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Abstract: Culture-dependent and culture-independent microbiological methods are two approaches

used to study microbial community composition. Culture-dependent methods have been the standard

method used for many years but have limited utility with unculturable microorganisms. Culture-

independent methods, including molecular techniques, enable direct analysis of microbial DNA

without requiring cultivation. Both culture-dependent and -independent methods have roles in

advancing our understanding of microbiology, and a combination of these approaches often yields

a comprehensive depiction of the microbial diversity within a dynamic system. Bacterial activity

reaction tests (BARTs) are a common culture-dependent test used to identify bacteria growing in

industrial water samples. In this study, next-generation sequencing (NGS) was used to identify the

taxa growing in BARTs and compared with the BART reaction patterns. Additionally, several water

samples were analyzed by both BART and NGS analysis to determine whether the bacteria found

in the water were also present in the BARTs. The results showed overall agreement between NGS

lCJTJedc:t?sr and BARTSs, though, in some cases, the most abundant taxa found in the water samples differed

from those in the BARTs. This highlights the need for further study into the microbial community
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applmicrobiol4030073 1. Introduction

The culture-dependent methods used to enumerate microbiological populations typi-
cally use various types of nutrient agar to either stimulate the growth of the population as
a whole or select for particular types of microorganisms [1]. Popular nutrient-media-based
tools to quantify microbial populations in water samples may use a nonselective nutrient
media to stimulate the growth of microorganisms in the sample so that they can be quan-
tified by various methods. Examples of nonselective growth media for aerobic microbes

include R2A media [2], tryptic soy broth [3], and plate count agar [4]. Selective media
can include cetrimide for Pseudomonas species [5], MacConkey agar for Gram-negative mi-
crobes [6], and even BYCE agar for the isolation and quantification of Legionella species [7].
The use of these types of nutrient media helps determine the types and populations of
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applications are those that form biofilms, those capable of participating in microbiologically
influenced corrosion (MIC), and the potentially pathogenic bacteria such as Legionella.
Monitoring for the presence of these various types of microorganisms requires different
tools and is a critically important part of a water treatment program.

While selective media stimulate the growth of certain microorganisms, it is well known
that most microorganisms in a sample cannot be cultured [8]. Fortunately, the development
of cost-effective metagenomic analysis of waters has enabled users to obtain much more
information on the entire microbiological population in their systems compared to culture-
based methods [9]. For example, next-generation sequencing (NGS) is now widely available
and can provide valuable information on the types of microorganisms in an industrial
water system. Although higher in cost than traditional methods, the rapid advances in
genetic sequencing and metagenomic analysis make NGS analysis of water samples a
useful complement to the well-known culture-based tests.

While the various nutrient media options are useful tools in a laboratory setting, they
are impractical for use in the field. Some field nutrient-based microbiological tools are
available to help determine microbial populations outside of a lab setting. Examples of
these would include dip slides for aerobic microbes, small nutrient vials for the detection of
sulfate-reducing prokaryotes, and biological activity reaction tests (BARTs) for the detection
of various types of microorganisms [10]. BARTs are fairly low-cost culture-dependent tests
that use selective media that are present in convenient plastic tubes to encourage the
growth of various types of microbes when a water sample is added. Both the way the
microorganisms grow and the reactions that may occur in the tube can indicate the types of
microorganisms present. The time in which both the growth and reaction occur can help
in the quantification of the microorganisms present. Taken together, the BARTs can yield
valuable information about the types and quantity of microorganisms present in a system.

This study was undertaken because a large chilled-water loop in Texas was experienc-
ing corrosion issues, and to rule out microbiologically influenced corrosion (MIC), several
tests were run to determine whether the corrosion could be attributed to the metabolic
activity of microorganisms. A sample of the water from this system was added to an iron-
related bacteria BART tube and incubated according to the directions. After several days,
growth was observed by the appearance of cloudiness in the tube, but that growth did not
correspond to the reaction pattern that would include darkening and the appearance of red
in the tube if the familiar iron-related bacteria associated with MIC were present [11-13]. To
determine the types of microorganisms growing in the tube, the sample was sent for NGS
analysis. The results showed the most abundant bacteria to be Pseudomonas and several
other microbes, but none of the well-known iron bacteria Leptothrix or Sphaerotilus were
found. Although Pseudomonas are known to play a role in microbiologically influenced
corrosion events [14], the absence of the Leptothrix and Sphaerotilus led us to investigate the
types of microorganisms that are present in the BART tubes.

Toward this end, the microbiological populations in several different types of BARTs
were characterized by NGS analysis to understand which taxa were the most predominant
in the tubes after incubation and whether these taxa were of notable abundance in the
original sample. This paper describes the comparison of the BART reaction patterns and
the NGS results of the most abundant microbial genera present in the tube compared to the
NGS analysis of the original sample.

2. Materials and Methods

A total of 99 different samples from various types of industrial water systems were
used in this study. Table 1 lists the number of different water samples that were cultured in
the various BART tubes, and Table 2 lists the 10 water samples that were analyzed by both
BART tube and NGS analysis. The BART tubes were inoculated with 15 mL of the system
water, labeled, and incubated at room temperature out of direct sunlight according to the
instructions [15]. The BARTs were observed every day until a reaction had occurred or until
7 days after inoculation. The reaction patterns and approximate population (cfu/mL) were
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then noted and tabulated according to the type of BART that was used. If the BART tube
yielded a positive result, or if active growth was observed, that tube was then selected for
NGS analysis, and a picture was taken to record the appearance of the tube and to interpret
the reaction patterns of the positive tubes.

Table 1. The percentage of BARTs tubes in which the reaction pattern and metabolic group/taxon
identified by NGS analysis agreed after incubation. Agreement determined where the reaction pattern
and metabolic group/taxon both indicated a presence above 1-5% relative abundance.

Metabolic
Group/Taxon

Slime-Forming
Bacteria BARTs
(%), n =28

Iron-Related
Bacteria BARTs,
(%) n =26

Denitrifying
Bacteria BARTs,
(%), n=21

Acid-Producing
Bacteria BARTs,
(%), n=14

Interpretation Notes

Enteric bacteria

28.6

Enteric bacteria encompass all
identified organisms under the
family Enterobacteriaceae.

46.2

Pseudomonas

214

Pseudomonads include all identified
organisms under the
genus Pseudomonas.

15.4

Slime-forming
bacteria/
prokaryotes

100

The slime-forming /prokaryotes and
bacteria metabolic groupings included
slime formers, both bacterial and
prokaryotic, as well as viscous
bulking bacteria.

Iron-related bacteria

The iron-related bacteria metabolic
grouping included both iron-reducing
bacteria and iron-oxidizing bacteria.

84.6

Anaerobic bacteria

The anaerobic metabolic grouping
included methane oxidizing, methane-
producing—acetotrophic, methane-
producing—hydrogenotrophic,
methane producing—methylotrophic,
methane-oxidizing prokaryotes,
syntrophs, sulfate-reducing bacteria,
foaming, and
fermentative prokaryotes.

65.4

Acid-producing
and/or fermentative
metabolism

The acid-producing and fermentative
metabolic grouping included
acid-producing prokaryotes,

fermentative prokaryotes,
fermentative thiosulfate-reducing
prokaryotes, and acetogens.

100

Denitrifying bacteria

The denitrifying grouping included
nitrite-reducing and
nitrate-reducing organisms.

100

Agreements for the listed microorganisms and metabolic groupings were only considered if the types of BARTs had reaction patterns for them.

NGS analysis by 165 rRNA gene sequencing was used to determine the types and
relative abundance of microorganisms present in the BART tubes. To prepare the samples
for NGS, the DNA contained in the sample was preserved according to the following
procedure: Approximately 15 mL of each positive BART sample was filtered through a
100 mL Pall Co. MicroFunnel filter funnel with a 0.2-micron Supor membrane (Pall Co., Port
Washington, NY, USA). Using heat-sterilized tweezers, the membrane filter was then folded
three times and placed into a proprietary lyophilized preservation buffer (Preservation
Buffer A, LuminUltra Technologies, Fredericton, NB, Canada) in a 5 mL conical tube
that had been previously rehydrated using 1.5 mL of nuclease-free water (LuminUltra
Technologies, Fredericton, NB, Canada). Once the membrane was added to the rehydrated
preservation buffer, the tubes were vortexed for ~30 s as per the manufacturer’s instructions.
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Table 2. The three most abundant genera identified by NGS in the original water samples versus
those in the BART-incubated samples. Genera that are in red bold text appear in the top three both in
the original water sample and in the BART-incubated samples.

Sample Top 3 Genera IRB BART Top 3 Genera SLYM BART Top 3 Genera DN BART Top 3 Genera
1. Phaeodactylibacter 1. Pseudomonas 1. Clostridium_sensu_stricto_1
Sample 10 2. Hydrogenophaga 2. Shewanella 2. Shewanella
3. JGI_0001001-H03 3. Proteiniclasticum 3. Pseudomonas
1. Hydrogenophaga 1. Pseudomonas
Sample 9 2. Flavobacterium 2. Chryseobacterium
3. Simplicispira 3. Flavobacterium
1. Pseudomonas 1. Pseudomonas
Sample 8 2. Rheinheimera 2. Thermovirga
3. Flavobacterium 3. Halomonas
1. Pseudomonas 1. Pseudomonas 1'1 Clostridium_sensu_stricto 1. Pseudomonas
Sample 7 2. Alishewanella 2. Stenotrophomos 5 b 2. Stenotrophomonas
3. Sphingopyxis 3. Alishewanella 2. Dseudoronas 3. Alishewanella
’ T ] 3. Stenotrophomonas T
1. Nubsella 1. Aeromonas
Sample 6 2. Sphingopyxis 2. Morganella
3. Aminobacter 3. Hafina-Obesumbacterium
1. Cupriavidus 1. Providencia 1. Sphingobacterium
2. Stenotrophomonas
Sample 5 2. Pedobacter 2. Pseudomonas gy .
. . . 3. Clostridium_sensu_stricto
3. Sphingobacterium 3. Alcaligenes 18
1. Hyphomicrobium 1. Pseudomonas
Sample 4 2. Pir4_lineage 2. Morganella
3. Haliscomenobacter 3. Aeromonas
1. Pseudomonas 1.1 Clostridium_sensu_stricto
Sample 3 g IL)fﬁ whm;{(l)‘;acter 2. Lysinibacillus
TPy 3. Paraclostridium
1. Pseudomonas 1. Pseudomonas 1. Pseudomonas
Sample 2 2. Methyloversatilis 2. Morganella 2. Alkaliphilus
3. Cupriavidus 3. Acinetobacter 3. Cupriavidus
1. Pseudomonas 1. Pseudomonas
Sample 1 2. Cupriavidus 2. Sphingobacterium
3. Sphingobacterium 3. Stenotrophomonas

The tube and its contents were then shipped overnight for NGS analysis. The pre-
served DNA from the samples was extracted and subjected to PCR amplification using the
V4 variable region primers 515F (GTGYCAGCMGCCGCGGTAA) [16] + 806R (GGACTAC-
NVGGGTWTCTAAT) [17]. The thermocycler program consists of denaturation at 94 °C for
120 s followed by 30 cycles of denaturation at 94 °C for 45 s, annealing at 59 °C for 45 s, and
elongation at 72 °C for 45 s followed by a final elongation at 72 °C for 10 min. The amplicons
were purified using Agencourt AMPure XP magnetic beads (Beckman Coulter Genomics
GmbH, South Plainfield, UK) according to the manufacturer’s instructions. Following
the quantification of the purified products using a Qubit High-Sensitivity Fluorometer kit
(Invitrogen, Carlsbad, CA, USA), amplicons from each sample were combined at equimolar
concentrations into an amplicon library. Finally, the DNA concentration of the library was
measured by Qubit once again, diluted to a concentration of 2 nM, and then sequenced
using an Illumina MiSeq sequencer with a v2 500 cycle reagent kit (Illumina, San Diego,
CA, USA). Sequences were received for each sample as de-multiplexed FASTQ files repre-
senting forward and reverse paired-end reads. The paired-end reads were merged, and
combined reads with a total expected error threshold above 0.5 were discarded using USE-
ARCH (v10.0.240) [18], and the “classify.seqs” and “remove.lineage” commands in Mothur
(v. 1.36.1) were used to identify and remove potential mitochondrial, chloroplast, archaeal,
and eukaryotic contaminants [19]. The remaining sequences were grouped into operational
taxonomic units (OTUs) based on a 3% sequence dissimilarity cutoff using the UPARSE
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greedy algorithm in USEARCH, during which chimeric sequences were also removed [18].
Subsequently, the taxonomic identity of each OTU was determined with the SINTAX algo-
rithm implemented in USEARCH [20] in conjunction with the most current SILVA SSU ARB
database [21,22]. The B-diversity analysis was carried out using the “ggplot2”, “vegan”,
and “picante” packages in R.

The NGS results included putative metabolic assignments for the microbes found in
the sample that were classified to the genus level. These assignments were assigned by
cross-referencing a database that connects taxonomic IDs (via SILVA [16]) with a database
of metabolic activities ascribed to those genera in the literature. Since the genus level is
the most specific classification that can be reported with 16S rRNA gene sequencing, there
are taxa that appear in multiple metabolic groups (for example, various species within
the genus Pseudomonas, have different metabolic capabilities, including slime forming and
iron reduction). These assignments were used to help determine whether the microbial
consortia [15] identified by the growth patterns in the BART tube were specific to the
type of BART used or whether it was part of an opportunistic population, which would
not have given rise to the expected growth patterns that were observed in the tube. The
primary criteria that were then used to determine agreement, or disagreement, between
the methods was the presence or absence of the same microbes and subsequent metabolic
groups identified by both methods.

3. Results

The intent of this study was to determine whether there was agreement between the
types of microbes that were identified as being present in the BART tubes, based upon the
reaction patterns and reaction patterns listed in the BART instruction manuals, and the
microbes identified through NGS results.

Table 1 summarizes the comparison of the types of microbes present in the different
BART tubes used in this study, based upon the observed reaction patterns in each tube, with
the metabolic group of the identified taxa based upon the NGS analysis of each tube.

3.1. Comparison between Slime-Forming Bacteria (SLYM) BART and NGS Results

The SLYM BART has a total of eight reaction patterns that can occur. A total of twenty-
eight SLYM BARTSs were sent for NGS analysis, all of which exhibited one or more of the
five reaction patterns DS (dense slime gel-like), SR (slime rings around the ball), CP (cloudy
plate layering), CL (cloudy growth), and BL (blackened liquid) (15). The reaction patterns
DS, SR, CP, and CL all identify the slime-former metabolic group and BL identifies enteric
bacteria and pseudomonads.

As shown in Table 1, the NGS analysis results and the reaction pattern of the BART
showed agreement in 100% of the samples for the presence of slime-forming bacteria. In 6
out of the 28 BARTSs (21%), the reaction pattern for both enteric bacteria and pseudomonads
was present. NGS analysis of those six BARTs (21%) showed the presence of enteric bacteria
in three and Pseudomonas presence in five. In 22 of the 28 slime-forming BARTs (79%),
the reaction pattern for enteric bacteria and pseudomonads was absent. NGS analysis
showed that, in 17 of those 22 BARTs (77%), enteric bacteria were present, and in 21 of
those 22 BARTs (95%), pseudomonads were present.

The most abundant taxon identified by NGS, at the genus level, in the SLYM BARTs
was Pseudomonas, identified in 26 out of the 28 samples (93%) as shown in Figure 1.

At the family level, Enterbacteriaceae were the most abundant microbes that were
identified, as shown in Figure 1.
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Figure 1. The top 10 taxa by mean relative abundance (%) identified in the SLYM BARTs (n = 28) by
NGS analysis, identified to its most specified taxonomic level.

3.2. Comparison between Iron-Related Bacteria (IRB) BART and NGS Results

The IRB BART has a total of eight reaction patterns that can occur. A total of twenty-six
IRB BARTs were analyzed and sent out for NGS analysis, all of which exhibited one or more
of the six reaction patterns: BC (brown cloudy), FO (foam), BR (brown rings), BG (brown
gel), RC (red cloudy), and BL (blackened liquid). The reaction patterns BC, BG, and BR all
identify iron-related bacteria; FO identifies anaerobic bacteria; BL identifies pseudomonads
and enteric bacteria; and RC identifies enteric bacteria.

As shown in Table 1, the NGS analysis results and the reaction pattern of the BART
showed agreement in ~85% of the samples for the presence of iron-related bacteria. The
remaining four IRB BARTs (15%) that were not in agreement did not show the reaction
pattern for iron-related bacteria. The BART reaction patterns and NGS results in 14 (54%)
of the BARTs were not in agreement regarding enteric organisms. In eight of those fourteen
samples, the BART interpretation indicated the presence of enteric organisms, but the NGS
results showed no enteric organisms. In the remaining six samples, NGS analysis showed
the presence of enteric microbes, but the BART reaction pattern did not. Twenty-two of the
twenty-six IRB BARTs (85%) did not show a reaction pattern for pseudomonads, whereas
the NGS results did.

Nine of the twenty-six BARTs (35%) did not show agreement for anaerobic bacteria
between reaction patterns and NGS analysis. The reaction patterns for four of those nine
indicated the presence of anaerobic bacteria, while the NGS data did not. The remaining
five samples did not show the reaction pattern for anaerobes, whereas the NGS results did
report their presence.

At the family level, Enterbacteriaceae and Burkholderiaceae were identified as the second
and third most abundant present as shown in Figure 2.
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Figure 2. The top 10 taxa by mean relative abundance (%) identified in the IRB BARTs (1 = 26) by
NGS analysis, identified to its most specified taxonomic level.

3.3. Comparison between Denitrifying (DN) BART and NGS Results

The DN BART has a single reaction pattern noted as FO for foam formation. A total
of twenty-one DN BARTs were analyzed and sent out for NGS analysis. As displayed in
Table 1, the NGS analysis results and the reaction pattern of the DN BARTs showed agree-
ment in all twenty-one samples for the presence of taxa that can perform denitrification.
Pseudomonas was the most abundant microbe identified by NGS and was identified in all
twenty-one of the samples. Figure 3 shows the most abundant microbes at the family levels.
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Figure 3. The top 10 taxa by mean relative abundance (%) identified in the DN BARTs (1 = 21) by
NGS analysis, identified to its most specified taxonomic level.
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3.4. Comparison between Acid-Producing Bacteria (APB) BART and NGS Results

The APB BART also has a single reaction pattern, that is, a color change due to the pH
indicator bromocresol purple, which changes color from purple to yellow, and is noted as
DY. A total of fourteen APB BARTs were analyzed and sent out for NGS analysis. Table 1
shows that the NGS analysis and the reaction pattern of the APB BART agreed in fourteen of
the fourteen samples for the presence of acid-producing bacteria. Cupriavidus was the most
abundant taxa identified by NGS at the genus level, but members of Enterobacteriaceae
were the most abundant at the family level. Figure 4 shows the most abundant taxa at the
family level.

11.58

2.95

MEAN RELATIVE ABUNDNACE (%)

2.68
251 2.50 234 216 508 -
D | -
TAXA
@ Enterobacteriaceae Cupriavidus Clostridium_sensu_stricto_5
Azospira [ Bacteroides [ Burkholderiaceae
@ Sphingomonadaceae M@ Clostridium_sensu_stricto_1 @ Pseudomonas

@ Veillonellaceae

Figure 4. The top 10 taxa by mean relative abundance (%) identified in the APB BARTs (n = 14) by
NGS analysis, identified to its most specified taxonomic level.

3.5. NGS and BART Analysis of Water Samples

To determine whether the microbiological populations in the BART tubes were re-
flective of the types of microbial communities present in the original water samples, ten
different water samples were analyzed by one or more BARTS, followed by NGS analysis
of the water and the BART that was used on the water sample. The three most abundant
taxa identified by NGS in the water and in the BART are presented in Table 2. If a taxon
was in the top three of both the water and the BART, it is highlighted in red. If there are no
results listed for a BART, that particular BART was not used for the water sample.

In six of the ten samples, there was at least one taxon that was among the three most
abundant taxa found in both the water sample and the BART tube. Four of the samples
had no common taxon amongst the three most abundant in either the water or the BART
tubes. In three of the samples, Pseudomonas was the most abundant taxon in the water and
in the BART.

4. Discussion

The goals of this project were to understand whether the reaction patterns observed in
the BARTs were truly indicative of the types of bacteria that were growing in the tubes (as
identified by NGS analysis of the tubes) and whether the bacteria that were identified in an
industrial water sample were also present in the BART tube that was used to analyze that
water sample.
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It was largely the case that the reaction patterns observed in the BART tubes cor-
responded well to the microbes that were identified by NGS sequencing. The reaction
patterns for the slime-forming bacteria (SLYM) BART were in excellent agreement with the
NGS results in all of the BARTs, although several of the BARTs did not indicate the presence
of enteric bacteria whereas the NGS results did. The iron-related bacteria (IRB BART)
reaction patterns showed good agreement with the NGS results in 84.6% of the BARTs but
provided mixed results for the presence of enteric bacteria, agreeing in only 46.2% of the
samples. In the case of the denitrifying BART (BN), there was excellent agreement between
the BART reaction patterns for the presence denitrifying microorganisms and the NGS
results, with all of the samples in complete agreement. Finally, the BART reaction patterns
for the presence of acid-producing bacteria (APB) were in excellent agreement with the
NGS results, with all of the samples in agreement for the types of bacteria present. Taken
together, the BART reaction patterns did accurately reflect the types of bacteria that were
identified by NGS, with the exceptions being that, in several of the SLYM and IRB BARTS,
the reaction patterns did not reflect the presence of enteric bacteria.

It was most interesting to find that the types of bacteria in a water sample were not
necessarily the most abundant bacteria that were found growing in the BART tube used to
analyze that water sample. The discrepancy between the types of microorganisms identified
in the water samples by the culture-dependent BART and the culture-independent NGS
analysis is an interesting observation that has been shown before in work by Gieg et al. [23].
In their study, oilfield sludge samples and culture vials of those sludge samples were ana-
lyzed using 165 rRNA gene sequencing to determine the types of microorganisms present
in each. Their results also showed distinct differences in the types of microorganisms
identified in the original sludge sample and the culture samples; they attributed these
differences to the presence of nutrients in the culture media that stimulated the growth
of faster-growing microorganisms in the sludge samples. Similar results were noted by
Vaz-Moreira et al. [24] in their study of a freshwater sample. Though the enrichment
of certain metabolic groups is expected in the specialized media of BART bottles, these
findings indicate that BART bottles can, in some cases, inflate the significance of a particular
metabolic group by enriching for fast-growing taxa that are in very low abundance in the
original sample.

To highlight the shift in microbial community dynamics after a sample has been
incubated in a BART bottle, a beta diversity analysis is shown in Figures 4 and 5. Figure 4
displays the difference in the number of unique taxa recovered from NGS analysis of the
BART-incubated samples and the original sample. The number of distinct taxa in the
BART bottle samples is very small compared to that in the original sample as a result of
the enrichment of taxa capable of growing in a particular specialized medium. Figure 5
shows a nonmetric multidimensional scaling (NMDS) plot of four water samples and their
corresponding BART-incubated samples in which each data point represents the microbial
community of one sample. The plot distance matrix in this NMDS plot was calculated based
on the Bray—Curtis dissimilarity, where data points that are more dissimilar in microbial
community structure appear further apart from one another. Sample 10 (red) and Sample 5
(blue) show a distinct separation between their original samples (square) and their BART-
incubated counterparts. This indicates how the microbial community in the original sample
shifts in response to exposure to a specialized medium.
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Figure 5. Beta diversity analysis of original water samples and corresponding BART-incubated
samples for various metabolic groups (denitrifying bacteria (DN), iron-reducing bacteria (IRB), and
slime-forming bacteria (SLYM)). (A) The number of OTUs identified in each sample type—original
sample (sample) and three types of BART bottles. (B) NMDS plot displaying the dissimilarity between
microbial communities determined by Bray—Curtis dissimilarity analysis. Each data point represents
the microbial community of one sample.

5. Conclusions

The use of culture-dependent methods to study the microbiological content of water
samples has been prevalent for many years in applied microbiology. The NGS analysis of
the types of microorganisms that grew in the BARTs revealed that the reaction patterns
produced accurately reflected the types of microbes that were growing in the tube in most
cases. However, the use of NGS on both water samples and BART tubes grown from
those water samples gave a slightly different outcome and highlighted a shortcoming in
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the culture-dependent method of complex samples. Culturing samples can favor some
microbes while inhibiting the growth of others, leading to potentially confusing outcomes.
In this case, NGS analysis of water samples and BARTs showed inconsistent results with
respect to the most abundant microbes in each sample. While the reaction patterns of
the BARTs indicated a positive result, the type of microbe responsible for that result was
not always consistent with that in the original water sample. This work highlights the
need to use culture-dependent and culture-independent methods like next-generation
sequencing as complimentary methods for analyzing complex communities in industrial
water samples.
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