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Abstract: Due to globally increasing problems concerning biodeterioration of paints, it is worthwhile
to enhance the determination of colony forming units (CFU) as a gold standard method via more
rapid and culture-independent techniques. Here, we combined traditional culture-dependent tech-
niques with subsequent sequencing, quantitative qPCR, and a serial quantification method (most
probable number; MPN) to detect paint degrading bacteria in general and sulfate-reducing bacteria
(SRB) in particular. During our investigation of three water-based paints that showed visible con-
tamination, we found high bacterial counts of up to 107 CFU mL−1. Subsequent sequencing allowed
the identification of common paint degraders including Bacillus sp. and Pseudomonas sp., but less
frequently detected bacteria such as Rhodococcus sp. and Delftia spp. were also found to be present.
MPN, as well as dsrA-targeted qPCR to detect SRB, only showed positive results for two out of three
samples. These results coincided with the inherent physicochemical properties of the paints offering
suitable conditions for microbial growth or not. The MPN method can be used for a diversity of
aerobic and anaerobic bacteria and is rapid and reproducible. A combination of culture-independent
techniques such as qPCR or NGS can help to fully elucidate the bacterial diversity in spoiled paint by
also recovering anaerobic and unculturable ones.

Keywords: CFU; coating; MPN; qPCR; sequencing; sulfate-reducing bacteria

1. Introduction

Paint is defined as a unique homogeneous mixture with a thin liquid to semi-solid
paste viscosity [1]. The three major components comprise the binder/additive that adheres
paints to the surface, pigments that give paints coloration and prevent corrosion, and
solvents that make paints more spreadable [2,3]. Modern household paints can be divided
into two main categories, namely oil- or solvent-based paints (thinned with either organic
solvents or mineral turpentine) and emulsion paints (water-based vinyl or acrylic paints) [1].
Some of these (biodegradable) components in paint formulations may serve as carbon
sources for a variety of microorganisms, involving both aerobic and anaerobic bacteria as
well as fungi [4,5]. Water-based paints (commonly acrylic-based) are particularly vulnerable
to microbial deterioration and degradation, primarily due to cellulosic compounds used as
thickeners in paint formulations [5]. Microbial contamination of paints can occur during
manufacturing as well as during storage, causing stains, chalking, malodor, changes in
properties (e.g., viscosity, pH), and visible surface growth [6]. The majority of contaminants
during manufacturing derive from raw materials including the source of water, equipment
vessels, and plumbing lines [6]. Certain microorganisms, including sulfate-reducing bacte-
ria (SRB), are able to form biofilms that adhere to the surfaces of plumbing systems and
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processing tanks [7], leading to corrosion of iron and steel due to the production of highly
reactive and toxic hydrogen sulfide, with the latter causing blackening and the distinctive
“rotten egg” odor in painting products. Furthermore, bacteria embedded in biofilms are
more resistant to desiccation and treatment with biocides [8]. In this context, Bosso and
Cristinzio [9] studied the tolerance of bacteria and fungi to pentachlorophenol, which is
present in various paints as antifouling agent, and were able to observe various strategies
such as exclusion from the cell, conversion into a non-toxic compound, or using it as the
sole carbon source. These microorganisms comprised (amongst others) well-known paint
degraders including aerobic and anaerobic species of the genera Bacillus, Pseudomonas, and
Desulfitobacterium, as well as Penicillium, Phanerochaete, and Rhizopus [9]. Additionally, the
enforcement of biocides regulation to restrict their use in paints to a necessary minimum
causes additional challenges regarding shelf life and premature spoilage, which contradicts
the concept of sustainability. Hence, research activities have been intensified to identify
major contributors responsible for biodeterioration of paints; however, most studies thus
far have focused on culturable organisms using culture-dependent methods. The aim of the
present study was thus to (i) combine culture-dependent methods (colony forming units;
CFU) and most probable number (MPN) with molecular-biological techniques (colony
PCR, sequencing, qPCR), (ii) discuss and compare the contribution of molecular methods
in regards with the already proposed approaches and results, and (iii) causally link these
data to physical and chemical properties of the investigated paints. Our tested hypoth-
esis was that culture-independent techniques will not only broaden our knowledge on
important key players associated with paint spoilage as they can capture yet undetected,
non-culturable, and anaerobic microorganisms, but also expand the repertoire of current
detection techniques with rapid and reproducible methods, particularly regarding difficult
matrices such as paint.

2. Material and Methods
2.1. Physicochemical Analyses

The present study investigated three water-based acrylic paints (paints A to C) from
different manufacturers that are frequently used in local painting companies. These paints
often show visible microbial contamination (surface growth, malodor) shortly after ini-
tial opening (personal communication). The paints were characterized via physical and
chemical properties including their water content (Wc), volatile content (Vc), and pigment
content (Pc), pH, and aw-value. Wc and Vc were determined by drying the paint specimen
at 110 ◦C to a constant weight and for 60 min (ASTM D2369-20), respectively, while the
Pc was evaluated by heating the specimen in a muffle furnace at 450 ◦C (based on ASTM
D3723). The pH was measured using pH indicator stripes (Macherey-Nagel, Allentown,
PA, USA). All analyses were performed in triplicate.

2.2. Determination of Colony Forming Units, Colony PCR, and Sequencing

Samples from the three spoiled paints were taken from the surface, serially diluted
(10-fold), and plated on nutrient agar (Carl Roth GmbH & Co. KG, Karlsruhe, Germany),
then incubated at 30 ◦C for 24 h prior to enumeration of CFU. Morphologically different
colonies were aseptically picked from the Petri dishes and isolated, which then served
as a template during PCR amplification using the Red Taq DNA Polymerase Mastermix
(2×, VWR, Radnor, PA, USA) and the universal bacterial primer pair 27f and 1492r (Eurofins
Genomics, Ebersberg, Germany). PCR conditions included an initial denaturation step at
95 ◦C for 5 min (the prolonged denaturation step intended to disrupt the cells), followed
by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 53 ◦C for 30 s, and elongation
at 72 ◦C for 45 s. A final elongation step at 72 ◦C for 10 min completed the protocol. PCR
products were checked on a 1.0% [w/v] agarose gel and purified with the Nucleospin Gel
and PCR Clean-up Kit (Macherey Nagel, Düren, Germany) according to the manufacturer’s
instructions, similar to the study conducted by Bosso et al. [10]. The quantity and purity of
the purified PCR products were evaluated via UV-vis spectrophotometry with NanoDrop
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2000cTM (PeqLab, Erlangen, Germany), sent to Eurofins Genomics (Germany) for sequenc-
ing, and gene sequences compared with existing sequences in available databases using the
BLAST software 2.14.0 [11]. The obtained sequences were submitted to GenBank (accession
number: SUB13264124).

2.3. Most Probable Number

For selective enumeration of SRB, 180 µL of sterilized sulphite broth (Carl Roth GmbH
& Co. KG, Karlsruhe, Germany) were filled into each well of a sterile 96 well microplate.
Similar to CFU quantification, 20 µL were withdrawn from the surface of the spoiled
paints and added into the first row, followed by a serial dilution of the sample up to 10−12

(in the last row). The 96-well plates were placed in an AnaeroPack chamber, activated
Microbiologia Anaerocult® A was added to create anaerobic conditions, and the chambers
were cultivated at 30 ◦C for up to three days. The numbers of present SRB were determined
according to the MPN Determination from Serial Dilutions by R. Blodgett, FDA [12–14]
(please refer to Supplementary Table S1).

2.4. DNA Extraction and qPCR

A sample of 50 mL was taken from the surface of the spoiled paints and filtered
through a 0.45 µm membrane (Whatman ®, Kent, UK), washed with PBS, and cut into small
pieces with a sterile scalpel prior to extraction. DNA was extracted using the NucleoSpin®

Microbial DNA Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s
instructions. The integrity of the DNA was determined on a 1.0% agarose gel and the
quantity and purity of the extracted DNA was evaluated via UV-vis spectrophotometry
with NanoDrop 2000cTM (PeqLab, Erlangen, Germany).

qPCR was performed on a CFX96 Touch Deep Well Real-Time PCR System
(Bio-Rad, Hercules, CA, USA) using the iQ™ SYBR® Green Supermix (Bio-Rad, Hercules,
CA, USA) in 20 µL volumes. Each standard reaction mix contained a final concentration of
1× Supermix reaction premix, 100 nM each primer, 0.04 mg mL−1 BSA, and distilled water.
For the quantification of the entire bacterial community, the universal primer pairs 338f
and 805r were applied [15]. Prior to amplification, the samples were subjected to an initial
denaturation step at 95 ◦C for 5 min. For construction of calibration curves, we used
genomic DNA from Escherichia coli (DSM 4230) purchased from the German collection
of microorganisms and cell cultures (DSMZ). Cycling conditions for quantification of the
assays targeting bacterial 16S rRNA gene copies were as follows: 94 ◦C for 30 s, 60 ◦C
for 30 s, and 72 ◦C for 90 s (35 cycles). The primers used to specifically target SRB were
dsrA_290F and dsrA_660R, and Desulfovibrio vulgaris (DSM 644, DSMZ, Braunschweig,
Germany) was used as standard [16]. Cycling conditions included an initial denaturation
at 95 ◦C for 3 min, followed by 50 cycles of 40 s at 95 ◦C, 30 s at 60 ◦C, and 30 s at 72 ◦C [14].
Each run included negative and non-template controls (UltraPure DNase/RNase-Free
Distilled Water, Invitrogen, Carlsbad, CA, USA), and samples were run in duplicate. After
quantification, PCR products were checked via melting curve analysis.

2.5. Statistical Analyses

Data analysis was performed using SigmaPlot v15.0 (Systat Software Inc., Chicago, IL,
USA). Results are given as mean (n = 3) and error bars correspond to the standard deviation
unless stated otherwise.

3. Results
3.1. Physicochemical Properties

All determined physicochemical parameters are summarized in Table 1. All three paint
samples exhibited alkaline pH-values ranging from 8.0 to 10.5 and showed similarly high
aw-values. The Wc ranged from about 40 to 50% (Table 1). While the Vc was significantly
lower in paint B compared with A and C, paint A was characterized by a much lower
pigment content (Table 1).
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Table 1. Physical and chemical characteristics of the fresh paints. Values are given as means (±SD),
n = 3. Wc, water content; Vc, volatile content; Pc, pigment content.

Paint pH aw-Value Wc [%] Vc [%] Pc [%]

A 8.0 0.98 (0.001) 46.7 (0.6) 67.0 (2.7) 53.2 (2.5)
B 10.5 0.98 (0.002) 50.0 (0.9) 48.8 (0.3) 79.5 (3.5)
C 8.5 0.98 (0.001) 40.4 (0.3) 59.5 (1.6) 84.2 (1.4)

3.2. Microbiological and Molecularbiological Approaches

Culture-based techniques revealed high bacterial counts ranging from 4.2 × 106 CFU mL−1

(paint A), 1.8 × 107 CFU mL−1 (paint B) to 3.0 × 107 CFU mL−1 (paint C). The three different
spoiled paint samples revealed the presence of 16 morphologically different species, which were
subsequently used to conduct colony PCR with BLAST searches using the rRNA/ITS databases.
Among the bacteria, abundant phlya related to Firmicutes (Bacilli) and Proteobacteria were
found. At genus level, we were able to identify Pseudomonas spp. and Bacillus spp. as the
dominant bacteria, both being detected in all three investigated paint samples. Besides Bacillus
and Pseudomonas spp., we identified Staphylococcus sp., Flavobacterium sp., Microbacterium sp.,
Alcaligenes sp., Citrobacter sp., Delftia spp., Providencia sp., Comamonas sp., Rhodopseudomonas sp.,
and Rhodococcus sp. as abundant organisms in spoiled paint (please refer to Table 2).

Table 2. Identified bacteria in the three different paint samples (A to C) using colony PCR and
subsequent sequencing.

Organism Paint Accession Number Similarity [%]

Delftia spp. A NR_113708.1 >99
C NR_113870.1 >99

Flavobacterium sp. A NR_104713.1 >99
Microbacterium sp. A NR_044936.1 >98

Rhodococcus sp. A NR_145886.1 >99
Rhodopseudomonas sp. A NR_036771.1 >99

Alcaligenes sp. B NR_113606.1 >99
Comamonas sp. B NR_114865.1 >97
Providencia sp. B NR_115880.1 >98
Citrobacter sp. C NR_117752.1 >99

Staphylococcus sp. C NR_156818.1 >99

Bacillus spp. A,B NR_112636.1 >99
C NR_164882.1 >99

Pseudomonas spp.
A,C NR_114226.1 >99
B,C NR_181196.1 >99
A,C NR_040802.1 >99

qPCR targeting the 16S rRNA gene was conducted to quantify the entire bacterial
community in the surface film of deteriorated paint samples. The results revealed high LOG10
16S rRNA gene abundances ranging from 7.2 ± 0.10 copies mL−1 to 8.9 ± 0.002 copies mL−1

(Figure 1). Using dsrA primers to quantify SRB resulted in positive signals for paint A and C
with LOG10 abundances of 2.5 ± 0.52 copies mL−1 and 3.4 ± 0.32 copies mL−1, respectively.
The amplification efficiencies ranged between 94% and 99% with a regression coefficient value
(R2) systematically above 0.99. LOG10 abundances of SRB confirmed the results obtained from
MPN techniques as a statistical method to estimate the viable numbers of SRB in a sample
resulting in 2.50 × 102 and 1.90 × 103 cells mL−1 in paint A and C, respectively, as evidenced
by a characteristic formation of black iron sulfide precipitates. We were unable to detect SRBs
in paint B using both qPCR and MPN technique (Figure 1 and Supplementary Table S1).
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4. Discussion

Water-based paints are highly prone to microbial deterioration as they offer a con-
ducive environment including available nutrient sources, water supply, and suitable
pH-values. A variety of products exhibit high water activities (aw > 0.85) that favors
microbial growth and accounts for the need of preservatives [17–19]. This available or
free water causes (bio)chemical reactions [17–19] that have been shown to have a negative
impact on product characteristics including texture, color, and stability and lead to gassing
and malodor. Moreover, water-based paints are known to contain recycled water that may
be a source of contamination [20]. One of the first signs of deterioration is loss in viscosity
and phase separation due to microbes releasing enzymes that primarily attack the cellulose
used as thickening agent [21]. Although the paints used in this study are characterized
by (slightly) alkaline pH values (Table 1), which lies outside the neutral range preferred
by the majority of microorganisms, a high-water availability and pigments serving as
carbon and nitrogen sources allowed microbial growth in all tested samples. Etim and
Antai [22], investigating the effect of different pH values (and temperatures) on the growth
of microorganisms in paints, reported that Bacillus and Pseudomonas sp. preferred alkaline
over acid pH values. Furthermore, Poulsen et al. [23] also reported that pH values up to 11
did not sufficiently remove bacterial contamination from paints entirely, which is consistent
with the results in the present investigation.

Using culture-dependent techniques, we detected total bacterial counts in spoiled
paints up to 107 CFU mL−1. These results are consistent with the findings from
Olayide et al. [24], who reported mean bacterial counts in spoiled paints ranging from
2.3 × 106 CFU mL−1 to 6.8 × 108 CFU mL−1 using nutrient agar. Lower numbers
of total viable counts were detected in fresh emulsion and gloss paints, ranging from
1.1 × 103 to 3.6 × 103 CFU mL−1 [18]. Subsequent sequencing allowed the identification
of common paint degraders including Pseudomonas spp., Bacillus spp., Alcaligenes sp., and
Staphylococcus sp. in spoiled paints (Table 2). Species of Bacillus and Pseudomonas were
frequently detected in spoiled paints and were found to be associated with alteration of
paint characteristics [24–26]. Endospore-forming Bacilli are resistant to hostile physical and
chemical conditions, such as concentrated biocides, very low pH, and high temperatures,
and were thus detected in freshly produced as well as spoiled paint [24]. After germination,
they hydroxylate and oxidize the organic matter through oxidation-reduction reactions
that cause the pH to cease, which, in turn, results in increasing stability problems [2].
Among bacteria, endospore-forming Bacilli and Pseudomonas spp., both being present dur-
ing the initial stages of paint biodeterioration, are able to secret enzymes responsible for
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the degradation of pigments as well as cellulosic thickeners [27]. Cellulolytic enzymes
predominantly comprise endoglucanases that randomly hydrolyze the β-1,4-linkage of
the cellulosic ether chains [27], resulting in respective end products such as cellobiose and
glucose being easily accessible and thus facilitating subsequent microbial proliferation.
Furthermore, Pseudomonas spp. are able to attack cellulosic derivates next to phenolic
resins present in binders and stable and difficult to degrade volatile organic compounds
(VOCs) such as toluene used as paint thinners [17,25]. Unlike Bacillus-related species,
Pseudomonas spp. are primarily found in spoiled paint, thus highlighting their ability to
tolerate both biocides and a high level of heavy metals [24]. Previous investigations also
found Alcaligenes sp., Staphylococcus sp., Flavobacterium sp., and Microbacterium sp. to be
frequently abundant in spoiled paint [3,24,28,29], which agrees with our results. The consis-
tent isolation of the above-mentioned organisms indicates that they constitute characteristic
paint degraders; however, we also found less frequently described microorganisms such
as Rhodococcus, Providencia, and Delftia spp. (Table 2) that might significantly contribute
to the biodeterioration process. Species among these genera are known for their unique
metabolic capabilities to break down or transform phenols or (aromatic) hydrocarbons
(e.g., toluene) and are resistant and able to degrade heavy metals [30,31]. Rhodopseudomonas
spp. have gained increasing importance due to their ability to degrade aromatic compounds
including benzene, which is a major part of numerous commercial products including
paints and ink. In this context, many of the traditional pigments used in paint formulations,
as well as bases that provide bulk to the paint and driers, contain heavy metals including
cadmium, chromium, cobalt, lead, and zinc [32,33]. Other bacteria isolated from spoiled
paints, which were not detected in this study, include (e.g.,) Arthrobacter sp., Azotobacter sp.,
Burkholderia sp., Enterobacter sp., and Micrococccus sp. [24].

Almost all studies related to biodeterioration of paints, however, used standard cultiva-
tion methods to quantify and biochemical techniques to identify the microbial community.
To our knowledge, just one publication by Olayide et al. [24] applied a combination of
culture-based techniques and a metagenomic approach to reveal a diverse population of
bacteria and archaea in fresh and spoilt water-based paints. Hence, the actual bacterial
(and fungal) abundance and diversity is inevitably underestimated. Further limitations
include the choice of media and incubation conditions that orientate the microbial groups
to be cultivated, while molecular methods allow the examination of microorganisms that
cannot be isolated and cultivated with current culture methodologies. They facilitate a
rapid and reproducible comparison of different environmental samples, revealing a high
specificity and sensitivity [34]. To receive a bigger picture, we combined culture-dependent
(CFU), with MPN and culture-independent techniques (colony PCR, qPCR). qPCR targeting
the 16S rRNA (universal bacteria) and dsrA gene (SRBs) revealed high copy numbers of
bacteria in all deteriorated paints, while SRB were only detected in two out of three paints
(Figure 1). These results coincided with the results obtained by MPN techniques as a rapid
and cheap method to screen paints for the presence of SRB, with positive reactions for paint
A and C only (Figure 1). In this context, SRB prefer environments with pH values ranging
from 5.0–8.0 [35], with paint B being characterized by higher pH values (Table 1) and thus
unfavorable conditions. While increasing the pH in paint samples can be advantageous
regarding microbial attack, adjustment during manufacturing to a value typically greater
than 8.0 is carried out using neutralizing amines (e.g., 2-amino-2-methyl-1-propanol), with
their addition causing instabilities during storage. The negative impacts of contamination
with SRB are similar to those resulting from aerobic ones: loss in viscosity, pH shifts, mal-
odor (characteristic rotten eggodor), discoloration, and gassing. Furthermore, SRB are able
to form biofilms, making them highly resistant to antimicrobial agents. Using a metage-
nomic approach, Olayide et al. [24] were also able to detect Desulfovibrio sp. in spoiled paint
samples, leading to the assumption that SRB are frequently more abundant in spoiled paint
than hitherto believed. These results also highlight the importance of techniques beyond
traditional cultivation to recover both anaerobic and unculturable organisms associated
with paint spoilage. The proposed methods (MPN, qPCR) thus supplement the panel
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of culture-dependent techniques and constitute an easy and rapid opportunity to detect
microbial contamination in paints; however, further applications such as next-generation
sequencing should be addressed to receive a detailed picture of the microbial community
in bio-deteriorated paints, indispensable for preventing spoilage.

5. Conclusions

Biodeterioration of painting products, although a well-known “old” challenge in
the paint and coating industry, has not received much scientific attention in the past
decades. Few studies have thus far been conducted, particularly by researchers in
tropical countries, where high temperatures and humidity favor microbial growth and
deterioration. However, recently, due to the enforcement of biocides regulation, e.g.,
the Biocidal Products Regulation (BPR, Regulation (EU) 528/2012), to restrict their
use in paints to a necessary minimum, industries have called upon intensive research
activities in that respect. Strategies, such as the identification of contamination sources
(and their termination) in the production process, the development of novel packaging
policies, or the addition of safe bio-additives have been considered to compensate
biocide application. However, to “know your enemy”, more comprehensive analyses of
microbial key players are urgently needed, based on a harmonized approach combining
the best of both worlds, culture-dependent techniques and molecular applications. With a
detailed knowledge of the microorganisms involved in paint spoilage, more targeted and
efficient measures can be taken to avoid contamination without biocides and increase the
shelf life of the products. As paint spoilage is still considered a “black box”, with essential
information about preventing biodeterioration still being missed, future investigations
should also focus on other bacterial groups, such as iron bacteria as well as fungi,
by using culture-independent approaches such as targeted amplicon sequencing and
metagenomics, along with Fourier-transform infrared spectroscopy (FTIR) analyses,
which could help to elucidate major structural changes or modifications of contaminated
water- and oil-based paints, particularly interesting during storage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13061055/s1, Table S1. MPN calculation table for 8 tubes
according to Blodgett [10–12] and 95% confidence intervals.
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