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2.4 Results and Discussion
2.4.1 Frequency of Enzymes and Pathways Across Phyla

To assess if our parameters for selecting genomes were giving an over- or
underestimation of positive genotypes, we compared the number of positive
genotypes for benzoyl-CoA (BCA) enoyl dehydratase, hydroxyacyl-CoA
dehydrogenase, and oxoacyl-CoA hydrolase to the AnnoTree database, a functionally
annotated bacterial tree of life (75). When unclassified bacterial species were
removed, Annotree genome results were similar in count to our dataset (Table 2.2).
In addition, based on analysis of the IMG ]JGI Function Profile across the 51,422
isolate genomes that were originally exported, positive genomes for the three

enzymes were also similar in count to our positive genotypes (Table 2.2) (76).

Table 2.2. Comparison of positive genotypes of our dataset to Annotree and
Function Profile/IMG ]GI.

Enzyme Our Annotree Function Profile/IMG
Database JGI

BCA acyl-CoA 41 38 76

hydratase

BCA hydroxyacyl-CoA 84 61 5o

dehydrogenase

BCA oxoacyl-CoA ) 67 5o

hydrolase

A total of 2,985 organisms across 23 phyla were analyzed in this study, with
Proteobacteria being the most representative phyla (52.5% of genomes analyzed),
followed by Actinobacteria (22.6%), Firmicutes (15%), and Bacteroidetes (5%). The
remaining phyla in the data set all contained <50 genomes each. Of the positive

genotypes (1,874 organisms), a-, -, 8-, and y-Proteobacteria, Firmicutes, and
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Actinobacteria had the highest frequency of individual enzymes across pathways
and - and y-Proteobacteria had the highest frequency of genomes with complete
sets of enzymes for BCA and BCA analogs’ modified pB-oxidation reaction (Fig. 2.3A).
These results agree with previous observations of phyla frequency in microbial
communities that are commonly found in soil where natural aromatic compounds
are high in concentration (77) or exposed to PAH contamination (78). Our analysis
also supports findings of which classes of the Proteobacteria phylum associate with
anaerobic aromatic metabolism, specifically a-, y-, and B-Proteobacteria have large
roles in PAH degradation (79).

For aromatic compounds with meta-positioned hydroxyl groups, our data
suggests that phloroglucinol pathway predominantly consisted of Firmicutes and
Bacteroidetes whereas genotypes containing the resorcinol pathway were found in
Proteobacteria, Firmicutes, and Actinobacteria (Fig. 2.3B). There was no overlap
between HHQ dehydrogenase and HBQ dehydrogenase enzymes across genomes
and therefore these two enzymes could not be analyzed as a group to represent the
HHQ pathway. This may be due to lack of sequences since only two organisms have
been studied to contain the complete pathway of HHQ metabolism, Azoarcus
aromatica and Thaera aromatica (80), neither of which were included in the dataset

due to availability on the IMG database.
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Figure 2.3. Log abundance of positive genotypes grouped by phylum conta

traits for (A) individual enzymes and (B) groups of enzymes that were chosen to

represent a pathway.
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2.4.2 Pathway Correlation and Association Rules

Gene amplification has been thought to be a driver in the evolution and
diversity of many catabolic functions, including aromatic metabolism (81). Evidence
for this concept includes Azoarcus, Thauera, and Geobacter strains that have been
identified as capable of metabolizing benzoyl-CoA as well as many of its analogs
(32). Therefore, we expected to see benzoyl-CoA analog pathways to co-occur in an
organism that had the ability to anaerobically metabolize benzoyl-CoA. To test this,
genomes were considered for analysis only if they contained the full set of enzymes
assigned to represent the pathway (Appendix A, Table 1). When comparing
pairwise between positive genotypes, there was a significant but weak positive
correlation between the 3-hydroxybenzoyl-CoA and both the benzoyl-CoA (BCA)
pathway and the 3-methylbenzoyl-CoA pathway (r = 0.1088 and 0.0378,
respectively; P < 0.05; Fig. 2.4A). A weak positive correlation was found between 3-
methylbenzoyl-CoA and 4-methylbenzoyl-CoA (r = 0.2597; P < 0.05). Resorcinol
showed to have a weak positive correlation to benzoyl-CoA analog pathways (r
=0.0775, 0.0606, and 0.060 for 3-MBA, 4-MBA, and HBA, respectively) but no
significant correlation to benzoyl-CoA. Results suggest that pathways for the
anaerobic metabolism of benzoyl-CoA and its analogs occurred independently and
not due to gene amplification.

To determine if individual enzymes assigned to a pathway are present
together in a genome, pairwise comparison was calculated for positive genotypes
and their gene content. There was a strong positive correlation between the

enzymes within the BCA pathway, the HBA pathway, and the resorcinol pathway
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(Fig. 2.4B). Weak to no correlation was seen for enzymes within 3-MBA and 4-MBA
pathways; however, enzymes of the same function between 3-MBA and 4-MBA had
strong positive correlation. This suggests 3-MBA and 4-MBA enzymes of the same
function may be too close in sequence similarity and more sequences are needed to
distinguish them between genomes. Another possibility is that the3-MBA and 4-
MBA enzymes are functionally interchangeable; however, Lahme et al. (2012)
identified 3-methylglutarate as a metabolic intermediate in the 4-MBA pathway of

Magnetospirillum sp. strain pMbN1, suggesting that the 4-MBA is conserved (82).
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Figure 2.4. Pearson product-moment correlation coefficient for (A) individual
enzymes pairwise and (B) groups of enzymes representing a pathway pairwise.
Abbreviations are defined as follows: BCA, benzoyl-CoA; 3-MBA, 3-methylbenzoyl-
CoA; 4-MBA, 3-methylbenzoyl-CoA; HHQ, hydroxyquinone.

To further look at the co-occurrence between two or more individual

enzymes or pathways occurring in a bacterial genome, we data-mined our positive

genotypes for association rules using the Apriori algorithm (83,84). An association
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rule implies the co-existence of a number of enzymes in a portion of a positive
genotype dataset and that the frequent existence of two or more enzymes in the
same genome implies a relationship among them (83). For example, we would
expect to see an association rule for the three enzymes of the modified -oxidation
reaction for anaerobic BCA and its analog pathways. A total of 473 association rules
were determined from the Apriori algorithm. For the BCA pathway, if a genome had
both hydroxyacyl-CoA dehydrogenase and oxoacyl-CoA hydrolase, then it was 42
times more likely to also have acyl-CoA hydratase than if the algorithm assumed
that the presence of the enzymes were unrelated to each other (confidence = 0.93).
However, if a genome had acyl-CoA hydratase and hydroxyacyl-CoA dehydrogenase,
it was 34 times more likely to have the oxoacyl-CoA hydrolase (confidence = 1.0).
This difference between enzymes within the same pathway may be due to gene
duplication, where gene amplification and gene rearrangements could make it
easier for an enzyme such as BCA oxoacyl-CoA hydrolase to be horizontally
transferred and therefore appear to be less conserved than that of the complete set
of enzymes for the modified -oxidation reaction of the BCA pathway (81). For
example, in Geobacter metallireducens, the BCA oxoacyl-CoA hydrolase is duplicated
in its genome and the paralog is located in a different region from the 300 kb
genomic island of aromatic catabolic genes (32,33). Conversely, the gene clusters
present on genomic islands, like in G. metallireducens and G. daltonii, are speculated
to be no longer mobile and are vertically transferred, making the co-occurrence of

these enzymes together higher (33,85).
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Other than the enzymes within the BCA pathway, rules of co-occurrence did
not display any clear biological relevance. Majority of association rules grouped 4-5
enzymes from BCA analog pathways and enzymes from resorcinol and HHQ
pathways with the likelihood of occurrence between 2-10 times. No associations
with phloroglucinol reductase were seen which was surprising since phloroglucinol
originates from lignin derivative gallate, and therefore would be present with many
other aromatics in nature (17,65). In addition, no association rules were seen when
comparing pathways as groups of enzymes. Results support the Pearson’s r analysis
that BCA enzymes seem to cluster together on genomes within ancient genomic
islands that are vertically transferred whereas the other pathways may be more

susceptible to gene amplification and horizontal gene transfer (33,86).

2.4.3 Phylogenetic Conservation of Traits

Enzymes in our analysis that displayed moderate to strong phylogenetic
signal and shallow but significantly non-random clade depth suggest that horizontal
gene transfer may be occurring for these traits but between phylogenetically close
microbes (Fig. 2.5 and 2.6) (34). An explanation for this observation would be
anthropogenic inputs of aromatics such as resorcinol, hydroquinone, and catechol
(which is funneled into the HBA pathway) increasing environmental pressure for
horizontal gene transfer in contaminated areas (32,81,87-89). As such, our analysis
reveals resorcinol, HHQ, and HBA are the three pathways where enzymes have the
strongest evidence for horizontal gene transfer. Therefore, microdiversity, where

phylogenetically related groups are distinct in physiology due to location, may be a



driver for the phylogenetic conservation for these traits (87,90,91). Microdiversity
has also been suggested before for other enzymes such as chitinases and b-N-acetyl-
glucosaminidases (87).

To see if phylogenetic conservation patterns observed for individual
enzymes are consistent to those observed for pathways, tp and Purvis D were
calculated again but with genomes only considered “positive” for a trait if they
contained the complete set of marker enzymes for a pathway (Appendix A, Table
1). Benzoyl-CoA pathway had a tp of 0.015 which was significantly non-random
(Table 2.3, Fig. 7) and a Purvis D of 0.387 suggesting a stronger phylogenetic
conservatism than what has been previously seen for simple carbon substrate
utilization and extracellular enzyme production (tp < 0.010)(59,87). In addition, the
clade depth of anaerobic BCA catabolism was closer to that seen for aerobic
pathway (tp = 0.24)(34). The benzoyl-CoA analogs (HBA, 3MBA, 4MBA) and
resorcinol had very shallow clade depths, however, with HBA being randomly
distributed. This observation of the BCA pathway having a deeper trait depth
compared to its analog compounds supports previous findings that the pathway’s
genes are clustered together on a genomic island and are no longer mobile and
phylogenetically conserved (33). Similarly, the results of the HBA and resorcinol
pathways support the results of their individual enzymes where horizontal gene
transfer and microdiversity are likely recent drivers for the phylogenetic

distribution of these traits.
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Figure 2.5. tp of anaerobic aromatic metabolic enzymes that was calculated with
consenTRAIT with the boxplot represents the tp values from the 100 bootstrap
trees. Dots represent if the observed tp was non-randomly distributed (P < 005),
being significantly shallower compared to the randomized null distribution of tp
(red) or being significantly deeper compared to the randomized null distribution of
tp (blue). Fritz and Purvis D values (P < 0.05) are listed for each enzyme.
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randomized null distribution of individual enzymes (black bars). (A) Benzoyl-CoA
acyl-CoA hydratase, (B) Benzoyl-CoA hydroxyacyl-CoA dehydrogenase, (C) Benzoyl-
CoA oxoacyl-CoA hydrolase, (D) 3-Methylbenzoyl-CoA acyl-CoA hydratase, (E) 3-
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Methylbenzoyl-CoA hydroxyacyl-CoA dehydrogenase, (I) 4-Methylbenzoyl-CoA
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