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ABSTRACT

Supply of high-quality dairy products is the goal of every dairy producer throughout the world. However, psychrotrophic
bacteria in raw milk, generally comprising bacterial species of the genera Pseudomonas, Acinetobacter, Aeromonas, Serratia,
Bacillus, Lactococcus, Microbacterium, and Staphylococcus, are of special concern to the dairy industry because they can
produce heat-stable enzymes. These enzymes may withstand various heat treatments during dairy processing, causing quality
defects over the product storage period. The levels and diversity of psychrotrophic bacteria in raw milk are tightly linked to
natural habitats, milking practices, and hygiene practices of farms in different countries. Most psychrotrophic bacteria can form
biofilms on various milk storage and processing equipment, which serve as persistent sources of microbial contamination due to
their biotransfer potential. A comprehensive review of the diversity of psychrotrophic bacteria in raw milk, the spoilage potential
of these bacteria, the specific technological problems caused by biofilms and heat-resistant enzymes, and potential strategies for
controlling dairy spoilage starting at the farm level is needed for improving our understanding of these spoilage bacteria.

HIGHLIGHTS

� Levels of psychrotrophic bacteria in raw milk are affected by to habitats and farm hygiene.
� Biofilms formed by psychrotrophic bacteria are persistent sources of contamination.
� Heat-stable enzymes produced by psychrotrophic bacteria compromise product quality.
� Various strategies are available for controlling dairy spoilage caused by psychrotrophic bacteria.
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Because of its high nutritional value, raw milk is an
excellent medium for the growth of a wide spectrum of
microorganisms. More than 160 bacterial species have been
identified in raw milk (105). These bacteria have originated
from various sources, including air, soil, water, the udder
and teats of cows, and contaminated milking equipment (62,
79).

Storage of raw milk under refrigeration conditions is
globally practiced to control mesophilic and thermophilic
bacteria in raw milk, but refrigeration also provides ideal
conditions for the growth of psychrotrophic bacteria.
Psychrotrophic bacteria found in raw milk include the
gram-negative genera Pseudomonas, Aeromonas, Serratia,
Acinetobacter, and Hafnia and the gram-positive genera
Bacillus, Microbacterium, Staphylococcus, and Carnobac-
terium (84, 103, 116). Many psychrotrophic bacterial
isolates from raw milk have not been identified to species,
suggesting that the milk microbiota is still not completely
explored (105, 116).

The dairy industry is facing issues related to techno-
logical problems caused by hydrolytic enzymes produced
by psychrotrophic bacteria during cold storage (60).
Although these bacteria can be eliminated by pasteurization
or ultrahigh-temperature (UHT) treatment, the thermotoler-
ant enzymes produced by these bacteria during milk storage
and transportation under refrigerated conditions can survive
thermal treatments applied during the manufacture of most
dairy products (60). Lipases and proteases are the main
spoilage-causing enzymes that affect the quality of dairy
products. Lipases hydrolyze triglycerides in milk, resulting
in lipolytic rancidity characterized by off-flavors associated
with soap and butyric acid (10). Proteases hydrolyze casein
fractions, produce off-flavors described as bitter, and result
in age gelation (91). To meet increasing demands for dairy
products of high quality, much attention has been paid to the
diversity and spoilage potential of psychrotrophic bacteria
and their negative impact on the quality of dairy products
(7, 10, 37).

The aim of this review is to highlight recent literature
on the diversity of psychrotrophic bacteria in raw milk, the
spoilage potential of these bacteria, and the specific
technological problems caused by the biofilms and
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thermotolerant enzymes produced by these bacteria. Poten-
tial strategies for controlling dairy spoilage caused by
psychrotrophic bacteria starting at the farm level are also
discussed.

PSYCHROTROPHIC BACTERIA IN RAW MILK

Factors affecting the levels and diversity of psy-
chrotrophic bacteria in raw milk. Levels of psychrotro-
phic bacteria are used as biological indicators to evaluate
the bacterial quality of raw milk. Levels exceeding 1.3 3
105 CFU/mL are high enough to cause quality defects in
raw milk during cold storage or transportation (65). Levels
of these bacteria differ in raw milk samples collected from
different regions and in different seasons, from 102 to 107

CFU/mL (50, 84). The levels of microbial contamination in
raw milk are tightly linked to the environment, the
microbiological quality of water used for drinking or
cleaning, animal feed, and the overall hygiene of milking
equipment and milking procedures (52).

Animal husbandry factors such as bedding, air, water,
feed, and the cow’s teat and udder are all potential sources
of psychrotrophic bacteria (17, 62, 79). The level of
psychrotrophic bacteria in bedding can be 106 CFU/g, and
the microorganisms are likely to colonize the animal teat
skin through contact with bedding material (14). The
bacterial level in the air can be 50 to 10,400 CFU/m3

(32). The use of nonchlorinated water for cleaning can
increase bacterial levels in the bulk tank by 12%, indicating
that water used on the farm must be of the highest
microbiological quality to achieve high quality dairy
products (17, 73). For animal feed, highly concentrated
diets significantly affect the microbial community of the
milk and result in a higher relative abundance of
psychrotrophic bacteria (119). Milk fat contains more
monounsaturated and polyunsaturated fatty acids in summer
because cows are eating fresh forage, which has antibac-
terial properties (12). The teat and udder of a cow are
potential routes of bacterial entry into raw milk during
milking, and a positive association has been found between
the udder hygiene and bacterial counts in raw milk (101).
Masiello et al. (67) found that the percentage of dirty udders
in the milking parlor and the herd size were directly
associated with the quality of both raw and pasteurized
milk, and effective premilking udder hygiene was effective
for improving the microbial quality of raw and processed
milk.

Good hygiene practices for milking machines are vital
for ensuring the quality of raw milk and the dairy products
produced from it. Inappropriate cleaning of these machines
may leave milk residues on the surface, which facilitates
bacterial adherence and subsequent formation of biofilms
that serve as a persistent source of bacterial contamination
for raw milk flowing past. Differences in cattle housing
strategies and milking technologies across farms affect the
microbial quality of raw milk. Lower microbial loads were
observed in milk from cows kept in loose-housed cubical
stalls than in milk from cows kept in the stanchion-littered
housing (38). Vacheyrou et al. (98) found that milk from

cows in the stanchion barns was more contaminated than
milk from cows kept in freestall barns because of the
physical separation between the cows’ living space and the
milking parlor. Milking practices also affect bacterial counts
in milk, and higher levels of psychrotrophic bacteria were
found in farms with mechanical milking systems than in
farms with manual milking because of biotransfer of
biofilms on the surfaces (17). Failure to maintain appropri-
ate refrigeration conditions markedly affects psychrotrophic
bacterial levels and diversity in raw milk used for making
dairy products (82). The frequency of milk collection and
number of milking shifts are also important factors that
influence the microbiological quality of raw milk. Daily
milking in the morning resulted in significant reductions in
bacterial counts in raw milk (83).

Interseasonal variation, including temperature and
humidity, impacts the level and diversity of psychrotrophic
bacteria. The microbial load of raw milk samples collected
in winter was significantly higher than that in raw milk
collected in summer, which suggests that warmer environ-
mental temperatures during summer allow bacteria to grow
faster than they do in cold seasons (122). In contrast,
Vithanage et al. (103) found that the microbial load in raw
milk was significantly higher when the milk was collected
in winter than when it was collected in summer, suggesting
that variations in microbial counts could be influenced by
other management practices such as environment and cow
hygiene. However, the diversity of the bacterial communi-
ties appeared to be season dependent (55, 103), possibly
related to the optimum growth temperatures of these
bacteria. For example, in the class Bacilli (e.g., Bacillus,
Staphylococcus, Lactococcus, Leuconostoc, and Streptococ-
cus) some species have relatively high optimal growth
temperatures, which may lead to higher levels in raw milk
collected in summer, whereas Gammaproteobacteria spe-
cies (e.g., Pseudomonas, Acinetobacter, and Psychrobacter)
have relatively low optimal growth temperatures, which is
why these species were predominant in raw milk collected
in winter (40, 55, 103). During the rainy seasons, hygienic
challenges increase, especially in places using manual
milking systems, where the farmer’s hand has direct contact
with straps used for containment of animals and can
contaminate animal teats during milking (17).

Methods to identify psychrotrophic bacteria in raw
milk. To gain a better understanding of the dairy
microbiota, numerous techniques have been applied to
explore the diversity of psychrotrophic bacteria in raw milk
(Table 1). Traditional phenotypic methods for bacterial
identification are based on the isolation and growth of
microorganisms on solid media, followed by observation of
morphological and/or biochemical characteristics. However,
these approaches involve laborious culture procedures and
are often insufficient for the identification of bacteria to
strain. Commercial phenotypic methods (e.g., API, Micro-
bact, and Biolog systems) have traditionally been used for
bacterial identification. However, the disadvantages of such
approaches include poor reproducibility, limited entries in
corresponding databases, and difficulty determining pheno-
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typic variation among strains (especially for nonfermenta-
tive bacteria) (104).

The matrix-assisted laser desorption–ionization time-
of-flight mass spectrometry allows reliable discrimination
of psychrotrophic bacterial isolates to genus, species, and
strain by comparing the information of housekeeping
protein profiles of reference strains in a spectral library
(103). However, this technique is expensive and more
suitable for the identification of gram-positive bacteria, and
the identification accuracy is affected by culture conditions
(110). Fourier transform infrared spectroscopy is a fast,
nondestructive, and highly sensitive technique for identify-
ing psychrotrophic bacteria at various taxonomic levels
(105). The absorption and emission of infrared light by

cellular components generate fingerprints that are unique for
each strain and thus can be used for identification. However,
this technique is weak for identifying isolates of Entero-
bacteriaceae and Pseudomonas (110). These various
techniques rely on the isolation and growth of pure bacterial
strains, which is problematic because some bacteria are
nonculturable. Use of molecular identification methods
circumvents this obstacle.

Various molecular methods have been used to identify
the diversity of psychrotrophic bacteria in raw milk. The
advantages of random amplified polymorphic DNA
(RAPD) methods are that only small amounts DNA are
needed and no prior information on DNA sequences is
needed; however, the disadvantages are the poor reproduc-

TABLE 1. Predominant psychrotrophic bacteria in raw milk identified by various methods

Country Identification method(s)a Predominant genera Reference

Algeria 16S rRNA Stenotrophomonas, Chryseobacterium, Lactobacillus,
Acinetobacter

13

Australia Pyrosequencing, NGS Pseudomonas, Serratia, Erwinia 59
Australia Matrix-assisted laser desorption–ionization

time-of-flight mass spectrometry
Pseudomonas, Bacillus, Microbacterium, Lactococcus,
Acinetobacter, Hafnia

103

Canada q-PCR Staphylococcus, Clostridia, Acinetobacter, Facklamia,
Streptococcus, Lactobacillus, Lactococcus,
Corynebacterium, Pseudomonas

82

Canada Terminal restriction fragment length
polymorphism, DGGE

Streptococcus, Staphylococcus, Pseudomonas,
Aerococcus

81

China RAPD Pseudomonas, Acinetobacter, Flavobacterium,
Sphingobacterium, Serratia

116

China HTS Pseudomonas, Bacillus, Lactococcus, Acinetobacter 55
China DGGE Pseudomonas, Acinetobacter, Lactobacillus,

Streptococcus, Enterococcus
111

Denmark Pyrosequencing Streptococcus, Lactococcus, Acinetobacter, Aeromonas,
Pseudomonas, Corynebacterium, Lactobacillus,
Staphylococcus

68

Finland API and BIOLOG identification systems Pseudomonas, Acinetobacter, Burkholderia,
Stenotrophomonas

70

Germany 16S rRNA Acinetobacter, Streptococcus, Pseudomonas 40
Germany Fourier transform infrared spectroscopy Pseudomonas, Lactococcus, Acinetobacter,

Microbacterium, Carnobacterium, Staphylococcus,
Leuconostoc

105

Italy RAPD Lactococcus, Streptococcus, Leuconostoc,
Flavobacterium, Chryseobacterium, Pseudomonas,
Enterobacter, Hafnia, Acinetobacter

36

Italy RAPD Pseudomonas, Hafnia, Serratia, Klebsiella, Bacillus,
Lactococcus, Staphylococcus

33

Israel 16S rRNA Pseudomonas, Acinetobacter, Leuconostoc,
Lactococcus, Microbacterium

42

Israel DGGE Pseudomonas, Acinetobacter, Staphylococcus,
Macrococcus, Clostridium, Streptococcus,
Lactococcus

80

Korea HTS Massilia, Bacillus, Corynebacterium, Macrococcus,
Staphylococcus, Acinetobacter

50

Norway NGS Pseudomonas, Bacillus, Acinetobacter, Streptococcus,
Lactococcus, Chryseobacterium

77

Norway HTS Pseudomonas, Lactococcus, Bacillus, Streptococcus 90
United States HTS Streptococcus, Pseudomonas, Staphylococcus,

Acinetobacter
48

a NGS, next-generation sequencing; Q-PCR, quantitative PCR; DGGE, denaturing gradient gel electrophoresis; RAPD, random amplified
polymorphic DNA; HTS, high-throughput sequencing.
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ibility and strict standardization of PCR conditions (116).
RAPD methods have been used successfully to discriminate
bacterial strains of dairy origin (36, 116). Terminal
restriction fragment length polymorphism is a fast and
accurate technique for comparing the spatial and temporal
changes in bacterial communities. It provides a relative
quantification of bacteria in a diverse sample and is suitable
for the profiling of samples containing a mixed bacterial
community without prior culturing (81, 113). Denaturing
gradient gel electrophoresis (DGGE) is based on use of
universal primers for amplification of the hypervariable
regions of the 16S rRNA gene from metagenomic DNA.
The PCR products are subsequently separated based on
nucleotide content on denaturing gels. The advantages of
DGGE are the possibility of excising and sequencing
dominant bands and the generation of comprehensive
profiles of changes in microbial communities over time
(111). Quantitative PCR (qPCR) assays allow rapid
identification and quantification of bacteria in the same
reaction vessel in real time and are less time and labor
intensive than conventional PCR assays. However, the
accuracy of qPCR is influenced by primers, the quality of
the template DNA, the presence of inhibitors, and the
handling and storage of samples, primers, probes, and
enzymes (66).

Recent advances in next-generation sequencing tech-
nologies and high-throughput sequencing offer benefits in
terms of reduced labor time and running costs, extended
number of sequence reads, and high-throughput sampling,
making results of microbial diversity analysis more
reproducible and representative (50, 119). Despite several
benefits associated with DNA analyses, one weakness is the
inability to distinguish between viable and dead bacteria. As
an alternative, RNA can be used as a live-cell specific target
to monitor the active microflora and provide a better
understanding of microbial community structure and
activity.

BIOFILM FORMATION
BY PSYCHROTROPHIC BACTERIA

Bacteria frequently adhere to surfaces and form
spatially organized communities known as biofilms within
a self-produced matrix composed of extracellular polymeric
substances (EPSs) (35). Biofilms pose serious challenges to
the dairy industry because they allow bacteria to adhere to
various kinds of surfaces, such as stainless steel, plastic,
rubber, and polypropylene, within a few minutes followed
by formation of mature biofilms within several days or even
hours (63). This sessile biofilm is a survival strategy for
microorganisms because it protects them against stressful
conditions (e.g., disinfections) commonly encountered in
dairy processing environments. Thus, biofilms have been
recognized as sources of contamination by pathogenic and
spoilage microorganisms in the dairy industry, where these
biofilms are responsible for equipment damage, increased
energy costs, product spoilage, and foodborne illnesses and
infections through cross-contamination (69, 115).

Low temperatures favor EPS production and increase
the possibility of biofilm formation (97). A study conducted

to explore the biofilm-forming capacity of an extensive
collection of psychrotrophic bacterial isolates revealed a
very high tendency of these bacteria to form biofilms on
both polystyrene and stainless surfaces (114). Some
evidence suggests that persistence of certain strains may
be enhanced by low-temperature adaptation mechanisms
(16, 78). These findings could explain the extensive biofilm
formation by psychrotrophic bacteria on various milk
contact surfaces, such as storage tanks, transportation
tankers, milk pipelines, and heat exchangers (63).

Bacteria within biofilms are phenotypically distinct
from their planktonic counterparts in terms of their
tolerance to antimicrobials. The high degree of resistance
is due to multiple mechanisms related to the biofilm matrix,
the three-dimensional biofilm structure, the physiological
heterogeneity of sessile cells, the decreased growth rates in
biofilms, horizontal gene transfer, the emergence of
persister cells, quorum sensing (QS), and enhanced
expression of efflux pumps. The specific underlying
mechanisms are reviewed below. The biofilm matrix, which
forms a complex and compact barrier, increases the survival
and stress tolerance of microorganisms in the deeper layers
of the biofilm (35, 109). Compared with newly formed
biofilms, mature biofilms are more tolerant to stressful
conditions because of the strong three-dimensional structure
composed of the adhered multiple layers of bacterial cell
EPS matrix components (108). Gene and protein expression
of bacterial cells embedded in biofilms differ distinctly from
those of their planktonic counterparts, resulting in distinct
phenotypes that are more tolerant to stressful treatments (11,
87). The decreased growth rate of sessile cells also
contributes to biofilm tolerance to antimicrobials. Cells in
biofilms resemble stationary phase cells, and bacteria grown
in the stationary phase are more resistant to disinfectant
agents than are cells in the exponential phase (41). Another
explanation for the enhanced tolerance and distinct
phenotypic characteristics of matrix-enclosed cells is the
generation of persister cells, a small fraction of the
population that displays dramatically high tolerance of
antimicrobials (54). Horizontal gene transfer is a key driver
of bacterial diversification that enables dissemination
among community members of genetic material encoding
several relevant properties, e.g., genes encoding antimicro-
bial resistance, metabolic capabilities, or virulence expres-
sion by conjugation, transduction, or transformation, which
may confer competitive advantages under stressful condi-
tions in the food processing environment (85). QS also has
been implicated in biofilm tolerance of stress by facilitating
bacterial interactions via the production and secretion of
signaling molecules. For example, biofilms formed by QS
mutants of Pseudomonas aeruginosa lacking genes in-
volved in the production of signal molecules (lasI and rhlI)
were significantly more susceptible to hydrogen peroxide
and phenazin methosulfate than were biofilms formed by
wild-type strains (43). The upregulation of efflux pumps in
biofilms has been linked to bacterial biocide tolerance.
Efflux pumps are cell membrane–associated protein com-
plexes that enable cells to export toxic molecules, thus
allowing bacterial survival in the presence of these toxic
molecules (1). More detailed information about the
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enhanced tolerance of stress conditions was provided by
Wang (107) and Hall and Mah (41).

Mixed-species biofilms are ubiquitous in the dairy
industry and represent the most prevalent form of bacterial
growth (Table 2). For example, psychrotrophic bacterial
isolates of Pseudomonas, Acinetobacter, Serratia, Klebsiel-
la, Alcaligenes, and Staphylococcus were detected in
mixed-species biofilms on pasteurizers, heat exchangers,
pasteurization pipe lines, and direct steam injection sensor
probes (21, 121). Mixed-species biofilms also can have
community-intrinsic properties, which provide advantages
to the biofilm species such as higher tolerance to
disinfectants and sanitizers than shown by monospecies
biofilms of the same community members; these differences
emphasize the relevance of mixed-species biofilms to the
dairy industry (46). Dual-species biofilms of Serratia
liquefaciens and Serratia putrefaciens were more resistant
to both ethanol and benzalkonium chloride than were their
monospecies counterparts (57). A significant increase in
resistance to benzalkonium chloride also was observed after
4 days of incubation for dual-species biofilms formed of
Listeria monocytogenes and Pseudomonas putida compared
with monospecies biofilms (45). The significantly higher
tolerance of mixed-species biofilms has been directly linked
to enhanced EPS production by mixed-species biofilms
(109), differences in three-dimensional structures (53), and
interspecific interactions such as QS and horizontal gene

transfer (86). Thus, more work is needed to gain a deeper
understanding of the structure and physiology of mixed-
species psychrotrophic bacterial biofilms and to identify
efficient biofilm eradication strategies to avoid cross-
contamination.

SPOILAGE POTENTIAL
OF PSYCHROTROPHIC BACTERIA

The dairy industry is facing challenges associated with
spoilage caused by psychrotrophic bacteria. A population as
low as 1.3 3 105 CFU/mL is sufficient to produce heat-
resistant enzymes in raw milk before processing, which can
cause technological problems such as the loss of yield in
cheese production, formation of off-flavors, and milk
gelation (65).

Factors affecting enzyme production. The production
of enzymes is influenced by several factors, such as strain
specificity, oxygen concentration, QS, incubation tempera-
ture, and phase variation. In general, the ability to produce
enzymes differs among genera, species, and strains,
indicating that the composition of the psychrotrophic
bacterial community plays a key role in the determination
of the quality of dairy products (117). Low oxygen
concentration inhibits microbial growth and leads to
decreased production of proteolytic and lipolytic enzymes

TABLE 2. Mixed-species biofilms found in the dairy industry

Country Location(s) Predominant microorganisms Differentiation method(s)a Reference

Canada Ultrafiltration membrane Chryseobacterium, Acinetobacter,
Pseudomonas, Enterobacter,
Stenotrophomonas, Streptococcus

16S rRNA sequencing 19

Canada Spiral-wound membranes Lactococcus, Arthrobacter, Streptococcus,
Enterococcus, Methylobacterium,
Acinetobacter, Cronobacter, Klebsiella

HTS 20

China 11 sites along the processing
lines

Acinetobacter, Clostridium, Enterobacter,
Microbacterium, Micrococcus,
Moraxella, Pseudomonas, Serratia,
Staphylococcus

16S rDNA sequencing 121

Israel Sprinklers from dairy farm
cooling systems

Paracoccus, Methyloversatilis,
Brevundimonas, Porphyrobacter, Gp4,
Mycobacterium, Hyphomicrobium,
Corynebacterium, Clostridium

Pyrosequencing, 16S
rRNA sequencing

89

New Zealand Dairy reverse osmosis and
ultrafiltration membranes

Chryseobacterium indologenes, Bacillus
firmus, Lactococcus lactis subsp.
cremoris, Klebsiella oxytoca,
Enterobacter sakazakii, Lactobacillus
spp., Bacillus licheniformis,
Pseudomonas fluorescens

API culture identification
system

93

New Zealand Primary treated dairy
wastewater system

Pseudomonas, Citrobacter, Klebsiella,
Enterobacter, Bacillus, Raoultella

NGS 30

Portugal Crevices of cleaned devices Pseudomonas, Staphylococcus, Serratia,
Stenotrophomonas, Alcaligenes

16S rDNA sequencing 23

Tunisia Stainless steel pipeline in
collection center of raw
bovine milk production

L. lactis, Staphylococcus xylosus, Bacillus
cereus, Candida albicans

16S rDNA gene
sequencing

51

United States Whey reverse osmosis
membranes

Lactobacillus, Lactococcus, coliforms,
Pseudomonas, Staphylococcus

16S rDNA sequencing 4

a NGS, next-generation sequencing; HTS, high-throughput sequencing.
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(39). The production of enzymes is temperature dependent,
and enzymatic activity is highly influenced by the
incubation temperature of the bacteria, as indicated by the
significant difference in enzyme production by psychro-
trophic bacteria at 30 and at 78C (27). In some bacterial
species, QS regulates specific gene expression potentially
associated with dairy spoilage (115). Many gram-negative
psychrotrophic bacteria produce signaling molecules of the
N-acyl-homoserine lactone type (76). Liu et al. (58) found
that the proteolytic activity of Pseudomonas fluorescens
was stimulated by the addition of C4-HSL and 3OC8-HSL
at a transcriptional level, whereas the activity was repressed
under conditions where N-acyl homoserine lactones were
hydrolyzed through the expression of specific degrading
enzymes. A seasonal effect on the proteolytic activity also
was found; winter isolates appeared to have a significantly
higher spoilage potential than summer isolates (65).
Phenotypic variation, a process of reversible, high-frequen-
cy phenotypic switching, might also explain this seasonal
effect.

Enhanced enzyme production in biofilms. The
production of enzymes by planktonic bacteria has attracted
recent attention, but biofilms as a source of microbial
enzymes has largely been unexplored. The expression of
proteases and lipases was induced by bacteria embedded in
biofilms but not induced by the corresponding planktonic
cells, and the enzymes produced within biofilms may also

differ in their thermal stability, which may have implica-
tions for products contaminated with enzymes of biofilm
origin (94, 95).

Generally, the confined microenvironment provided by
EPSs keeps microorganisms, enzymes, and substrates in
close proximity to facilitate enzyme retention and enhance
the efficacy of enzymatic reactions (34). The differential
gene expression in planktonic versus biofilm states may be
related to differences in the quantity of enzymes produced
by cells in these states (74). However, information about
bacterial enzyme production in the context of multispecies
biofilms is scarce, and this issue should be explored in the
future.

Heat stability of enzymes. Psychrotrophic bacteria can
be killed by conventional heat processing, but most
enzymes produced by these bacteria are heat resistant and
thus remain active in dairy products (Table 3). The D-values
of proteases produced by S. liquefaciens and Pseudomonas
sp. were 96.15 and 80.00 min at 908C, respectively (61).
The peptidase from Pseudomonas panacis withstood UHT
processing in skim milk, with 88.0% 6 7.7% of the initial
activity remaining after heating (9). Xin et al. (112) found
that lipases produced by Pseudomonas isolates had 25 to
87% residual activity after heating at 658C for 30 min and 6
to 71% activity after a heating at 1108C for 5 min. The D-
values of lipases produced by Serratia grimesii and

TABLE 3. Heat stability of proteases and lipases produced by psychrotrophic bacteria

Microorganism Heating medium Heat stability Reference

Proteases

Burkholderia cepacia Sodium phosphate buffer (pH 7) Retained about 40% of initial
activity at 1428C for 10 s

72

Klebsiella oxytoca Acetate buffer (pH 5) Retained about 74% of initial
activity at 1428C for 10 s

96

Serratia liquefaciens Whole milk D-value of 4.5 min at 1408C 6
S. liquefaciens Semiskimmed milk D-value of 96.15 min at 958C 61
S. grimesii Skimmed milk D-value of 22.03 min at 908C 117
Pseudomonas sp. Semiskimmed milk D-value of 80 min at 958C 61
P. panacis Skim milk D-value of 132 min at 908C 9
P. fluorescens Sodium phosphate buffer (pH 7.5) D-value of 1.2 min at 1408C 100
P. fluorescens Skim milk Retained over 39.36% of initial

activity at 1308C for 3 min
120

P. fluorescens Tris-HCl buffer (pH 7.5) Retained over 40% of initial
activity at 1408C for 5 min

3

P. proteolytica Pasteurized milk D-value of 1.3 min at 1408C 91
P. azotoformans Skimmed milk D-value of 69.4 min at 908C 117

Lipases

Chryseobacterium polytrichastri Skimmed milk D-value of 15.24 min at 908C 117
S. grimesii Skimmed milk D-value of 21.58 min at 908C 117
P. fluorescens Phosphate buffer D-value of 1.27 min at 1408C 100
P. fluorescens Lipase-producing medium Retained 71% of initial activity

at 1108C for 5 min
112

P. putida Lipase-producing medium Retained 25% of initial activity
at 1108C for 5 min

112

P. azotoformans Skimmed milk D-value of 18.05 min at 908C 117
P. tolaasii Tris-HCl buffer (pH 7) D-value of 79 s at 1408C 8
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Pseudomonas azotoformans incubated at 288C were 77.59
and 69.40 min, respectively, at 908C (117).

The inactivation of enzymes follows first-order kinet-
ics, and a higher time and temperature treatment leads to a
greater reductions in enzymatic activity but negatively
affects the milk quality (117). Thus, a time-temperature
combination must be optimized to minimize the enzymatic
activity with a minimal effect on milk quality.

Effects on the qualities of dairy products. Psychro-
trophic bacteria affect economic aspects in the dairy
industry by limiting the shelf life of raw milk and dairy
products via the production of heat-stable extracellular
enzymes. These enzymes also cause technological problems
such as the formation of off-flavors, milk gelation,
liberation of amino acids, and loss of yield in cheese
production (63, 64).

In general, product defects caused by proteases
occurred in the following order: bitterness, particle
formation, creaming, sediment formation, and gelation. A
linear correlation was found between the onset of enzymatic
activity and defects in dairy products (91). For example, an
increase in the size of casein micelles and the concentration
of noncasein nitrogen and a decrease in the zeta potential
and level of hydration were detected in UHT milk
contaminated with P. fluorescens. As a result, the decreased
repulsions between casein micelles led to aggregate
formation (37). Zhang et al. (118) reported that the protease
from P. fluorescens destabilized UHT milk during storage,
and higher concentrations of proteases and higher storage
temperatures led to a faster gelation, despite the fact that
critical degrees of hydrolysis of specific caseins determine
the onset of gelation. The reaction between the free amino
groups released by proteolysis and the reducing sugar
resulting from Maillard reactions formed new aromatic
compounds in skim milk after storage for 65 days (99).
Proteases might also hydrolyze casein in the secondary milk
fat globule membrane during the storage of milk and lead to
the aggregation of fat globules (37).

Lipases break down milk fat and release fatty acids,
contributing to undesirable off-flavors in dairy products that
are subsequently perceived by consumers as negative
attributes. The types and quantities of released fatty acids
are difficult to predict and depend on the kinds and levels of
contaminating bacteria and the different substrate specific-
ities of the bacterial enzymes (2). The most abundant fatty
acid detected in milk inoculated with Pseudomonas fragi
was C-16:0 followed by C-18:1, C-18, and C-14 (25).
Bekker et al. (10) found that Chryseobacterium joostei and
P. fluorescens produced high concentrations of lipases at
258C, indicating that temperature abuse before pasteuriza-
tion could lead to greater lipolytic spoilage of milk.
Chemical spoilage indicators, such as 3-methylbutan-1-ol,
2 methylpropan-1-ol, 3-hydroxybutan-2-one, butan-2,3-
dione, and butanoic and hexanoic acids were found in
UHT milk contaminated by various psychrotrophic bacteria
(26). Celestino et al. (18) reported that reconstituted milk
powder manufactured from 4-day-old raw milk had rancid
and bitter flavors compared with powder produced with

fresh raw milk, probably because of residual bacterial lipase
activity.

Although multispecies communities and their interac-
tive behaviors might bring new perspectives to dairy
product spoilage, few studies have focused on how mixed
cultures affect the quality and shelf life of dairy products.
Meanwhile, a rapid screening tool for enzymatic activity in
milk would be useful for precise prediction of the quality of
dairy products produced from that milk.

PREVENTION OF DAIRY SPOILAGE
BY PSYCHROTROPHIC BACTERIA

AND THEIR ENZYMES

Current prevention strategies to avoid defects in dairy
products caused by psychrotrophic bacteria and their
enzymes involve limiting the growth of these bacteria and
inactivating their enzymes by thermal processing and
maintaining good hygiene practices from the farm to the
factory.

Modification of the atmosphere surrounding the milk
can also be used to inhibit the growth of psychrotrophic
bacteria. Modification can involve the replacement of air
with pure nitrogen, carbon dioxide, or a mixture of these
gases. This method has been extensively studied and can
limit microbial growth and consequently the production of
microbial enzymes. Flushing of raw milk with pure nitrogen
gas markedly limited bacterial growth (especially that of
Pseudomonas), reduced proteolysis and lipolysis during
cold storage, and created an environment unfavorable for
anaerobes (39, 71). The addition of carbon dioxide to raw
milk lowered lipolysis and proteolysis and maintained both
the microbiological and the physicochemical qualities of
raw milk during 120 days of storage, allowing production of
UHT milk with less proteolysis and longer shelf life (102).
Raw milk produced on small dairy farms without modern
refrigeration facilities could easily become spoiled during
storage and transportation. The use of a lactoperoxidase
system or of hydrogen peroxide are alternative ways to
increase the storage stability of milk (88). The presence of
antimicrobial molecules from plants used for animal feed
was reported to change the microbiota and extend the shelf
life of milk (13). The mechanisms by which these functional
feeds affect the microbiota and quality of milk need further
investigation.

Psychrotrophic bacteria are usually diffused in the
environment on small scale dairy farms in which good
hygienic practices are not used, resulting in the poor
microbial quality of final products (75). The design of the
processing line, including crevices, valves, and gaskets, is
important for efficient cleaning and sanitization. The
implementation of sophisticated dairy farm management
systems, such as hazard analysis and critical control point
systems or good manufacturing practices, is an efficient way
to control bacterial loads and thus the quality of raw milk
(24). Improving prerequisite programs through investments
in the infrastructure of milk collection and transportation
vehicles and increasing hygiene awareness among farmers
by specialized training can improve the quality of raw milk.
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Biofilms pose considerable challenges to the dairy
industry because these bacterial films are not efficiently
eliminated by routine cleaning and disinfection procedures.
Many studies have been conducted on how to prevent cross-
contamination by biofilms. Biofilm control strongly relies
on the design of storage and processing equipment,
effective cleaning and disinfection procedures, and adequate
implementation of systems. The formation of biofilms
should be prevented by regular cleaning and sanitation
practices before bacteria firmly attach to surfaces. The
clean-in-place process is a standard way to prevent biofilm
formation on contact surfaces of dairy processing equip-
ment. However, the effectiveness of this method depends on
several factors, including the composition of the biofilms,
the concentration of the cleaning agents, and the cleaning
times and temperatures. Residual microorganisms often can
be found on equipment surfaces after cleaning and
sanitizing procedures, enabling biofilm regrowth before
the next cleaning cycle (63, 121). The ability of an
antimicrobial agent to penetrate into biofilms is also related
to the biofilm matrix, the three-dimensional biofilm
structures, and the level of efflux pumps (5, 15, 107). To
limit the risk of contamination, cleaning procedures should
be designed in consideration of the rapid adhesion that
occurs with some psychrotrophic bacteria (106). The
properties of food contact surfaces are also important when
considering the ability of bacteria to adhere to the surface.
Thus, biofilm formation may be prevented by modifying the
topographic and physicochemical properties of food contact
surfaces, thereby reducing free energy, adhesion, and
stickiness, or by coating surfaces with antimicrobial agents
that inhibit the growth and attachment of microorganisms
(47). Dead ends, corners, cracks, crevices, gaskets, valves,
and joints are difficult to clean and vulnerable to biofilm
formation (22). Any flaws in the design or physical location
of equipment that decrease cleaning efficacy will enhance
biofilm formation. Yuan et al. (115) summarized some novel
strategies for preventing biofilm formation, which include
the use of enzyme-based detergents to hydrolyze EPSs,
natural compounds and the lytic potential of bacteriophages
to inhibit the growth of bacteria, biosurfactants to inhibit
bacterial adhesion, and QS inhibitors to down-regulate
adhesion and virulence mechanisms. However, most of
these methods have been tested only under laboratory
conditions and still need to be validated in large-scale
commercial settings. Multispecies biofilms are the most
frequent form of contamination in the dairy industry and
exhibit higher tolerance to different control strategies than
do single-species biofilms. The use of innovative tools to
unravel the complex interspecies interactions in mixed-
species biofilms and the molecular bases for biofilm
regulatory pathways will advance the development of
effective control strategies in the dairy industry.

Because current strategies for controlling the quality of
dairy products are not entirely satisfying, attention should
be paid to preventing biofilm formation. The counting of
viable cells is the time-consuming and labor-intensive
traditional method for the evaluation of biofilms from
high-risk locations. A quick and simple technique, such as
ATP bioluminescence, is needed to detect bacterial

contamination and rapidly assess hygienic quality in the
dairy industry, thus providing a real-time assessment of
surface cleanliness (56).

Novel strategies for the reduction of bacterial contam-
ination of raw milk, such as the use of lytic bacteriophages,
microfiltration (MF), and high pressure homogenization,
have been proposed as methods for extending the shelf life
of milk and dairy products produced from milk. Lytic
bacteriophages infect and kill bacteria and could be useful
for the inhibition of bacterial growth during cold storage. A
strong antimicrobial effect of a phage cocktail was recently
reported by Hu et al. (44), who observed a 2-log reduction
in Pseudomonas and a 1-log reduction in psychrotrophic
bacteria in milk, and psychrotrophic bacteria levels in
phage-treated raw milk samples were 4-log lower than those
in those samples without phage treatment after 5 days of
refrigerated storage, indicating a potential use for phages as
biological preservatives in raw milk. Tanaka et al. (92)
reported that the phages remained active during cold
storage, and a 1,000-fold reduction in viable bacteria
treated with the phages compared with the control group
was noticed over the storage period of 128 h. The activity of
the phages decreased to a negligible level after heating at
638C for 30 min. The use of phages for infecting
psychrotrophic bacteria may be a reasonable approach for
reducing initial bacterial counts in raw milk. MF is a
promising technique for physical removal of microorgan-
isms from milk, which slows down proteolysis and
accumulation of peptides, delays the formation of gel
particles and sediment, and extends the shelf life of dairy
products (29). Pasteurization following MF was more
efficient for microbial inactivation than pasteurization
without MF, indicating that the bacterial cells remaining
after MF were as susceptible to heat treatment as the typical
bacteria in raw milk (31). High pressure homogenization is
used to reduce enzyme activity, and pronounced effects of
this type of homogenization were observed for standard
milk samples, with 29 and 51% reductions in proteolysis
caused by Pseudomonas in samples processed at 100 and
150 MPa, respectively (28).

Hurdle technology, i.e., the combined use of more than
one method, is a desirable approach for the effective
reduction of microbes and their enzymes. In general, hurdle
technology works through the synergistic effects of various
mechanisms for inhibition or inactivation of targeted
microorganisms (49). For example, manothermosonication,
i.e., the simultaneous application of heat and ultrasound,
significantly inactivated both protease and lipase produced
by P. fluorescens (100). The combinations of ultrasound,
hydrogen peroxide, and active lactoperoxidase system
treatment were more efficient for reducing and eliminating
microbes in milk than was ultrasound treatment alone (88).
Further work is needed to establish optimal combinations of
various treatments to prevent dairy spoilage caused by
psychrotrophic bacteria.

CONCLUDING REMARKS

Psychrotrophic bacteria and their heat-stable enzymes
compromise the quality of dairy products, causing huge
economic losses from product spoilage throughout the
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world. The variety of sources of bacterial contamination of
raw milk makes it extremely difficult to control entry of
bacteria and subsequent enzyme production in raw milk.
The microbiota of raw milk has been extensively investi-
gated in many parts of the world, and the factors affecting
this microbial diversity have been largely explored.
However, to prevent bacterial contamination of raw milk
during milking, storage, and transportation, real-time
reliable prediction methods are needed to better understand
the complete diversity of bacteria in raw milk. The
implementation of good hygienic practices during milking
and milk processing is still the optimal approach to avoid
psychrotrophic bacterial cross-contamination. Structural
features and molecular characteristics of various heat-stable
enzymes are also important issues that should be addressed
in the future.
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