centrifuge dewatering may result in the destabilisation
of the microbial ecology and provide conditions within
the cake that encourage growth of faecal coliforms and E.
coli. Higgins et al. [5] highlights that continued storage of
the biosolids is a method that may allow the desired goals
for indicator organism compliance to be met (Table 1).
Limited research has been completed, however, on how the
biosolids storage environment may influence the control of
indicator behaviour. The key factors responsible for indi-
cator growth and survival in stored dewatered biosolids
and their relative importance have not yet been clearly
identified [3]. The immediate concentration elevation post-
dewatering and the prolonged survival during subsequent
biosolids storage, suggests characteristics of the storage
environment may be an underlying cause [5, 6].

The unpredictable rise in indicator bacteria post-dewater-
ing highlights a need for further understanding of the param-
eters affecting the growth and death of E. coli bacteria. With
the opportunity for sludge markets to increase competition
amongst sludge producers and waste retailers, the need for
improved biosolids quality and assurance of risk is funda-
mental for a successful sludge market to establish.
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Dewatering Shear Effects and Chemical
Modification

Following digestion, liquid sludge is combined with poly-
electrolyte (polymer) as a flocculation aid before mechanical
dewatering. Monteleone et al. [7] suggests that polyelectro-
lyte effects are an important consideration when explaining
E. coli increase in biosolids products. Mechanical dewater-
ing relies upon polymers to condition the sludge, forming
flocs and inevitably aggregating bacteria and sludge organic
matter. Research has shown that large amounts of bioavail-
able protein and polysaccharide exist in centrifuge dewatered
cakes [4]. These elements will be incorporated within floc
matrices and could provide a substrate source promoting
bacterial growth. The formation of a floc may also provide
protection for bacteria cells from environmental stressors,
prolonging cell survival [10, 11]. Arguments against this,
however, are the effects of centrifuge shearing which is
thought to cause floc disruption and bacterial dispersal, ele-
vating indicator concentrations in biosolids [2, 7-9]. Chen
et al. [2] conducted a laboratory scale simulation of both
belt filter press and centrifuge dewatering. Results indicated
that with more shear during dewatering, a greater increase in
faecal coliform density occurred during storage. Increases
from original values to 5 log units after 2 days of storage
were observed in centrifuged samples [2]. To explain this
phenomenon Chen et al. [2] suggests that soluble proteins
and other organics are released during shearing and serve
as substrates for microbial growth. Evidence for this argu-
ment was observed in cake samples spiked with 1 mL of a
glucose/bacto-peptone mixture where, after 24 h, coliforms
had increased by 2 orders of magnitude compared to control
samples. These results indicate that substrate is a limiting
factor in biosolids and that the provision of substrates stimu-
lates microbial growth [2].

As a counter argument to this Higgins et al. [5] high-
lights that for regrowth to occur a significant time is
needed to increase counts by several orders of magnitude.
E. coli doubling time is 20 min under optimal conditions,
which are unlikely to be found in sludge treatment environ-
ments. The typical centrifuge retention time for a unit of
sludge is 20 min. Therefore the large increase in bacteria
density immediately after centrifuge dewatering cannot
be explained by regrowth alone. In addition, the release
and floc break up in a centrifuge seems unlikely as the
process is conditioned with polyelectrolyte flocculation
aids to support aggregation and the formation of the cake
product [5]. Instead, Higgins et al. [5] suggest that bacte-
ria enter a viable but non culturable (VBNC) state during
digestion. The VBNC state prevents bacteria enumeration
using standard plating techniques, and therefore a value
of only culturable bacteria after digestion can be detected
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with these methods. During dewatering the bacteria may
be reactivated, entering a culturable state and giving a
greater number of counts in standard enumeration meth-
ods. Bacteria will enter a VBNC state after exposure to
environmental stress such as nutrient deprivation or high
temperature which are conditions that can be present in
digestion [5]. Research methods compared (competitive)
polymerase chain reaction (cPCR) (targeting E. coli) and
standard culturing methods (SCM). For both thermophilic
and mesophilic samples, results support the non-culturable
theory. The E. coli densities measured before and after
dewatering with SCM indicated fewer E. coli bacteria were
present after digestion, suggesting that a proportion of the
bacteria measured were in a non-culturable state [5]. The
cPCR results from MAD samples were at least one order
of magnitude higher in E. coli density for digester efflu-
ent than SCM results. Following dewatering, cPCR and
SCM E. coli results were equivalent. Higgins et al. [5]
attributes this difference to a reactivation of bacteria dur-
ing dewatering. Although Higgins et al. [5] dispute the
argument of shear force effects in the centrifuge dispersing
bacterial flocs they do argue that one of the reactivation
mechanisms may be due to the release of growth factors
as a result of shear.

The levels of shear experienced in centrifuge dewater-
ing may disrupt cells; Chen et al. [12] identified two fac-
tors that negatively impacted methanogenic activity when
studying volatile organic sulphur compound (VOSC) pro-
duction in anaerobically digested biosolids. A comparison
between high and medium dry solids (DS) producing cen-
trifuges found a 3.7 times reduction in methane production
rate from high DS centrifuge samples. This difference was
attributed to the possible effect of shearing on methanogens.
Researchers suggested that a higher level of shearing would
lead to greater cell lysis inhibiting methanogenesis [12].
The shear and destruction of bacterial cells may provide
additional bioavailable protein which supports the theory of
nutrient release in centrifuge dewatering operations to sup-
port bacterial populations in the fresh biosolids. Sun et al.
[13] investigated dewatering processes on cyanobacteria-
containing sludge and attributed cell lysis to flocculation
turbulence and pressure from mechanical operations on
flocs. Recent research has suggested cellular excretion mate-
rials, as a consequence of cell lysis, may be used as nutrients
for the remaining microbial population. Although Higgins
et al. [5] suggests it is the reactivation of VBNC cells that
causes indicator increase it may be feasible that a propor-
tion of the VBNC cells lyse and provide cellular nutrients
for the remaining culturable and reactivated bacteria in the
dewatered biosolids. Confirmation of this is evident in work
completed by Murata et al. [14] who examined the release of
cytoplasmic materials into culture medium by studying the
activity of p-galactosidase (cytoplasmic enzyme). Results
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from culture medium fractions, after incubation, suggested
that cytoplasmic materials are released as a consequence
of cell lysis and may act as a nutrient supplement for the
survival of the remaining population. Although stored bio-
solids are considered nutrient limiting with regards to read-
ily bioavailable nutrients, studies above suggest the sludge
material after mechanical dewatering processes may have an
increased amount of bioavailable nutrients able to support
cell growth. As E. coli are able to replicate rapidly under
favourable growth conditions [15] the indicator bacteria
are likely to have a competitive advantage, utilising avail-
able nutrients and proliferating within the post-dewatering
biosolids environment. Further study is required to clarify
whether nutrients from lysed cells support remaining cell
population survival [14] particularly in wastewater sludges
and biosolids storage environments.

Escherichia coli Death Rate and Temperature

Temperature has been identified as a critical parameter con-
trolling cell death rates and determining the biochemical
conditions of AD [16]. Table 2 shows the concentration of
indicator bacteria at different temperatures of digestion,
treated biosolids storage and in agricultural manure. Lang
and Smith [17] highlight that the optimum temperature for
growth and survival of enteric organisms is within the range
of 30 to 40 °C [18] and therefore mesophilic temperatures
during MAD do not exert a critical thermal stress on the
decay of E. coli or Salmonella. Temperature regulates pro-
cesses including substrate limitation and microbial com-
petition which, as shown in Table 2, have an influence on

pathogen reduction and can indirectly cause pathogen inac-
tivation [19, 20]. Post-digestion, the temperature of sludge
will gradually reduce particularly after dewatering and dur-
ing the biosolids storage phase which normally occurs in
uncontrolled, open bays. The reoccurrence of faecal coli-
forms in post-digestion biosolids was attributed to this tem-
perature reduction by Iranpour et al. [21] and researchers
argue that maintaining a minimum temperature of 50 °C
(representative of the up-stream thermophilic digestion pro-
cess) may prevent growth of faecal coliforms. Sprigings and
Le [22] showed that biosolids retained a higher temperature
after centrifuge dewatering for approximately 12 h, possi-
bly an effect of residual heat from the digestion process.
Sprigings and Le [22] suggest that the role of residual heat
in the first 12 to 24 h is an important factor in aiding the
proliferation of E. coli. It may be that cooler temperatures
in the following days of storage are preserving the growth
and survival of bacteria within the biosolids storage envi-
ronment. A long term monitoring programme of biosolids
storage environments with temperature recordings has not
been undertaken in previous research.

Studies on microbial dynamics in livestock manure and
soils, which have greater associated datasets and form an
analogous environment to biosolids may enhance under-
standing on the key parameters influencing indicator behav-
iour in biosolids. Semenov et al. [23] tested the effects of
temperatures ranging from 7 to 33 °C on Salmonella and
E. coli 0157:H7 survival in cow manure microcosms, and
observed survival of both pathogens declined significantly
with increasing mean temperatures. The authors hypothe-
sised that the reduced survival at higher temperatures may be
a consequence of greater stress and energy expenditure for

Table 2 Comparison of waste treatment and temperature condition effects on pathogen indicator concentrations

Source Waste treatment Temperature Effect on pathogen concentration
[45] Municipal sludge secondary digestion 28 °C Pathogen deactivation, observed E. coli reduction of 1.7
log g/DS
[45] Municipal sludge secondary digestion 21°C Pathogen deactivation, observed E. coli reduction of 1.0
log g/DS
[21] Municipal sludge (thermophilic digestion) centrifuge 48.2 °C Biosolids from dewatering centrifuge contained low
outlet number of faecal coliforms (1.9 log g/DS)
[21] Municipal sludge (thermophilic digestion) biosolids 41°C Re-occurrence of faecal coliforms observed in silo stor-
storage age (6.8 log g/DS)
[22] Municipal sludge biosolids storage (thermophilic 31 °C (at day 0) E. coli concentration of 4.1 log g/DS at day 0 of storage
digested) 28 °C (at day 24) increasing to 5.9 log g/DS at day 24 of storage
[22] Municipal sludge biosolids storage (mesophilic 22.5°C (at day 0) E. coli concentration of 4 log g/DS at day 0 of storage
digested) 20 °C (at day 24) increasing to 5.1 log g/DS at day 24 of storage
[23] Cow manure storage (untreated microcosms) 33°C(x7°C) E. coli 0157:H7 declined significantly with elevated
temperature. 7.9 log g/DS reduction in 7 days (to
undetectable levels, no increase observed after 14 days
of storage)
[23] Cow manure storage (untreated microcosms) 7°C E. coli 0157:H7 declined slightly by 0.24 log g/ DS in
14 days of storage
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a particular organism [23]. Therefore, the reducing storage
temperatures identified by Sprigings and Le [22] and Iran-
pour et al. [21] in biosolids storage are likely to lessen the
stress on cell functions and limit excessive energy expendi-
ture for indicator bacteria held within the sludge matrix.
Consequently, the steady growth and prolonged survival of
E. coli bacteria is likely in uncontrolled biosolids storage
environments. In addition, microorganisms antagonistic to
enteropathogens in manure are more competitive at tem-
peratures between 16 and 33 °C, possibly due to increased
temperature initially causing faster growth [23]. Reduced
antagonistic activity and competition from indigenous
microorganisms is likely at lower temperatures [24]. The
argument for increasing biosolids storage temperature is sup-
ported by evidence from Placha et al. [25] who showed that
lower temperatures during winter months cause prolonged
cell survival in pig slurry. Temperature appears to have a
significant influence on the growth and survival of indicators
within biosolids and analogous environments. Further work
to understand the temperature conditions favouring E. coli
die-off will contribute to the control of biosolids quality and
support the predictability in achieving microbial compliance
targets.

Moisture Content of Dewatered Biosolids

An interesting phenomenon noted in Sprigings and Le [22]
is the effect moisture may have on retaining heat in the bio-
solids matrix. A comparison of sites showed differences in
the DS percentage of the dewatered sludge cake (Site A: 25%
DS, Site B: 31% DS) and corresponded with site A maintain-
ing a higher sludge cake temperature. A lower DS% will help
the fresh cake retain heat from the AD process for a longer
period, delaying cake cooling to ambient temperatures that
are likely to support prolonged cell survival [23-25]. Cur-
rently biosolids storage post-dewatering, is conducted in
open bays exposed to fluctuating weather conditions. Con-
trolling the water content of sludge not only has operational
benefits but may also be an influential factor for the control
of indicator organisms [26-28]. In a study on cattle feedlot
soil moisture content impacts on E. coli 0157, researchers
found that at the lowest water contents [0.11 g H,O g™' Dry
Feed Surface Material (DFSM)] microbial activity was
not detectable and E. coli 0157:H7 viability was lost [26].
Where feedlot soils had higher water contents, between
0.43/0.67 g H,0 g~! DFSM, E. coli 0157:H7 populations
persisted at high levels. These data confirm that moisture
content can improve survival and allow the growth of patho-
genic bacteria. In agreement with these findings is work by
Zaleski et al. [27] who studied the effects of solar drying in
concrete lined drying beds on anaerobically digested bio-
solids. Over a period of 22 weeks the relationship between
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the number of faecal coliforms and percent DS was tracked.
Although often above the DS range typically observed in
more temperate climates (25 to 30% DS [22]) the study did
show the change in percent DS fluctuating in response to
rainfall events. Between weeks 15 and 19 of the study the DS
fell to approximately 20% and with this an increase of 1.5
orders of magnitude in faecal coliform levels was observed.
Subsequently this higher concentration decreased as the
biosolids dried to 80% DS in the final study weeks [27].
Re-wetting of biosolids by rainfall events was examined by
Rouch et al. [28] in air-dry storage of anaerobically digested
biosolids. Rouch et al. [28] found an inverse relationship to
the DS contents of the biosolids with regards to the survival
of E. coli, enterococci and coliphages. Due to the growth
of dormant or small residual populations of bacterial in the
biosolids, bacterial regrowth could occur as cells become
active upon rewetting [28].

In contrast to this, laboratory-scale research conducted
by Lang and Smith [29] suggests that in dry, biosolids-
amended soil, bacteria are protected within particles of
sludge cake as drying restricts predatory activity. Results
showed a marked increase in E. coli survival in air-dried
samples of sludge-amended soil. The results highlight that
ecological processes contributing to the decay of E. coli in
sludge-amended soil are active under moist conditions but
suppressed in dry soil [29]. Although this is contradictory
to views of other researchers [26-28, 30, 31] the research
provides indication that the survival times of enteric bacte-
ria in biosolids amended soil may be shorted in moist, and
extended in dry conditions [29]. Further evidence supporting
this argument is highlighted by Jiang et al. [32] who studied
E. coli 0157:H7 cell survival in manure-amended autoclaved
soil. The study revealed that E. coli 0157:H7 could survive
for extended periods of time in manure-amended soil even
under very dry conditions of < 1% moisture content.

The effect of moisture content on bacterial behaviour in
biosolids and analogous environments is inconsistent. It has
been highlighted that bacterial survival is possible across
a range of moist and dry conditions [27, 28, 29, 32]. The
sludge environment is a challenging matrix, likely to be
influenced by a great number of factors, which may impede
experiments studying the effects of environmental param-
eters on bacterial growth. For example, the source material
of sludge will be influential with regards to nutrient avail-
ability and the indigenous organisms present in the sampled
material, which will influence the dynamics of the studied
microorganisms. In addition the experimental design, par-
ticularly in up-scaled trials will be affected by ambient con-
ditions such as seasonality and temperature. Nevertheless,
as indicator survival could be sufficient for stored biosolids
to fail microbial compliance assessments understanding of
bacterial dynamics within operational DS ranges observed
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on treatment sites is necessary, particularly in temperate
environments.

Modified Atmosphere in Sludge
and Analogous Environments

Oxygen availability has a substantial effect on cell respira-
tion and consequential energy production, regulating most
cell activities [33]. Although E. coli bacteria are facultative
anaerobes, and therefore resilient to oxygen deprivation [34,
35], the anaerobic conditions coupled with additional inimi-
cal factors present in AD may cause growth inhibition, and
death. Mechanical dewatering causes substantial change of
environmental conditions in the sludge product [2, 6]. In par-
ticular, the effects of oxygen availability in the process need
to be explored. Qi et al. [8] investigated the impact of total
solids on faecal coliform growth in centrifuged biosolids and
found that the liquid to solid ratio governs regrowth. This
finding is in contrast to other authors [2, 7, 9] who attribute
regrowth to effects of centrifuge shearing. In agreement with
Qi et al. [8] is a study conducted by Erdal et al. [36] who
found more reactivation and regrowth in high solids cakes
when compared to low solids cakes. Drier cake is likely to
contain fewer water filled pores and therefore allow better air
convection and diffusion. The increased exposure to oxygen
is probable in centrifuge dewatering as this form of mechani-
cal dewatering produces smaller flocs with an overall larger
surface area [37]. Often continuous flow decanter centri-
fuges are employed in sludge treatment and contain an inter-
nal scroll conveyor that can amplify oxygen exposure [2]. As
anaerobic digestion creates an environment dominated by
obligate anaerobes the oxygen introduced during dewatering
could have lethal effects on these populations of bacteria. E.
coli are fast growing, facultative anaerobes that are likely
to experience a selective advantage with increased oxygen
availability [37]. This may contribute to the higher level of
indicator growth observed in the initial phase of storage.
Oxygen can disrupt methanogens which form a large frac-
tion of the anaerobically digested sludge [2, 37]. A reduc-
tion in the methanogen population may reduce substrate
competition and, if lysed, methanogen cells may provide
additional nutrients for the surviving bacteria [14]. Chen
et al. [2] suggests that this selective advantage may quickly
disappear as the storage conditions of biosolids return to an
anaerobic state. It may be possible that the increased growth
resulting from factors associated with oxygen exposure may
enable previously non-viable populations of E. coli bacteria
to establish [5] and dominate, preserving elevated indica-
tor concentrations. Controlling oxygen exposure during
dewatering and subsequent storage may present a strategy
to stabilise E. coli concentrations at post-digestion levels,
ensuring compliance targets are predictably met. There are

industrial sectors where controlled storage conditions are
routinely applied to inhibit pathogen growth and that could
constitute a base for knowledge transfer into biosolids stor-
age. Ensiling and food preservation are two clear examples
where oxygen depletion is utilised to artificially regulate
microbial changes.

A common agricultural practice in which oxygen exclu-
sion restricts bacterial growth is agricultural silage produc-
tion. Poor silage management has been shown to be a factor
in E. coli 0157:H7 survival [38]. Studies on the growth of E.
coli 0157 in poorly fermented laboratory silage showed an
increase from initial numbers of 10° E. coli 0157 CFU g~!
to numbers in excess of 10° CFU g~! reflecting the ability of
this organism to multiply rapidly in air spoiled silage [38].
Similarly, a ‘controlled atmosphere’ process that is directly
linked to microbial inhibition is Modified Atmosphere Pack-
aging (MAP) in food preservation. The principle of MAP is
the replacement of air in the package with a different fixed
gas mixture [39]. An additional innovation in MAP food
packaging has been the use of vacuum treatment [40]. The
main target of vacuum packing is to reduce the residual oxy-
gen in the package which will reduce oxidative chemical
reactions and aerobic growth [40]. As oxygen exposure to
the dewatered sludge matrix may be a precursor to E. coli
growth, understanding principles and successes of MAP may
be beneficial for sludge management applications. Table 3
shows examples of analogous environments that demonstrate
microbial growth control.

Previous literature (Table 3) shows that reduced con-
centrations of oxygen exposure through ensiling, modified
atmosphere and vacuum packaging appear to be most influ-
ential in preserving agricultural crops and the shelf life of
food products by diminishing the growth of bacteria. It may
therefore be possible that similar practices are able to reduce
indicator growth or enhance die-off rates in biosolids storage
environments where oxygen availability in the initial phases
of storage has been attributed to higher concentrations of
pathogenic indicator bacteria.

Summary

Research has identified high concentrations of indicator bac-
teria in anaerobically digested biosolids, immediately after
mechanical dewatering [2—4, 6, 7]. This review aimed to
establish the current state of knowledge on factors influenc-
ing E. coli growth and survival in stored biosolids, draw-
ing on understanding from up-stream treatment processes
and analogue storage environments that successfully limit
the proliferation of E. coli bacteria. Key factors that have
been identified from the scientific literature are the effects of
mechanical dewatering processes which may release growth
inducers and transform the environmental conditions of the
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Table 3 Analogous environment conditions and evidence of microbial control mechanisms

Storage condition Microbial control mechanism

Source

Agriculture: silage (ensiling) Preservation method based on natural lactic acid fermentation of residual carbon under anaerobic condi- [46, 47]

tions

Compacting and sealing forage excludes air and enables physic-chemical and microbial change to occur [48]

in storage

Growth and survival of pathogens depends on the degree of anaerobiosis. Studies have shown that E.

[50-51]

coli 0157:H7 does not survive a good fermentation process

Studies on the growth of E. coli 0157 in poorly fermented laboratory silage showed an increase from [38]
initial numbers of 10° E. coli 0157 CFU g~! to numbers in excess of 10° CFU g™ reflecting the ability
of this organism to multiply rapidly in air spoiled silage

Observations on the fate of E. coli during ensiling of wheat and corn showed that for wheat, samples [52]
inoculated with E. coli and sealed after a delay of 24 h had less lactic acid and more acetic acid
than other treatments. This may have been the cause of more prolonged activity in E. coli bacteria
contained within these treatments as insufficient anaerobiosis can delay the lactic acid fermentation
process, slowing pH decrease and increasing the survival of E. coli. High concentrations of E. coli
were observed in decaying parts of silage, particularly in areas most susceptible to air penetration

The pH evolution plays an important role in silage preservation. Researchers observed E. coli strains [53]
surviving and growing only in silage showing a pH increase after samples were opened and had expe-
rienced 144 h of aerobic exposure. Once exposed to oxygen, aerobic microorganisms can develop and
increase the pH levels in the remaining forage

Food: Modified Atmosphere
Packaging (MAP)
salmon fillets

The principle of MAP is the replacement of air in the package with a different fixed gas mixture. [39]
Research found that vacuum packaging also inhibited the growth of Total Viable Counts of bacteria in

The three main gases used in MAP are Nitrogen (N,), Oxygen (O,) and Carbon Dioxide (CO,) [40]

In a study on strains of E. coli on gelatin-agar media and ham, gas mixes of CO,- N, (20:80) showed the [54]
capacity to reduce bacterial growth of E. coli to below -0.5 log CFU g~!

Vacuumed fillets were tested alongside those packaged in a gas mixture of 40% CO,, 30% N, and 30%  [55]
0, and all samples were stored at 3 °C (+1 °C) for 14 days. Total Viable Counts showed that by day
4 of storage control samples had exceeded 7 log CFU g™! (the limit established by the International
Commission on Microbiological Specifications for Foods (ICMSF, 2002)), while vacuum treatments
and samples stored in the modified gas mixture did not reach this limit until day 11. This result shows
that MAP packaging resulted in a longer shelf life of the seabream fillets tested

Researchers attribute the absence of O, in vacuumed packaging and the partial dilution of O, and/or the
presence of CO, in modified gas mixture treatments to reduced microorganism growth and increased

microbial stability

sludge matrix. Nutrient availability for cell survival and
growth is a significant factor to be considered alongside
the physical environmental conditions that will be acting
on cells held within stored biosolids. The rigorous level of
treatment control that precedes biosolids storage is arguably
superseded by a highly uncontrolled and poorly understood
storage treatment in which external factors including temper-
ature and moisture content may preserve elevated indicator
concentrations. Examples of modified storage practices such
as ensiling and MAP in the agricultural and food industries
might give indication of methods to inhibit bacterial growth
and survival, particularly when considered with external
environmental parameter modifications. As assurance of
biosolids quality is increasingly sought by agriculturalists,
retailers and the public, regulations and safety assurance
schemes are becoming more stringent. At a time when the
water industry regulator of England and Wales in the UK,
Ofwat, sets forward a new direction towards the opening
of sludge markets in 2020 it is critical that the ambiguity

@ Springer

concerning pathogen indicator concentrations is dispelled
and sludge-to-land disposal routes are safeguarded.
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