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Abstract: The dairy industry produces large amounts of wastewater, including white and cleaning
wastewater originating principally from rinsing and cleaning-in-place procedures. Their valorization
into process water and non-fat milk solids, in the case of white wastewater, or the renewal of
cleaning solutions could be achieved using pressure-driven membrane processes. However, it is
crucial to determine the intrinsic characteristics of wastewaters, such as proximate composition and
bacterial composition, to optimize their potential for valorization. Consequently, white and cleaning
wastewaters were sampled from industrial-scale pasteurizers located in two different Canadian dairy
processing plants. Bacterial profiles of dairy wastewaters were compared to those of tap waters,
pasteurized skim milk and unused cleaning solutions. The results showed that the physicochemical
characteristics as well as non-fat milk solids contents differed drastically between the two dairy
plants due to different processing conditions. A molecular approach combining quantitative real-
time polymerase chain reaction (qPCR) and metabarcoding was used to characterize the bacteria
present in these solutions. The cleaning solutions did not contain sufficient genomic DNA for
sequencing. In white wastewater, the bacterial contamination differed depending on the dairy plant
(6.91 and 7.21 log10 16S gene copies/mL). Psychrotrophic Psychrobacter genus (50%) dominated white
wastewater from plant A, whereas thermophilic Anoxybacillus genus (56%) was predominant in plant
B wastewater. The use of cold or warm temperatures during the pasteurizer rinsing step in each dairy
plant might explain this difference. The detailed characterization of dairy wastewaters described
in this study is important for the dairy sector to clearly identify the challenges in implementing
strategies for wastewater valorization.

Keywords: dairy industry; white wastewater; cleaning solutions; pressure-driven membrane
processes; 16S rRNA; High-throughput sequencing; metabarcoding; Anoxybacillus

1. Introduction

High milk production has resulted in a significant increase of water consumption in
dairy plants and subsequent wastewater release [1]. More specifically, and according to
Balannec, et al. [2], between 0.2 and 10 L of effluents or dairy wastewater are generated per
L of milk processed. Most of these effluents are generated during cleaning operations [3].

The principle of cleaning-in-place (CIP) is to circulate cleaning solutions in industrial
equipment in a closed circuit. The CIP procedure generally consists of five steps. The first
rinsing step (pre-rinse) is usually done with warm water to remove most organic residues.
It is followed by alkaline (pH > 10) and acidic (pH < 2) cleaning steps, each followed by
a water rinse step. The duration of rinsing and circulation steps, as well as the microbial
and chemical compositions of the cleaning solutions, may vary depending on a number of
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factors such as the dairy plant main production, the type of equipment to be cleaned, or
the composition of the fouling layer [1,4].

In milk processing plants, wastewater generated by the CIP procedure can be classified
into white wastewater (WW), and cleaning wastewater (CW). White wastewater is gener-
ated by the first rinsing step and has a composition similar to that of diluted milk. Volumes
of milk losses in wastewater are estimated to be 0.5% to 2.5% of total milk processed in a
dairy plant [5]. Cleaning wastewaters are generated at the rinsing steps of each cleaning
solution (acid and alkaline) and contain residues of caustic and acidic cleaning solutions
(phosphoric acid or nitric acid) [4,6].

Due to their large volumes and high organic content (chemical [COD] and biochemical
[BOD] oxygen demands ranging between 0.1 and 100 g/L), WW and CW require treatment
to reduce their environmental footprint [7,8]. Specifically, different physicochemical (coagu-
lation, flocculation) or biological (biofiltration, activated sludge processes) [8,9] treatments
have proven to be efficient and to meet the standard norms for dairy effluent discharge [8].
However, to improve the sustainability of dairy plants, there is an opportunity to recover
rather than discard the dairy constituents found in effluents. A number of strategies using
pressure-driven membrane technologies such as ultrafiltration (UF), nanofiltration (NF)
or reverse osmosis (RO) have been suggested for this purpose. A popular solution has
been regenerating water from effluents [1,2,10,11]. Brião et al. [12] also suggested con-
centrating WW by RO to manufacture “dulce de leche”, and Gésan-Guiziou, et al. [13]
proposed a membrane filtration system for recycling caustic cleaning solutions in dairy
plants, according to their COD.

Studies evaluating the recovery of milk solids from dairy WW [2,6,11,12,14,15] were
performed mainly using synthetic WW or model systems consisting of reconstituted
milk protein concentrate [2,6,14,16]. Consequently, to the best of our knowledge, no
study focused on the global portrait of bacterial ecosystems found in dairy WW and
CW, and consequently to the challenges and issues related to the reuse of milk solids as
ingredients. Finally, the specific microbiological characteristics of dairy effluents in different
dairy plants has never been studied. Thus, the aim of this study was to characterize
the chemical compositions and complex bacterial ecosystems of WW and CW from two
different Canadian dairy plants, which cannot be easily performed using traditional culture
techniques on growth medium. For this purpose, a high-throughput amplicon sequencing
approach was combined with quantitative real-time polymerase chain reaction (qPCR)
targeting the 16S ribosomal RNA (rRNA) gene. This method has several advantages in
comparison with culturing methods. Indeed, 16S rRNA is an effective reference method for
bacterial identification, classification and quantification in a given environment [17]. Since
it is considered that <1% of bacterial species are culturable [18,19], using this sequencing
and culture-independent method allowed us to obtain accurate information regarding
contaminated environments such as dairy samples [20,21].

2. Materials and Methods
2.1. Sample Collection

Two batches of dairy WW, single-used alkaline and acidic CW, tap water, pasteurized
skim milk and unused acidic and alkaline solution were collected from two industrial
Canadian dairy processing plants (plants A and B; one batch of each fluid from each plant).
White wastewater collected separately (~150 L of each WW batch separated into different
sterilized 20 L containers) was recovered after the first step of CIP procedure, corresponding
to the rinsing water recovered after skimmed milk pasteurization (flow rates ranged from
30,000 L/h to 35,000 L/h). Alkaline and acidic wastewaters were sampled after the second
and fourth step of CIP procedures, respectively. The samples from both plants were cooled
rapidly (4 ◦C) after collection and maintained at 4 ◦C during shipping to Université Laval.
Once received, wastewater samples were frozen at −30 ◦C until analysis. For both dairy
plants, acid and alkaline cleaning solutions were composed of nitric acid and caustic soda
solutions, respectively. Alkaline and acidic CW solutions were heated during the cleaning
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process to 80–95 ◦C and 65–75 ◦C, respectively. The concentrations, as well as the other
specific operating parameters of the CIP process, were different for each dairy plant but
necessarily kept confidential. Tap water, pasteurized milk and unused acidic and alkaline
solution samples were used as controls for the metabarcoding analysis. Each dairy fluid
(WW, CW, tap water, pasteurized skim milk and unused acidic and alkaline solution) from
each batch was separated in three different samples for chemical and microbial analyses.

2.2. Chemical Analysis of Dairy Wastewater

Prior to analysis, WW and CW were thawed overnight at 4 ◦C. For both WW, the
pH was recorded using a hand-held pH-meter (VWR Symphony pH-meter model SP20,
Thermo Orion, West Chester, PA, USA). The total solids (TS) and ash contents were deter-
mined by the air-drying methods (AOAC International 990.20 and 945.46, respectively).
The protein content was analyzed by the Dumas method with a nitrogen to-protein conver-
sion factor of 6.38 (ISO 14891 2002F/IDF 185 2002F). The fat content was analyzed by the
Mojonnier method (AOAC International 989.05). The lactose content was calculated by dif-
ference. Finally, the five day biochemical oxygen demand (BOD5) and COD were analyzed
externally (Eurofins EnvironeX, Quebec City, QC, Canada) according to the ISO 17025
standard. Regarding acidic and alkaline CW, the determination of pH, TS content as well
as BOD5 and COD were similar as described for WW. The mineral content (Na+, K+, Ca2+

and Mg2+) in the CW was analyzed by optical emission spectrometry with an inductively
coupled plasma as atomization and excitation source (ICP-OES Agilent 5110 SVDV Agilent
Technologies, Victoria, Australia). The electrical conductivity (EC) was measured using
an electrical conductivity meter (Orion star A122, Thermo Fisher Scientific, Waltham, MA,
USA). The determination of total suspended solids (TSS) was performed by the air-drying
method described by Ni’am and Othman [22].

2.3. Metabarcoding Analysis of Dairy Wastewater
2.3.1. Preparation of Samples and Genomic DNA Extraction

Phenol-chloroform genomic DNA extraction was performed in triplicate on samples
as described by Chamberland, et al. [23] with the following modifications. Volumes of
5 mL of WW and pasteurized milk, 15 mL of unused CW (cleaning solutions prepared
before CIP operations) and 15 mL of single-used alkaline and acidic CW (recovered after
CIP operations) were centrifuged at 15,000× g for 30 min at 4 ◦C and the pellets were
then recovered for extraction. One liter of tap water was filtered through a 0.2 µm sterile
polycarbonate membrane filter (Fisher Scientific, Ottawa, ON, Canada) and the total
genomic DNA was extracted from these samples using the same protocol described by
Chamberland et al. [23]. The volume of each sample used for the DNA extraction was
chosen according to preliminary tests and depending on the genomic DNA concentration
detected in these samples. The dried DNA pellet of each sample was resuspended in
50 µL of sterile deionized water, except for tap water samples which were resuspended
in 30 µL of sterile deionized water. The amount and purity of extracted genomic DNA
was determined using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). The genomic DNA extracted from CW and WW were considered
satisfactory when the ratio of the absorbance measured at 260 and 280 nm (A260/A280)
was higher than 1.50 [24]. The degradation level of the extracted DNA was determined by
agarose gel (0.8% (w/v)) electrophoresis of each genomic DNA sample (data not shown).

2.3.2. Quantification of 16S Gene Copies, High-Throughput Amplicon Sequencing and
Bioinformatics

DNA samples from WW and CW were sequenced at the Institut de Biologie Intégrative
et des Systèmes (IBIS, Université Laval, Québec, QC, Canada) using a high-throughput
amplicon sequencing method (MiSeq, Illumina, San Diego, CA, USA) targeting the V6-V8
region of the 16S rRNA gene [25]. Raw paired-end reads obtained during sequencing
were deposited in the GenBank database under the accession number PRJNA667972. The
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metabarcoding was coupled to a real-time PCR (qPCR) quantification method using the
universal 16S rRNA primers 1048F (Sequence 5′-3′: GTGSTGCAYGGYTGTCGTCA) and
1175R (Sequence 5′-3′: ACGTCRTCCMCACCTTCCTC) (Life Technologies, ThermoFischer
Scientific, Waltham, MA, USA) [26]. The qPCR was performed using an ABI7500 Fast
system (software v2.0.5, Applied Biosystems, Foster City, CA, USA). The qPCR reagents
and conditions, sequencing and bioinformatics analysis were performed according to the
methods described by Chamberland, et al. [23]. The number of 16S gene copies were not
normalized on each OTU (operational taxonomic unit) according to Louca, et al. [27]. Only
sequenced samples with more than 1000 reads after filtering through the bioinformatics
analysis pipeline were retained.

2.4. Statistical Analysis

Analyses were performed in triplicate for all samples. A Student’s t-test was conducted
using Statistical System Software (SAS v9.2, SAS Institute Inc., Cary, NC, USA) to detect
significant differences between the chemical compositions of WW and CW samples and
the differences between the total number of 16S copies in the dairy fluids (tap water,
pasteurized milk and WW) (Student’s t-test (α = 0.05)).

3. Results
3.1. Chemical Characteristics and Composition of Dairy Wastewaters

The chemical compositions of WW and single-used CW are presented in Tables 1 and 2,
respectively. As shown in Table 1, both WW solutions were alkaline (pH 8.23 and 12.45 in
plants A and B, respectively) (p < 0.05). The dairy residues found in WW of plant B were less
diluted, with significantly higher TS (3.12 g/L vs. 0.50 g/L), protein (0.15 g/L vs. 0.01 g/L),
lactose (2.22 g/L vs. 0.33 g/L) and ash (0.73 g/L vs. 0.16 g/L) contents compared to the
WW of plant A (p < 0.05). This is in line with the higher COD and BOD5 values of plant B
WW (354.50 and <3 mg/L, respectively) compared to plant A WW (21.50 and 4.50 mg/L,
respectively). However, the fat content was similar for both WW (0.00 g/L vs. 0.03 g/L)
(p > 0.05). The acid CW from plant B had a higher conductivity (14.25 ± 0.13 µS/cm vs.
5.35± 0.10 µS/cm) and Ca2+ content (177.04± 0.43 mg/L vs. 12.22 ± 1.45 mg/L) (p < 0.05)
than that from plant A. Conversely, acid CW from plant A had a higher pH (1.82 ± 0.06
vs. 1.17 ± 0.01) and Na+ content (154.96 ± 13.09 mg/L vs. 22.75 ± 3.54 mg/L) than that
of plant B (p < 0.05). Alkaline CW had a significantly higher Na+ content (ranging from
4032.80 mg/L and 10665.22 mg/L) than acid CW for both plants (ranging from 22.75 mg/L
and 154.96 mg/L), due to the principal active ingredient of alkaline CW (sodium hydrox-
ide, NaOH). Similarly, alkaline CW also had higher TS (between 9.59 and 28.06 g/L), and
consequently a higher COD (between 475 and 1500 mg/L), than acid CW (Table 2).

Table 1. Chemical characteristics of white wastewater generated during the cleaning procedure of
pasteurizers from two Canadian dairy plants (A and B).

Indicator 1 Plant A Plant B

pH 8.23 ± 0.07 b 12.45 ± 0.19 a

TS (g/L) 0.50 ± 0.04 b 3.12 ± 0.24 a

Ash (g/L) 0.16 ± 0.0 b 0.73 ± 0.03 a

Lactose (g/L) 0.33 ± 0.03 b 2.22 ± 0.18 a

Protein (g/L) 0.01 ± 0.00 b 0.15 ± 0.00 a

Fat (g/L) 0.00 ± 0.00 a 0.03 ± 0.02 a

COD (mg/L) 21.50 ± 0.71 b 354.50 ± 2.12 a

BOD5 (mg/L) 4.50 ± 0.71 ND 2

1 Ash, protein and fat were expressed on a dry basis. TS: Total solids, COD: Chemical oxygen demand, BOD5:
five day biochemical oxygen demand. 2 Not detected: value below the detection limit of <3 mg/L. For the
same indicator, different letters (a,b) indicate significant differences (Student’s t-test, p < 0.05, n = 2, ± standard
deviation [SD]).
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Table 2. Chemical characteristics of cleaning acidic and alkaline wastewater generated after the
cleaning of the pasteurizers of two dairy plants (A and B).

Component 1
Acid CW Alkaline CW

Plant A Plant B Plant A Plant B

pH 1.82 ± 0.06 c 1.17 ± 0.01 d 12.59 ± 0.01 a 12.31 ± 0.10 b

EC (µS/cm) 5.35 ± 0.10 d 14.25 ± 0.13 c 67.97 ± 2.70 a 30.06 ± 0.65 b

TS (g/L) 0.74 ± 0.04 c 0.93 ± 0.02 d 28.06 ± 0.38 a 9.59± 0.56 b

TSS (g/L) 0.02 ± 0.00 d 0.01 ± 0.00 c 0.19 ± 0.06 b 0.21± 0.02 a

Ca2+ (mg/L) 12.22 ± 1.45 d 177.04 ± 0.43 a 45.15 ± 1.76 b 18.81 ± 1.98 c

Mg2+ (mg/L) 1.89 ± 0.17 b 7.07 ± 0.05 a 0.82 ± 0.10 c 0.23 ± 0.03 d

K+ (mg/L) 0.76 ± 0.09 d 1.57 ± 0.06 c 9.41 ± 0.26 a 6.48 ± 0.07 b

Na+ (mg/L) 155 ± 13 c 23 ± 4 d 10,665 ±191 a 4033 ± 46 b

COD (mg/L) 25 ± 1 d 26 ± 0 c 1500 ± 7 a 475 ± 62 b

BOD5 (mg/L) ND 2 ND ND ND
1 CW: Cleaning wastewater, EC: electrical conductivity, TS: total solids, TSS: total suspended solids, COD: chemical
oxygen demand, BOD5: five day biochemical oxygen demand. 2 Not detected: value below the detection limit
of <3 mg/L. For the same effluent (acid or alkaline) and indicator, different letters (a–d) indicate significant
differences (Student’s t test, p < 0.05, n = 2, ± standard deviation [SD]).

3.2. Bacterial Communities Founds in Dairy Fluids

Figure 1 and Supplementary Table S1 present the different bacterial communities
found in tap water, pasteurized skim milk and WW recovered from dairy plants A and B.
Results obtained for CW are not presented since it was impossible to extract a sufficient
quantity of genomic DNA to assess the bacterial community profile, leading to fewer than
1000 reads per sample. Considering the total number of 16S gene copies per milliliter
obtained by qPCR, tap water, pasteurized milk and WW from dairy plant A were sig-
nificantly different from those of dairy plant B (p < 0.05). The total number of 16S gene
copies per mL in WW differed from plant A to plant B, with values of 6.91 ± 0.06 log10/mL
and 7.21 ± 0.02 log10/mL, respectively. Specifically, the WW from plant A was mostly
dominated by Psychrobacter sp. (3.48 log10/mL) while Anoxybacillus sp. (4.03 log10/mL)
was the main contaminant in WW from plant B. Low numbers of of 16S gene copies of
Acinetobacter sp. (0.17 and 0.69 log10/mL for plant A and B, respectively) and Pseudomonas
sp. (1.29 and 0.63 log10/mL for plant A and B, respectively) were detected in WW from
both dairy plants, while Thermus sp. was only detected in plant B (0.41 log10/mL). The total
number of 16S gene copies found in tap water was 1.48 ± 0.46 and 1.87 ± 0.32 log10/mL
for plants A and B, respectively. Tap water was dominated by Streptococcus sp. with similar
numbers of 16S gene copies, 1.00 and 1.11 log10/mL, respectively. Low numbers of 16S gene
copies of Anoxybacillus sp. (0.09 and 0.60 log10/mL for plants A and B, respectively) and
Pseudomonas sp. (0.05 log10/mL for both dairy plants) were detected in both plants while
Thermus sp. was only present in plant A, but at a very low concentration (0.21 log10/mL).
Pasteurized skim milk had similar total numbers of 16S gene copies for plants A and B,
with values of 5.85 ± 0.51 and 6.04 ± 0.43 log10/mL, respectively. Pseudomonas sp. and
Acinetobacter sp. were detected at higher concentrations in plant B (1.77 vs. 0.73 log10/mL
and 1.53 vs. 0.09 log10/mL respectively for plants A and B) while Novosphingobium sp. was
the main bacterial contaminant in plant A (2.39 vs. 0.59 log10/mL).
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Figure 1. Bacterial communities found in dairy wastewater (WW) recovered from pasteurizers, tap
water and pasteurized skim milk of two Canadian dairy plants (A and B). The bar length represents
the number of 16S gene copies of the bacterial genus in these fluids and the percentages indicate the
proportion of the specific bacterial genus. Values below 4% were not presented. For the same effluent
(tap water, pasteurized milk, or dairy WW) different letters indicate significant differences (Student’s
t-test, p < 0.05, n = 2, ± standard deviation [SD]).

4. Discussion

The purpose of this study was to determine the proximate composition and bacterial
ecosystem of WW and CW originating from two different Canadian dairy plants from
the perspective of water reuse for the dairy industry. Our results demonstrated that the
chemical characteristics of WW and CW were drastically different between the dairy plants.
Since the quantity of genomic DNA sequenced in CW was fewer than 1000 reads per
sample (data not shown), it was considered that no bacterial DNA was found in CW.
However, different bacterial communities found in each WW were characterized. These
differences could be potentially explained by the different processing practices and CIP
procedures implemented in each dairy plant.

4.1. Differences in the Chemical Characteristics of White and Cleaning Wastewater

White wastewater generated from the rinsing step of milk pasteurizers is composed of
milk solids diluted in tap water originating from the dairy plant’s drinking water system [6].
The concentration of milk solids on a dry basis was significantly higher in plant B compared
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to plant A, except for the fat content (Table 1). The variation in the content of milk solids can
be explained by the duration of the rinsing step before recovery of WW samples since the
milk solids concentration in WW decreased continuously during rinsing due to increased
dilution with tap water over time [1]. In addition, the dry matter values obtained for the
WW from the present study are within the range (0.4 g/L to 54.3 g/L) found in different
dairy WW in the study by Vourch, et al. [1]. The WW were diluted and contained less
protein than those analyzed by Brião, et al. [12] (average of 0.6 g/L), consequently their
COD was also lower than the average (380–9500 mg/L) [1,12,28,29]. Surprisingly, very
low BOD5 value was measured from WW from plant A whereas this parameter was not
detected for WW from plant B as well as acid and alkaline CW. BOD5 is defined as the
biochemical oxygen demand of wastewater measured in both dairy plants over 5 days
under specific standard conditions [30]. More specifically, this parameter is based on the
metabolic activity of aerobic microorganisms. In this context, the low value and apparent
absence of BOD5 in the different dairy effluents could probably be due to a nutritive
balance not compatible with microbial growth or the presence of a very low amount of
viable bacteria. Indeed, BOD5 analyses were performed on alkaline and acid CW which
represent extreme conditions for bacterial growth (pH ranged from 1.17 to 12.59). Similarly,
low/absence of BOD5 for WW could be due to a very low contamination of these effluents
due to the application of a pasteurization treatment and high pH values obtained in this
study (8.23 and 12.45 for plant A and B, respectively) which were higher compared to
those previously published (average from 6.6 and 7.9) [1,12]. Differences in rinsing of
pasteurizers and sampling procedures could explain these results. Indeed, a water flush
was undertaken for the recovery of WW. Toward the end of the water flush procedure, a
caustic rinse with NaOH started. If sampling was performed at the end of the water flush,
contamination of WW with NaOH could occur.

The differences in chemical characteristics and composition observed between acid
and alkaline CW could be related to different CIP and sampling procedures between the
two dairy plants. The experimental results obtained, however, are difficult to compare with
data in the literature since most published work has been undertaken on dairy wastewater
and not specifically on acid and alkaline effluents, separately. Considering this point,
the pH values of acid and alkaline CW were higher than those published in previous
studies (pH ranging from 5.50 to 10.37) while COD values were lower (ranging from
1500–14,000 mg/L) [29,31]. None of the dairy wastewaters (WW and CW) met the dairy
effluent discharge quality specified in Canadian regulatory requirements (Canada Wastew-
ater Systems Effluent Regulations, 2020; Wastewater Treatment Practice and Regulations in
Canada and Other Jurisdictions, 2018), First, COD values of WW and alkaline CW for plant
B were higher than the Canadian regulatory standards (maximum value of 150 mg/L).
Second, the extreme acid and alkaline pH values of CW (dairy plants A and B) and WW
(dairy plant B) (average 6–9 according to Canadian regulatory standards) did not allow
their direct discharge into the environment or their reuse as a dairy ingredient, respectively.
Finally, the concentration of suspended solids in alkaline CW exceeded current standards
(maximum value of 0.03 g/L). Consequently, subsequent treatment of these dairy effluents
is necessary for possible reuse to ensure sustainable dairy wastewater management. Re-
verse osmosis seems to be the most suitable technology due to its efficiency in generating
process water [1,32] and it was demonstrated as an economically profitable alternative com-
pared to other techniques used for treatment of wastewater in the dairy industry [11,33].
By using this membrane treatment, milk solids in WW can also be retained and reused,
however, it will be necessary to make sure that these wastewaters are not contaminated
with alkaline cleaning solutions.

4.2. Bacterial Genera Found in Dairy White Wastewaters

A total of 31 bacterial genera (unclassified genera were not included) were identified
in dairy fluids (WW, tap water and pasteurized milk) originating from two Canadian
dairy plants. Of these, 7 genera (Acinetobacter sp., Anoxybacillus sp., Pseudomonas sp.,
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Psychrobacter sp., Steptococcus sp. and Thermus sp.) are discussed below due to their
detection in WW and their occurrence in milk and dairy products [34].

Pseudomonas sp. and Acinetobacter sp. were identified in WW sampled from both dairy
plants. The presence of these bacteria in these fluids could be correlated to their detection
in pasteurized milk. Indeed, Pseudomonas is considered the predominant psychrotolerant
bacteria in raw milk and a major contributor to milk spoilage [35]. Similarly, psychrotrophic
Acinetobacter has been frequently detected in cold-stored raw milk [35,36]. Both Pseudomonas
sp. and Acinetobacter sp. are heat sensitive and usually do not survive pasteurization [37].
However, Quigley, et al. [38] and Ding, et al. [39] showed that low numbers of Pseudomonas
sp. could survive through commercial pasteurization and may contribute to the pasteurized
milk microflora. Specific Acinetobacter sp. strains may also survive to pasteurization due to
their ability to resist heat treatment [40]. The ability of Acinetobacter sp. and Pseudomonas sp.
to survive cleaning processes in the dairy industry [41] to form biofilms in pasteurizers, heat
exchangers, pasteurization pipelines, and direct steam injection sensor probes [42] could
also explain their occurrence in pasteurized milk from both dairy plants and subsequent
detection in WW. Numerous studies have also reported that Pseudomonas sp. can originate
from drinking water distribution systems [43] and from water used for rinsing, including
cooling water and water recovered after equipment cleaning in dairy plants [44,45]. Despite
the fact that Pseudomonas sp. was detected in tap water from both dairy plants, it would
be surprising to find that this fluid contributed significantly to the contamination of WW
by Pseudomonas sp., due to the very low number of 16S gene copies detected in tap water
(0.05 log10/mL) compared to WW (1.29 and 0.63 log10/mL). In the dairy industry, both
Pseudomonas sp. and Acinetobacter sp. present a considerable challenge because many
species can produce heat-stable lipases and proteases that cause quality defects during
product storage [46]. However, it is important to note that the total number of 16S gene
copies for these two genera was very low (ranging from 0.05 to 1.29 log10/mL) and that it
was not possible to validate their viability.

Some bacterial communities characterized in the WW samples differed according
to the dairy plant environment from which the WW was sourced. Psychrobacter sp. was
mainly detected in WW from plant A whereas Anoxibacillus sp. was the most predominant
bacterial genus in WW from plant B. Psychrobacter sp. is a Gram-negative psychrophilic
genus found in a variety of marine and terrestrial environments [47]. Most strains are
psychrotrophic and grow at 5 ◦C with an optimum temperature close to 20 ◦C. Psychrobacter
sp. was previously detected in raw milk [48] and cheese, but is not usually expected to
survive the pasteurization process [49] which could explain its absence in pasteurized
milk from both dairy plants. Consequently, its presence in pasteurized milk or dairy
products could have originated from post-processing contamination [50]. However, of all
the dairy fluids analyzed, only WW from plant A was found to contain Psychrobacter sp.
Consequently, we could hypothesize that plant A used cold water during the rinsing step to
remove pasteurized milk and biofilms remaining in the pasteurization system, which could
be the origin of these psychrophilic bacteria in WW. Anoxybacillus sp. is a Gram-positive
thermophilic genus isolated from hot springs and found in extreme environments [51].
It has been detected in very low abundance in water springs and drinking water [52]
explaining its presence in tap water (<1.0 log10 16S gene copies/mL) recovered from both
dairy plants. However, Anoxybacillus sp. is widely studied in the dairy sector since strains
of the spore former Anoxybacillus flavithermus have been specifically and frequently found
as a contaminant of dairy processing and milk powders [53]. Indeed, A. flavithermus can
attach and form biofilms on stainless steel surfaces in milk powder manufacturing plants
and is able to survive the high temperature short time (HTST) pasteurization [50,53,54].
Contamination of dairy fluids with A. flavithermus could be due to its predominance in
raw milk, its enrichment or introduction to dairy equipment, or a combination of these
different factors [54]. Our study detected Anoxybacillus sp. (4.03 log10 16S gene copies/mL)
only in WW from dairy plant B. Due to their resistance to heat treatment and their absence
in pasteurized milk; it would be surprising if contamination of WW by Anoxybacillus sp.
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originated from raw milk. Anoxybacillus sp. strains can grow in the regeneration sections of
heat exchangers [55], consequently the pasteurization system could be the main possible
source of contamination due to CIP temperature parameters and the tap water used,
especially in plant B, which contained 32% of Anoxybacillus sp. Interestingly, Anoxybacillus
sp. was absent in WW of plant A even though it was detected in tap water originating
from both dairy plants. Consequently, and contrary to the explanation for the detection of
Psychrobacter sp. in plant A, we could hypothesize that plant B used warm water during
the rinsing step to remove the remaining pasteurized milk in the pasteurization system.
This could explain the predominance of thermophilic bacteria in WW from plant B. The
detection of low numbers of 16S gene copies of Thermus sp., an extreme thermophile genus
detected in hot water sources in the dairy industry [56] and heat-resistant Streptococcus sp.
strains [39] only in WW from plant B supports this hypothesis.

From the perspective of regenerating water from WW using reverse osmosis, the
bacterial diversity and communities characterized in both dairy WW would not be prob-
lematic due to the low number of 16S gene copies per milliliter (ranging from 0.12 to
4.03 log10 16S gene copies/mL) obtained for each bacterial genus. However, by analyzing
the global profile of bacterial genera in WW using metabarcoding, the main difference
found in the WW of both dairy plants is the predominance of psychrotrophic bacteria for
plant A and predominance of thermophilic bacteria for plant B. Consequently, despite their
low concentration, some bacterial genera, such as thermophilic spore-forming bacteria,
could potentially cause spoilage of dairy products since they are resistant to heat appli-
cations. Thus, WW containing lower numbers of thermophilic bacteria are preferable for
downstream applications. In addition, some precautions should be considered to evaluate
the quality of tap water used in the dairy plants.

5. Conclusions

In the present study, we demonstrated that chemical and bacterial composition of
wastewaters depends on multiple environmental factors specific to each dairy plant. More
specifically, and regarding the results obtained in this work, different key challenges to
water reclamation in dairy industries could be identified. The first is the presence of
thermophilic spore-forming bacteria in WW which could represent a challenge for their
reuse due to their negative impact on product and by-products quality. Consequently,
CIP procedure parameters such as temperature may be important elements to consider.
Similarly, and in relation with alkaline pH values calculated for WW, a better control
during the recovery of WW is necessary during CIP to avoid its potential contamination
by cleaning solution (alkaline and acidic). Finally, the quality of tap water used in dairy
plants is a major factor since it can indirectly affect the quality of dairy products. An
implementation of water quality studies and monitoring programs and the use of water
treatment technologies (ozone and ultraviolet (UV) systems) would minimize this problem.
To expand the possibilities for using and valorizing WW, work is currently underway to
evaluate the evolution of bacterial communities during concentration of WW by reverse
osmosis. The final objective is to generate process water and milk solids, and to ensure
optimal quality for their recovery into dairy products.
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