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To attain the global goal of an environmentally sustainable
society in which organic material is successfully recycled back
to arable land, it is crucial to develop effective procedures for
the treatment of sewage sludge. The term “sewage sludge” or
“biosolids” represents the insoluble residue produced during
wastewater treatment and subsequent sludge stabilization pro-
cedures, such as aerobic or anaerobic digestion (2). The com-
position of sludge generated from different geographical loca-
tions and individual treatment facilities varies appreciably.
However, on average, a typical ton of dry sludge comprises
about 80 pounds of nitrogen, 200 pounds of phosphate (P,Os),
and 10 pounds of potash (K,O) (28). These substantial quan-
tities of N and P, in combination with high levels of organic
constituents supplying beneficial conditioning properties to
soil, highlight the significant value of sewage sludge as a crop
fertilizer. Indeed, the application of sludge to arable land en-
hances crop yield appreciably, commonly exceeding the effects
of fertilized controls (25). In Sweden, about 1 million tons of
sludge is produced annually in the municipal wastewater treat-
ment plants (according to the Swedish Environmental Protec-
tion Agency [www.naturvardsverket.se]). While the sludge gen-
erated provides a great nutrient resource, its handling and
processing remain a major challenge.

Stabilized sewage sludge intended for arable land use needs
to be rigorously assessed for quality due to the high content of
metals (cadmium, arsenic, copper, lead, mercury, and zinc),
persistent organic pollutants (the organochlorines aldrin, diel-
drin, heptachlor, dichlorodiphenyltrichloroethane, and lin-
dane), and pathogenic microorganisms (bacteria, viruses, pro-
tozoa, and helminths) to ensure no transmission of harmful
elements to humans through entry into the food chain via crops
or grazing animals. According to European Union regulations
(EEC 1774/2002), stabilized organic residues must be ade-
quately treated and proven hygienically safe, prior to the ap-
plication of sewage sludge to arable land. Numerous investi-
gators have focused on the heavy metals and organic
contaminants present in sludge derived from different sources.
However, limited information is available on risk analyses and
strategies to detect and eliminate human pathogenic bacteria.
The human pathogenic bacterial constituents of sewage sludge
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naturally vary depending on several factors, including geo-
graphical location of the wastewater uptake area and popula-
tion size. Additionally, the differences in bacterial communities
are due to both spatial and temporal factors such as seasonal
variations (78). Consequently, sludge from a single specific
wastewater treatment cannot be approved for use on arable
land based on the microbial quality assessment on isolated
occasions but requires continuous observation and evaluation.

While the entire microbial community of sewage sludge is of
considerable interest, the bacterial group has been most fre-
quently assessed, mainly due to the relative ease of its analysis
and quantification (16). Additionally, bacteria have epidemio-
logical significance, making them the most interesting and well-
characterized microbial group. The pathogenic bacterial level
of sludge is apparently affected by the different stabilization
procedures at various sewage treatment plants (77), emphasiz-
ing the importance of further development, optimization, and
standardization of the existing techniques or, preferably, intro-
duction of an additional sanitization step, established by global
standards, in the processing of sewage sludge. As confirmation
of the necessity for this type of treatment, published data that
have been collated on the stabilization/sanitization of sewage
sludge emphasize the lack of procedures to generate sludge of
a sufficiently high microbial quality acceptable for arable land
application. This article focuses on previous findings, identifies
flaws among the standard procedures in eliminating human
pathogenic bacteria, and offers suggestions for improvement.
The review concludes with concrete proposals for future re-
search opportunities, providing the next step forward in ad-
dressing the global need for the recycling of organic waste,
such as sewage sludge.

PATHOGENIC BACTERIA FREQUENTLY PRESENT IN
SEWAGE SLUDGE

Sewage sludge commonly contains high amounts of human
pathogenic bacteria excreted in feces and urine. The enteric
pathogenic bacterial constituents include Salmonella spp., Lis-
teria spp., Escherichia coli (enterotoxigenic and enteropatho-
genic variants), Campylobacter spp., Clostridium spp., and Yer-
sinia spp. (26, 48, 49, 54-56, 81, 86) (Table 1). A large
proportion of these bacteria are both human pathogenic and
zoonotic, meaning that they are able to cause infections in both
humans and animals. Additionally, these organisms have a
strong ability to persistently adapt to changes in the surround-
ing environment (52) for survival and can be relatively resistant
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TABLE 1. Principal human pathogenic bacteria identified in municipal wastewater and sewage sludge

Pathogen

Disease(s) and/or symptoms

SAIMONCIIA SPP. ettt esese s asacnesens

Shigella SPP..c.cuveeueieeeiiiiiiiecccececeaes

Escherichia coli (enteropathogenic strains) .
Pseudomonas aeruginosa..............................
Yersinia enterocolitica ......
Clostridium perfringens ...
Clostridium botulinum .
Bacillus anthracis .........
Listeria monocytogenes
Vibrio cholera ...............
Mycobacterium spp. ..
Leptospira spp. ..........
Campylobacter spp
Staphylococcus.......

SICDIOCOCCUS .ottt ettt

............................. Salmonellosis, typhoid

..Bacillary dysentery

..Gastroenteritis

..Otitis externa, skin infections (opportunistic pathogen)
..Acute gastroenteritis

..Gastroenteritis (food poisoning)

..Leprosy, tuberculosis

..Leptospirosis

..Gastroenteritis

.Impetigo, wound infections, food poisoning

............................. Sore throat, necrotizing fasciitis, scarlet fever

to commonly employed sludge stabilization techniques (76).
The health risks related to these pathogens in terms of spread-
ing sewage sludge on arable land depend on the prior sludge
treatments applied, as well as their ability to maintain virulence
properties during both storage and distribution on a field used
for grazing or food harvesting purposes (48, 51). These fea-
tures are usually affected by surrounding environmental fac-
tors, including temperature, pH, moisture, and nutrient supply
(36). Strauch (85) and the U.S. Environmental Protection
Agency (89) stipulated that sewage sludge intended for use as
a fertilizer on crops to be eaten raw or in contact with the
public needs to be adequately treated to ensure that the patho-
genic microorganisms are reduced to below detection limits
(referred to as class A biosolids whereby Salmonella should be
present at a most probable number of less than 3 per 4 g of dry
weight solid) (16, 35). In cases where the sludge is distributed
on arable land containing crops that are not consumed raw, the
level of pathogenic microorganisms still requires significant
reduction but is allowed to remain above detection limits (class
B biosolids), necessitating restricted public access to the site,
controlled animal grazing, and regulation of the time period
between sludge application and crop harvesting (31, 35). No
risk assessments of pathogenic microorganisms associated with
the land application of sewage sludge are considered entirely
complete, partly due to the culture-dependent nature of most
analytical techniques used to date. For instance, certain patho-
gens enter the physiological stage as viable but nonculturable
organisms (59); they still retain virulence factors and infectivity
but are not detectable by traditional methods (75, 82). There-
fore, the pathogens listed here should be considered only a
subgroup of the entire bacterial community present in sewage
sludge. Moreover, the actual concentrations of pathogens in
sludge are probably often underestimated (82), further empha-
sizing the need for reliable qualitative and quantitative analyt-
ical tools for the evaluation of pathogenic microbial commu-
nity compositions in sewage sludge.

Members of the genus Salmonella are the most extensively
studied bacteria with regard to survival in sewage sludge (30,
60, 87). Interestingly, these bacteria survive for more than 1
year in this environment (64). Salmonella species are annually
responsible for 1 to 2 million cases of human disease in the
United States (5, 82), and all serovars of the bacterium poten-

tially infect both humans and domestic animals (7). Danielsson
(22) identified Salmonella spp. in the majority of sewage sludge
samples from Swedish treatment plants, including raw and
digested sludge. Specifically, Salmonella spp. were detected in
53% of the digested sludge samples (22). These bacteria have
been consistently identified in several additional studies ana-
lyzing sludge (27, 33, 46, 62, 74, 78); the bacteria reportedly
survived up to 16 months on grass treated with sludge in Swit-
zerland (43), clearly highlighting the urgent need for the in-
ternational development of a proper sanitization step before
sewage sludge can be used as a crop fertilizer. Spore-forming
bacteria, such as Clostridium spp. and Bacillus spp., grow as
vegetative cells when the ambient environmental conditions
are ideal (high moisture and low temperatures) but enter struc-
tures as extremely persistent endospores under poor growth
conditions (7). Bacteria in the spore form present in sludge are
extremely difficult to destroy using conventional sanitization
procedures due to their resistance to heat and desiccation and
persist in the environment for several years (76). Thus, the
elimination of spore-forming bacteria in sewage sludge re-
mains a major problem. For example, Clostridium tyrobutyri-
cum causes big economic losses to the dairy industry (23, 76) by
transferal to cows and eventually to milk via silage fertilized by
digested residues (76).

As the difficulty in detection and quantification of enteric
pathogens is mainly attributed to low concentrations in
sludge, indicator organisms are commonly used in their
place for monitoring temporal fluctuations. The presence of
these indicator organisms signifies the potential existence of
specific pathogenic bacteria (82). Accordingly, indicator or-
ganisms need to meet a number of criteria, such as consis-
tent presence in large quantities in unprocessed raw sludge
and comparable resistance as the corresponding pathogens
to the lethal parameters of sludge treatment. Additional
advantages would include ease of culture and distinguish-
able features from other bacteria present in the sludge. No
single bacterium meets all of these criteria for predicting the
existence of all pathogenic bacteria of interest (82), and,
consequently, several indicator organisms are commonly
employed. For instance, E. coli and Enterococcus spp. may
be used as indicator bacteria (37, 45) since E. coli is closely
related to Salmonella, whereas members of the Enterococcus
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FIG. 1. Processing flowchart of sewage sludge showing potential steps in the treatment procedure, with the view to yielding an end product with
high microbial quality for subsequent use as a crop fertilizer.

genus are more resistant to sludge treatment processes (7, PROCEDURES FOR STABILIZATION OF

57). Overall, the use of indicator organisms is a useful tech- SEWAGE SLUDGE

nique, albeit not optimal in view of the potential differences

among indicators and pathogens. However, the develop- Prior to land application, sewage sludge needs to be stabi-
ment and application of novel sensitive detection and quan- lized (Fig. 1). The stabilization procedure commonly reduces

tification molecular tools should allow direct focus on the organic matter and water content, emission of unpleasant
pathogens of interest, leading to more reliable and cost- and odors, and concentrations of pathogenic microorganisms (82).
time-effective working strategies. Stabilization should result in either an end product containing
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pathogens below detection limits (class A) or, alternatively,
sludge whereby the pathogen numbers are reduced but still
detectable (class B). Common stabilization approaches include
anaerobic (mesophilic or thermophilic) and aerobic digestion,
lime stabilization, composting, and heat drying (39). These
procedures differ dramatically in their ability to reduce the
pathogenic microbial content in sewage sludge (33). Tradition-
ally, storage of sewage sludge was applied as the sole treat-
ment, with the aim of sanitization in terms of destroying patho-
genic microorganisms, a method proven not effective (16, 37)
and therefore discontinued. The most frequently used stabili-
zation methods for sewage sludge are biological anaerobic and
aerobic digestion (39). However, neither of these two proce-
dures generates sludge that is better quality than class B grade,
promoting a future shift to the use of alternative methods, such
as alkaline stabilization and heat drying, to further reduce
pathogen levels (39), resulting in class A sludge with fewer user
restrictions. An additional promising option of producing hy-
gienically safe material for arable recycling is to combine sta-
bilization procedures, such as digestion, with pasteurization or
liquid composting.

ANAEROBIC AND AEROBIC DIGESTION

Anaerobic digestion or decomposition produces methane,
carbon dioxide, and a number of other gases in small amounts,
minor quantities of heat, and an end product of stabilized
sludge with higher nitrogen content than that produced by
aerobic digestion (61). Aerobic digestion generates carbon di-
oxide, ammonia, and some additional gases in small quantities,
heat in large quantities, and a final sludge product (61). How-
ever, while the sewage sludge subjected to anaerobic digestion
contains higher concentrations of nitrogen, aerobically di-
gested sludge displays higher rates of N mineralization (19 to
50% and 16 to 41%, respectively) after 16 weeks of incubation
at 30°C (24, 34). This finding may be explained by carbon
deficiencies in anaerobically treated sludge, leading to insuffi-
cient C for the decomposing microbial biomass to mineralize
the N present in the soil. The differences in N mineralization
may also depend on specific groups or compounds present in
the sludge, such as polyphenols (which delay mineralization by
binding to N in proteins), soluble carbohydrates, or soil water
content (15).

The digestion procedures are either mesophilic (30 to 38°C)
or thermophilic (50 to 60°C) (82), a critical parameter in the
inactivation of pathogens. Indeed, most bacteria in vegetative
growth stages are inactivated during heat exposure, provided
the temperature is well above the optimum growth tempera-
ture and the period of exposure is sufficient (84, 85). Thermo-
philic waste treatment is clearly more efficient in reducing the
content of vegetative pathogenic bacteria and intestinal para-
sites than the mesophilic option (27, 32, 33, 57, 68, 71, 77). For
instance, Olsen and Larsen (69) demonstrated that Salmonella
enterica serovar Typhimurium and Mycobacterium paratubercu-
losis are inactivated within 24 h in a thermophilic anaerobic
digester, but the process takes weeks and months in its meso-
philic counterpart (69).

A major advantage of anaerobic over aerobic digestion is
that methane and carbon dioxide (biogas) are generated as end
products, thus supplying the energy needs of the treatment
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facility (11). Biogas normally contains about 60 to 70% meth-
ane, 30 to 40% carbon dioxide, and small amounts of other
gases, including ammonia, hydrogen sulfide, and mercaptans
(42), making it an extremely valuable gas that is rich in easily
extractable energy. Additionally, anaerobic digestion does not
require input of air or oxygen into the system, which is ex-
tremely cost-effective in relation to sludge treatment systems
requiring oxygen (70).

Kearney et al. (50) utilized mesophilic anaerobic digestion to
analyze the survival of pathogenic bacteria in animal waste.
The group found that viable numbers of E. coli, S. enterica
serovar Typhimurium, Yersinia enterocolitica, Listeria monocy-
togenes, and Campylobacter jejuni were reduced during process-
ing and that indigenous bacterial strains survived better than
laboratory strains, consistent with previous results (65, 69). Y.
enterocolitica was the least resistant species to anaerobic diges-
tion (time necessary to inactivate 90% of the population, 18.2
days), whereas C. jejuni was the most resistant (time necessary
to inactivate 90% of the population, 438.6 days) (50), suggest-
ing variations in the susceptibility to disinfection among the
different bacterial species. Sahlstrom and colleagues (77) con-
firmed the unsuitability of sewage sludge produced in Swedish
treatment plants for arable land due to its relatively high
pathogenic bacterial content, irrespective of prior stabilization
procedures, including thermophilic/mesophilic anaerobic di-
gestion, composting, and sedimentation. These results are con-
sistent with those reported by Jepsen et al. (46), who concluded
that aerobic stabilization does not reduce the pathogens and
indicator organisms to levels that are acceptable for the unre-
stricted use of sludge in agriculture. The data (46, 77) empha-
size the emerging need for an additional sanitization step dur-
ing sludge stabilization to achieve a product with sufficiently
high microbial quality to enable recycling of organic residues.

CHEMICAL TREATMENT

Lime stabilization is an interesting alternative to anaerobic
and aerobic digestion (21), mainly due to its cost-effective and
functional nature. Hydrated lime (calcium hydroxide) is added
to liquid sewage sludge at a concentration sufficient to raise the
pH to 12.0 for at least 2 h. At pH 12.0, NH," ions present in
the sludge are deprotonated, generating ammonia gas (82) that
acts bactericidally by diffusing through the cell membranes of
microorganisms (63). The combination of high pH and ammo-
nia reduces the presence of coliform indicator bacteria by 2 to
7 orders of magnitude (18) and fecal streptococci indicator
bacteria to a minor extent (18, 82). Several studies validate the
necessity of stable pH at 12.0 for 20 to 60 days for effective
Salmonella elimination from sewage sludge (1, 72), potentially
classifying lime stabilization as a relatively time-consuming
treatment option. In contrast, Strauch (83) reported elimina-
tion of Salmonella within 24 h at a stable pH of 10. The author
concluded that removal of these pathogens depends on the pH
obtained, period of liming activity, and dryness of the sludge
(83). In keeping with previous data, Bina et al. (10) showed
that the microbial quality of sewage sludge met the require-
ments for class B within 2 h at pH 12, whereas class A sludge
was obtained for Salmonella and fecal coliforms after 2 and
24 h, respectively, at the same pH (10). An alternative to
hydrated lime is quicklime (calcium oxide), which produces an
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exothermic reaction with water (67). The release of heat com-
monly elevates the temperature of the sludge to 70°C, compa-
rable to that obtained during pasteurization.

An additional advantage of lime stabilization is that the high
pH potentially precipitates most metals present in the sludge,
thereby reducing their solubility and mobility. Free calcium
ions provided by hydrated lime form complexes with odorous
sulfur species, such as hydrogen sulfide and organic mercap-
tans, resulting in sludge with less odor. Additionally, lime in-
duces an increase in the solid content, making the sludge easier
to handle and store (66).

Vinneras and coworkers (92) evaluated the effects of urea or
peracetic acid (PAA) on pathogens in fecal material and
showed that urea provides an efficient disinfection climate
against E. coli, Enterococcus spp., and Salmonella spp. within 3
weeks. On the other hand, PAA reduced the viable fraction of
all the bacteria within 12 h after application, including the
vegetative fraction of Clostridia spp. To avoid bacterial re-
growth in PAA-treated sludge, the treatment needs to be per-
formed immediately prior to distribution on soil. In the case of
urea, no ammonia is consumed during treatment, thereby
avoiding the risk of bacterial regrowth. Despite the inconsis-
tent results reported for these stabilization techniques, the
chemicals involved are cheap and easily accessible, do not
harm the environment, and even improve the fertilization ef-
fects of sludge (14, 91, 92). Thus, chemical stabilization meth-
ods require further investigation, potentially in combination
with other promising procedures, for evaluation of their po-
tential as effective sewage sludge sanitization treatments.

COMPOSTING

In composting, liquid sludge is treated with a bulking agent,
such as wood chips, dry compost, or municipal refuse (82).
Indigenous microorganisms in the compost pile oxidize the
utilizable substrates present in sludge, leading to an extreme
temperature increase, particularly in the center of the pile (up
to 60°C or higher) (6, 70, 82). The temperature of the compost
pile decreases to ambient as soon as the nutrient sources are
exhausted and the organic content of sludge has been miner-
alized to CO, and H,O or converted to humic-like substances
(82). There are several different composting procedures, and
the results yielded are not necessarily comparable, making it
difficult to assess the effectiveness of this technique for elimi-
nating human pathogenic bacteria in sewage sludge. However,
the main factors controlling pathogen inactivation are temper-
ature and time (82), highlighting the importance of homoge-
nized compost reaching high temperatures, both in the central
part of the pile and the edge. Additionally, the microbial in-
activation procedure is affected by other agents, such as am-
monia, organic constituents, dissolved solids, and hydroxide
anions (91). Reduction of the number of pathogenic bacteria in
compost may also potentially depend on biological control
(e.g., antagonism) or competition between bacterial species
present in the pile. Hussong et al. (44) observed an increase in
the level of Salmonella in sludge treated with irradiated com-
post compared to that treated with nonirradiated compost.
The authors suggested that the differences in Salmonella levels
could be explained by competing activities among microorgan-
isms within the compost. Additionally, a number of lactic acid
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bacteria inhibit several human pathogenic bacteria present in
sewage sludge (58), an observation that further indicates the
significant potential of composting with standard microbiolog-
ical agents, such as antibacterial metabolites. In another study,
Christensen et al. (17) analyzed the survival of E. coli, Entero-
coccus faecalis (indicators), and Salmonella during composting
performed in four countries (Denmark, Sweden, Norway, and
Finland). The mean temperatures of the composting proce-
dures in Denmark, Sweden, Norway, and Finland were 50 to
66°C, 45 to 74°C, 62 to 66°C, and 43 to 57°C, respectively. E.
coli concentrations were reduced in all facilities, in general, by
4.9 to 6.6 log units. The concentration of Enterococcus was
reduced in all processes (within the range of 4.1 to 5.7 log
units). Salmonella was detected in the input material in all four
countries but remained in the end product only in the Swedish
facility (two out of five treated compost samples were positive),
signifying the importance of a constant high temperature in the
compost batch (17, 47). It appears that composting is a fairly
effective sanitization procedure, provided the temperature
reaches the desired level, is maintained for a sufficient period
of time, and remains consistently high throughout the entire
compost pile.

PASTEURIZATION

Pasteurization of biowaste at 70°C for at least 1 h is an
effective approach to eliminate most pathogens (9, 12). For
example, Salmonella is killed within 30 min in sludge heated up
to 70°C (7, 8, 64). Ideally, pasteurization should be included
either before or after the regular stabilization procedure (di-
gestion, composting, or liming) to obtain a product suitable for
use as a crop fertilizer. However, bacterial endospores present
in sewage sludge (Clostridium spp. and Bacillus spp.) are not
destroyed using standard pasteurization procedures (7, 64),
and the potential presence of these bacteria requires evalua-
tion prior to the field application of sludge. At least two sep-
arate rounds of pasteurization are needed to eliminate endo-
spores, an expensive procedure. Primary heating should
activate the spores into vegetative forms, which eventually start
to germinate and grow. The secondary pasteurization step
should kill these heat-labile bacteria, and the incubation period
between the two pasteurization steps needs to be sufficiently
short to prevent the formation of new endospores. Alterna-
tively, irradiation technology (19, 20, 79, 90) for eliminating
pathogenic bacteria and bacterial endospores in sewage sludge
should be further assessed to determine whether it presents an
effective alternative to pasteurization. Most endospore-form-
ing bacterial species are already indigenously present in soil,
and thus the issue of whether application of treated sewage
sludge actually imposes an increased risk requires further in-
vestigation.

An additional aspect of pathogen contamination of sewage
sludge is the potential regrowth of organisms from only par-
tially disinfected sludge or recontamination of highly disin-
fected sludge (93). In the latter case, biowaste transport to and
from the waste treatment facilities is a huge problem, since the
same trucks are used for transportation of both fresh manure
and sanitized sludge, presenting a considerable risk for micro-
bial recontamination of treated sludge (7). Regrowth, on the
other hand, occurs mainly within composting treatments where
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additives, such as wood chips and rice hulls, have been added.
These materials are rich in soluble sugars and may therefore
act as nutrient sources (33, 38, 40, 80). Additionally, studies
monitoring enteropathogenic microorganisms in sludge ap-
plied to soil associate regrowth with rainy periods (33, 41) or
hot weather (29, 33).

Overall, pasteurization is an efficient sanitization option al-
though the method fails to eliminate bacterial endospores.
Regardless of the effectiveness of sanitization, it is important
to be aware of the basic microbial principles when organizing
and handling biological products like sewage sludge in order to
minimize bacterial recontamination and regrowth. Addition-
ally, a drawback of pasteurization is its cost. Specifically, the
heating step usually occurs with steam or a heat exchanger (7)
and requires large amounts of energy, further highlighting the
benefits of applying anaerobic digestion in combination with
pasteurization, which would result in the generation of energy-
rich biogas in the same facility.

NOVEL MOLECULAR TOOLS FOR THE EVALUATION
OF PATHOGENIC BACTERIAL FATE

The microbial risks associated with sewage sludge spread on
crop fields are frequently determined by detection of classical
indicator bacteria. However, most recently identified patho-
genic bacteria are scarcely related to the standard indicators.
For example, Krovacek et al. (53) identified Aeromonas spp. as
a representative new indicator bacterium and highlighted the
ineffectiveness of fecal coliforms frequently used as indicator
bacteria at present. Additionally, Rose (73) claimed that the
negligible correlation between the amount of coliform bacteria
present in water and the presence of enteric protozoa presents
a problem. Nevertheless, the use of indicator bacteria would
not be necessary if the methods used for detection and evalu-
ation of pathogens had higher sensitivity. In this case, the
actual pathogenic bacteria could be targeted in direct assays.
To increase the possibility that specific bacteria in a sample
reach the detection limit, the technique can be combined with
prior selective enrichment of the bacteria of interest although
this method is more expensive.

Evaluation of the microbial quality of sludge should greatly
benefit from the application of new molecular approaches,
which would provide valuable information on bacterial com-
munity structures, metabolic activities, and correlation of these
parameters to the effectiveness of individual stabilization
methods. Additionally, such molecular tools should aid in clar-
ifying the fate of pathogenic bacteria in soil to which sludge is
applied in terms of survival, leakage, and spread both to
groundwater and surrounding crops. This information may
eventually facilitate the development of reliable quantitative
microbiological risk assessments/models that are invaluable in
the prediction of the potential risks of land application of
sewage sludge. Molecular methods also have a big advantage
over traditional assays in terms of independence from cultiva-
tion of the bacteria of interest, resulting in an improved rep-
resentative picture of a community, including the “viable but
nonculturable” fraction. PCR, a technique that has been ex-
tensively used for environmental samples during the last 2
decades, is both sensitive and specific. However, a major draw-
back of PCR is its inability to differentiate between DNA
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derived from viable and nonviable organisms. For instance,
DNA of organisms destroyed during sanitization treatments is
still detectable in subsequent PCRs. One way to circumvent
the detection of nonviable bacteria is bromodeoxyuridine
(BrdU) incorporation (3, 4, 13, 88) prior to PCR with genus- or
species-specific primers. The BrdU immunocapture approach
permits the identification of microbial populations that grow
under specific conditions and may be a good alternative for
establishing the fate of specific bacteria that react differently to
various sanitization treatments and for evaluating the efficiency
of stabilization approaches. However, it is important to bear in
mind that nonreplicating bacteria can still be activated when
sludge is spread on soil, which provides an additional supply of
nutrients and altered environmental conditions, confirming a
need to evaluate the total bacterial community before sludge is
distributed on crop fields.

Kearney et al. (52) determined the metabolic activity of a
number of enteropathogenic bacterial strains by assessing their
adenylate energy charge ratios and ability to incorporate
[PH]thymidine. E. coli, S. enterica serovar Typhimurium, Y.
enterocolitica, L. monocytogenes, and C. jejuni were analyzed
within culture bags in laboratory anaerobic digesters. All bac-
teria were maintained at constant population levels after a
period of anaerobic digestion and responded quickly in terms
of growth on a fresh supply of nutrients. The authors suggest
that the bacteria enter transient states between different stages
of growth due to the fluctuating levels of nutrients during
anaerobic digestion (52).

To establish sewage sludge bacterial community structures
and potentially identify new bacteria in sludge, PCR should be
combined with a fingerprinting approach that is able to visu-
alize the community structure, such as terminal restriction
fragment length polymorphism (T-RFLP). T-RFLP provides
fingerprints of the dominant members of complex microbial
communities and facilitates the identification of individual ter-
minal restriction fragments in an electropherogram by com-
parison to clone libraries or predictions from existing sequence
databases (3) (Fig. 2). Additionally, actively growing bacteria
within a sludge bacterial community could be phylogenetically
identified using a combination of BrdU immunocapture and
T-RFLP, and newly discovered sludge pathogens could be
evaluated further in terms of epidemiological status and risk of
spread. To estimate the actual concentrations of individual
pathogens, a quantitative assay based on molecular detection,
such as real-time PCR targeting gene fragments of the bacteria
of interest, should preferably be employed. The constant ad-
vances in detection techniques should facilitate the identifica-
tion of novel pathogens as well as the reevaluation of the
pathogenicity and significance of known pathogens. Conse-
quently, fast and reliable detection/identification tools are es-
sential to update the risk models for land distribution of sew-
age sludge.

CONCLUSIONS AND FUTURE PROSPECTS

The majority of the standard sludge stabilization procedures
aiming to reduce biochemical oxygen demand, solid content,
and odor provide unsatisfactory results in terms of the reduc-
tion of the concentrations of human pathogenic bacteria for
the safe use of sewage sludge as an appropriate crop fertilizer
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FIG. 2. Schematic drawing of a molecular approach involving BrdU immunocapture, T-RFLP, and clone libraries suitable for the evaluation
of specific stabilization/sanitization procedures involving stimulation/inhibition of individual bacterial species. By comparing the BrdU-labeled
(actively growing) bacterial fraction with the total fraction of the same community, it is possible to separate actively responding bacteria from those
that have either been killed during specific treatments or are at least resting (viable but nonculturable). The proposed set of methods should
provide invaluable information on the development and optimization of new stabilization/sanitization procedures and allow the rapid and sensitive

determination of microbial sludge quality.

product. However, the use of pasteurization as a complement
to the regular procedure is a relatively efficient alternative. The
major drawbacks of pasteurization are high cost and the in-
ability to kill bacterial endospores. Thus, the significance of a
bacterial presence in soil distributed on crop fields requires
urgent evaluation. Irradiation is a promising alternative for
further development. Basically, more economical sanitization
methods with greater efficiency of pathogen elimination and
treatment duration need to be optimized. Another promising

technique is the use of ammonia-based compounds that fulfill
the above criteria and have high agronomic value.

Reliable risk assessment models estimating the spread of
pathogenic microorganisms upon land application of sewage
sludge are essential. To obtain these guidelines, new molecular
tools with high sensitivity are required. Such methods may aid
in evaluating the efficiencies of stabilization procedures and in
examining the sludge environment for microbial activity and
the subsequent fate of specific microorganisms following soil
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distribution. By using molecular techniques, such as a combi-
nation of BrdU immunocapture and T-RFLP, the growth re-
sponses (stimulation/inhibition) of individual pathogenic
sludge bacteria mixed in soil may be ascertained. Additionally,
the growth responses of individual bacteria could be correlated
with functional parameters estimated in sludge/soil, and hence
the effects of structural shifts in bacterial communities could be
compared among stabilization procedures. Metabolically ac-
tive bacteria within the sludge community should also be visu-
alized and compared with the total bacterial consortium of the
same community to provide valuable information about micro-
bial interactions between species and possible evidence of po-
tential antagonism and/or stimulation of specific bacterial spe-
cies during certain treatments. This information may allow
the improvement of stabilization/sanitization treatments to
achieve more efficient destruction of the total pathogenic mi-
crobial consortium with lower cost and greater rapidity. The
new procedures should significantly benefit the recycling of
sewage sludge back to arable land, with the ultimate aim of
implementation in municipal wastewater treatment facilities
worldwide.
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