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ABSTRACT

The metabolism of microbial organisms and its diversity are partly the result of an adaptation process to the characteristics
of the environments that they inhabit. In this work, we analyze the influence of lifestyle on the content of promiscuous
enzymes in 761 nonredundant bacterial and archaeal genomes. Promiscuous enzymes were defined as those proteins whose
catalytic activities are defined by two or more different Enzyme Commission (E.C.) numbers. The genomes analyzed were
categorized into four lifestyles for their exhaustive comparisons: free-living, extremophiles, pathogens, and intracellular.
From these analyses we found that free-living organisms have larger genomes and an enrichment of promiscuous enzymes.
In contrast, intracellular organisms showed smaller genomes and the lesser proportion of promiscuous enzymes. On the
basis of our data, we show that the proportion of promiscuous enzymes in an organism is mainly influenced by the lifestyle,
where fluctuating environments promote its emergence. Finally, we evidenced that duplication processes occur preferentially

in metabolism of free-living and extremophiles species.
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INTRODUCTION

The bacterial adaptation to environment fluctuations
depends on the cellular adequacy to variables such as
temperature, nutrients availability, and salinity, which are
in constant change. In this context, diverse cellular com-
ponents such as transporters, regulatory proteins, and
catalytic enzymes converge to contend and adapt against
these changes. The role that enzymes play in these proc-
esses is crucial because they achieve the biochemical
transformations of substrates into useful products, pro-
viding the cell with matter and energy necessary to grow.
Enzymes have usually been described by catalyzing only
one reaction on specific substrates, thus they are com-
monly considered as “specialists”; however, some
enzymes may also be multifunctional.l»2 Multifunctional
enzymes have been defined as proteins playing multiple
physiological roles in the cell, and can be classified as
moonlighting and promiscuous. Moonlighting enzymes
are typically composed by a structural domain that per-
forms the catalytic activity, and a noncatalytic domain,
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associated to regulation or protein—protein interactions,
among others; in counterpart, promiscuous enzymes are
only composed of catalytic domains performing several
biochemical functions.3—0 In this context, diverse mecha-
nisms that allow enzymatic promiscuity, such as confor-
mational diversity, alternative substrates positions, and
different protonation states, among others have been
described.” From a genomic perspective, our group has
recently reported that around 10% of the total enzymatic
repertoire in bacterial and archaeal organisms corre-
sponds to promiscuous enzymes.3
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In this work, we evaluated the impact of the environ-
ment in shaping and maintaining the prokaryotic enzy-
matic repertoire, and in particular the one involving the
promiscuous enzymes. In this regard, we analyze whether
the content of promiscuous enzymes in prokaryotic
organisms is influenced by their lifestyle or by the
genome size. To achieve this question, an exhaustive
analysis of promiscuous enzymes content was accom-
plished in 761 nonredundant organisms classified into
free-living, extremopbhiles, pathogens, and intracellular
groups. On the basis of statistical tests we identified that
the distribution of promiscuous enzymes exhibits differ-
ent patterns according to the lifestyles of organisms. Our
results show that free-living organisms are the group
with the highest enrichment of promiscuous enzymes,
while intracellular and pathogens organisms exhibit the
lowest content. In addition, another important result
that emerges from our analysis is the lack of correlation
between the content of promiscuous enzymes and
genome size. Finally, we found that gene duplication
processes are more frequent in promiscuous enzymes of
free-living microorganisms than in the other lifestyles.

MATERIALS AND METHODS

Genomes and proteomes analyzed

The 761 complete sequencing prokaryotic genomes
used in our analysis, including 89 archaeal and 672 bac-
terial genomes, were downloaded from NCBI ftp server
public database section genomes (ftp://ncbi.nlm.nih.gov).
These genomes were defined as nonredundant genomes,
to exclude any bias associated with overrepresentation of
species or strains, as has been previously reported.8 We
considered only genes with open reading frames (ORFs)
that encode predicted protein sequences (Supporting
Information Table S1).

Identification of enzymes and promiscuous
enzymes

For each enzyme we identified the annotation of an
Enzyme Commission (E.C.) number using the KEGG
database.? Then, for each enzyme associated with an
E.C. number the presence of both functional and struc-
tural domains at sequence level, based on Pfam10 and
Superfamily!! assignments, respectively, was defined.
Our inclusion criterion was quite strict because we were
only interested in enzymatic sequences with identified
metabolic contexts and functional assignments. Finally,
promiscuous enzymes were identified in this set of fil-
tered data as those sequences containing two or more
different E.C. numbers. All processes and data manage-
ment were conducted using ad hoc Perl scripts (see Sup-
porting Information Table S2).
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Identification of paralogous sequences

Paralogs were defined as protein-coding sequences
within a fully sequenced genome with sequence identity
>30%, coverage >60%, and an E-value cutoff of 10e %,
as similar criteria described by Pushker et al.l2 There-
fore, for each single proteome, a BlastP13 all-against-all
search was performed, selecting sequences that fulfilled
the criteria described above. Once duplicated sequences
in each genome were identified, we crosschecked the
information with the list of enzymatic sequences of each
organism to identify those enzymes that came from
duplication events. All sequence analyses were conducted
using ad hoc Perl scripts.

Performance evaluation

To assess the accuracy of the promiscuous enzymes
defined and analyzed in this work, the Carbonell and
Faulon’s approach was considered and used through their
enzyme promiscuity prediction server (http://www.issb.
genopole.fr/~faulon/promis.php). At first, we selected a
representative sample of enzymes by using the formula
(N*Zz*p*q)/((NEz) + (Zz*p*q)), with a margin of error
of 4.9% and a confidence level of 95% (N = population
size, Z= Z score, E=standard error; p and ¢q are the
probability to be promiscuous or not, and were assumed
to be 0.5). Therefore, we compared our sample (400 of
51,572 promiscuous sequences), and a sample of the
dataset kindly provided by Carbonell and Faulon (400 of
19,411 promiscuous enzymes), using the Promis server.
In addition, a sample of 400 of 48,846 nonpromiscuous
enzymes (negative control), also provided by Carbonell
and Faulon, were also evaluated with the Promis server.

This comparison was useful to calculate the following
values: (1) true positives (TP): promiscuous enzymes
with more than two different E.C. numbers, and func-
tional (PFAM) and structural domains (SUPFAM) (our
dataset) and identified by the Promis server, and Car-
bonell and Faulon’s positive set identified by the Promis
server; (2) false positives (FP): proteins identified as pro-
miscuous enzymes with the Promis server from the Car-
bonell and Faulon’s negative dataset; (3) false negatives
(FN): promiscuous enzymes (our dataset) and Carbonell
and Faulon’s positive dataset, identified as negative with
the Promis server; (4) sensitivity, Sn = TP/(TP + EN), is
the fraction of promiscuous enzymes identified with the
Promis server; (5) positive predictive value, PPV = TP/
(TP + FP), is the fraction of the promiscuous enzymes
inferred; (6) Accuracy, Ac= (Sn+ PPV)/2, is the PPV
and Sn average.

Statistical analysis

Nonparametric Kruskal-Wallis and Wilcoxon rank-
sum statistical tests, as well as Spearman’s test were used
to evaluate promiscuous enzymes distributions in each
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Table |
Comparison of Enzyme Content of Organisms According to Their Lifestyles
Free-living Pathogens Extremophiles Intracellular
Number of organisms 367 188 158 48
Average number of genes 3723 2875 2644 1531
Bacteria percentage 91.0 99.5 65.8 98.0
Archaea percentage 8.9 0.5 342 2.0
Average number of enzymes 828 691 629 396
Average ratio of enzymes (enzymes/ORFs) 235 25.7 245 315
Average ratio of enzymes (enzymes/ORFs) in equivalents sets 235 25.7 245 315
Average number of promiscuous enzymes 74 59 55 31
Average proportion of promiscuous enzymes in 9.05 8.30 8.55 79
observed groups (promiscuous/enzymes)
Average proportion of promiscuous enzymes in 9.0 8.4 8.5 7.9

equivalent groups of 48 elements each one (promiscuous/enzymes)

lifestyle. Statistical significance was set at P<0.05. The
implementation of these tests was carried out using the
package stats of R programming language for statistical
analysis.14 Data managements were conducted with ad
hoc Perl scripts.

RESULTS AND DISCUSSION

Distribution of genome sizes importantly
varies between lifestyles

A total of 761 nonredundant organisms were classified
into four categories according to their lifestylels: free-
living organisms with 367 genomes, including nonpatho-
genic bacteria; pathogens with 188 genomes, which
include organisms reported to produce a disease in
plants or animals; extremophiles with 158 organisms;
and intracellular with 48 organisms, which include obli-
gate intracellular pathogens (Table I and Supporting
Information Table S1). The lifestyle annotation was based
on information provided in the corresponding literature
deposited in NCBI databasel® as well as in BacMap
Genome Atlas.1”

Based on this classification, the analysis and compari-
son of genome sizes represented in the four lifestyles
were accomplished, where the genome size was calculated
as the number of ORFs reported by each organism. The
average genome size by each lifestyle obtained was 3723
OREFs for free-living organisms, 2875 for pathogens, 2644
for extremophiles, and 1531 for intracellular organisms
(Table I and Supporting Information Fig. S1). To deter-
mine whether there is a significant difference in the
genome size distribution between the four lifestyles a
Kruskal-Wallis test was applied, resulting in a difference
in the distributions of genome sizes between lifestyles (P
values < 2.2¢"'°). In a subsequent step, a paired Wil-
coxon test to evaluate individual differences among life-
styles showed that extremophiles and pathogens are the
only two classes with similar distributions of genome
sizes (P-value = 0.91), while the other categories are stat-
istically different from each (P-value< 1.03¢"%%). The

organisms classified as intracellular exhibited the shortest
genome size, which is consistent with the notion that
these organisms have suffered a reduction in their
genomes as a mechanism of adaptation to the environ-
ment of their host, from whom it receives nutrients from
cytoplasm or tissues without the need to synthesize for
themselves.18 In counterpart, the group of free-living
organisms was the group with larger genome sizes.

To exclude a bias as a consequence of overrepresenta-
tion of sequenced genomes in the observed results or an
uneven sampling of genomes with different size ranges,
we repeated the analysis considering equivalent subsets
of 48 organisms for pathogens, extremophiles, and free-
living lifestyles. This number of organisms was selected,
because it corresponds to the smallest group of genomes
included in the intracellular lifestyle. The process of ran-
domly selecting 48 genomes per lifestyle class was per-
formed 10,000 times each, obtaining the average of each
one, and their statistical differences were evaluated. From
these analyses, the only difference between equivalent
and observed groups was found between pathogens and
extremophiles. Wilcoxon’s test shows that the distribu-
tions of genome sizes in these two equivalent groups are
different, while in the observed groups was equal, with
larger genomes in pathogens in comparison to extremo-
philes. This behavior is probably due to a bias in patho-
genic organisms, where there are species that also exhibit
a free-living stage, such as the bacterium Bacillus licheni-
formis, which is a human pathogen and that exhibits a
spore stage in s0il19-21; or the bacterium Mycobacterium
marinum, which is a pathogen of fishes and humans and
also found in swimming pools, beaches, rivers, and
lakes.1922 The results of the analysis applied to the
equivalent groups confirmed that the intracellular organ-
isms are those with smaller genomes sizes, while free-
living organisms are those with larger genomes. In this
respect, the increase in genome size is not accompanied
by a corresponding increase in the number of metabolic
genes, but in the number of regulatory genes, such as
transcription factors (TFs).8
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Figure 1

Normalized values of total enzymes by lifestyles. In x-axis 761 organ-
isms are classified into four lifestyle categories, y-axis represents the
proportion of enzymes. The distributions of enzyme fractions are differ-
ent from each other (Wilcoxon test, P-value <0.01).

The enzymatic content in bacterial and
archaeal organisms is influenced by the
genome size

To carry out the comparison of content of enzymes by
genomes between the different lifestyles, the absolute fre-
quency of enzymes in each organism was obtained and
normalized, that is, the ratio between the absolute fre-
quency of enzymes and the genome size. The average of
normalized values of the enzymes showed that intracellu-
lar organisms are those with the highest percentage
(31.56%) of their genome devoted to metabolic func-
tions, followed by pathogens (25.79%), extremophiles
(24.51%), and free-living organisms with 23.55% (Fig. 1
and Table I). A Kruskal-Wallis test showed that distribu-
tions of normalized values of enzymes are different
between lifestyles (P-value = 1.42¢”®). In addition, a
paired Wilcoxon test showed that all distributions of the
normalized values of enzyme content are different
between lifestyles, with a P-value <0.01.

The results reveal that intracellular organisms are those
with the highest enzymatic fraction and free-living
organisms have the lower proportion of enzymes. Previ-
ous analysis concerning genome fraction dedicated to
enzymes in bacteria and archaea showed a decrease in
the enzymatic content as the genome size increases, that
is, a higher proportion of enzymes in genomes contain-
ing fewer than 3000 genes than genomes with >6000
genes.8 Therefore, the above result suggests that free-
living organisms exhibit the lowest enzyme content
because in this category organisms with larger genomes
sizes are present; while in the intracellular category
organisms with smaller genomes sizes and higher pro-
portion of enzymes are included. On the basis of previ-
ous data we suggest that fluctuating environmental
conditions as free-living lifestyle does not favor the
increase in the enzyme content, but that it is associated
with the genome size, as previously reported. Similar
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results were obtained when an equivalent dataset was
considered, that is, distributions of normalized values of
enzymes are different between lifestyles, with a P-val-
ue <2.2e '® in the Kruskal-Wallis test, and all distribu-
tions of the normalized values of enzymes are different
among them, with a P-value <0.003 in the paired Wil-
coxon test. These results reinforce the idea that intracel-
lular organisms have a greater percentage of enzyme-
encoding genes, while free-living organisms have the
lower proportion of their genes devoted to enzymes
(Table I).

Free-living organisms exhibit a high
enrichment of promiscuous enzymes

To assess whether the fraction of promiscuous enzymes
is higher in free-living organisms than in the other life-
styles, an exhaustive analysis concerning these enzymes was
conducted. We defined promiscuous enzymes as those pro-
teins with two or more different E.C. numbers, based on
the KEGG database. Our results show that free-living
organisms have the highest number of promiscuous
enzymes with an average of 74 promiscuous enzymes by
organism, followed by pathogenic, extremophiles, and
intracellular organisms with an average of 59, 55, and 31,
respectively (Table I). The ratio between the absolute fre-
quency of promiscuous enzymes and the total number of
enzymes in each organism, that is, the normalized values,
showed that the group of free-living organisms exhibits the
highest proportion of promiscuous enzymes (9.0%), fol-
lowed by extremophiles (8.5%), pathogens (8.3%), and
intracellular organisms (7.9%) (Fig. 2 and Table I). Krus-
kal-Wallis test shows that distributions of promiscuous
enzymes between lifestyles are not equal (P-values = 0.001).

Therefore, to determine which lifestyle presents a sig-
nificant difference, a paired Wilcoxon’s test with the nor-
malized values was conducted. This test suggests that the

distribution of promiscuous enzymes in free-living
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Figure 2

Normalized values of promiscuous enzymes. In x-axis organisms are
grouped by lifestyle, y-axis corresponds to the proportion of promiscu-
ous enzymes. The distributions of enzyme fraction are different from
each other (Wilcoxon test, P-value <0.01).
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organisms is different from the other three lifestyles (P-
value <0.01), suggesting an enrichment of these multi-
functional enzymes in this category. The analysis of the
equivalent subsets, as was described previously, shows
similar results to those observed for free-living organ-
isms, reinforcing the notion that this lifestyle has the
highest proportion of promiscuous enzymes, while
results for extremophiles, pathogens, and intracellular
organisms were different than those observed in the orig-
inal groups. Wilcoxon’s test shows differences in promis-
cuous enzymes content among these three equivalent
datasets (P-value <0.006) (Table I). In summary, free-
living organisms have the highest content of promiscu-
ous enzymes, while intracellular organisms contain the
fewest content. The enrichment of promiscuous enzymes
detected in our analyses in free-living organisms may be
consequence of an adaptation mechanism to survive in
fluctuating ecological environments. In this regard, the
presence of a large proportion of promiscuous enzymes
would allow the establishment of internal metabolic
fluxes that can vary depending on environmental condi-
tions, coupled with lower regulating promiscuous
enzymes that enable rapid reprogramming of metabolic
response, that is, promiscuous enzymes would be subject
to less metabolic regulation than other specialist
enzymes.>>8 Additionally, promiscuous enzymes might
endow the organisms with a selective advantage and
genome plasticity,23 which can help to contend against
fluctuating ecological niches, such as those faced by free-
living microorganisms.

The proportion of promiscuous enzymes
is influenced by lifestyle

To analyze whether there is a correlation between pro-
miscuous enzymes content and genome size, similar to
the correlation that was identified between total enzymes
and genome sizes,8 a Spearman’s test was performed
with the normalized values obtained for promiscuous
enzymes. The Spearman’s coefficient obtained was low,
with a value of 0.01 (P-value=0.70), indicating that
there is not clear correlation between proportion of pro-
miscuous enzymes and genome size. The normalized val-
ues showed that free-living organisms have the high
content of promiscuous enzymes among all lifestyles;
while intracellular organisms exhibit the less content
(Table I), as was discussed in the previous section. The
fact that the promiscuous enzymes content is not corre-
lated to genome size leads us to suggest that the propor-
tion of promiscuous enzymes is determined by lifestyle.
In this context, lifestyles with fluctuating environments
may promote the enrichment of promiscuous enzymes
in the organisms regardless of genome size, as a mecha-
nism of ecological adaptation to the environment.

In previous reports, when the promiscuous enzymes
content was analyzed from the perspective of taxonomic

position, that is, considering the microorganisms
according to their classification in bacteria and archaea
cellular domains using the NCBI database (taxonomy
section), archaea displayed the least promiscuous
enzymes content, whereas bacteria exhibited the high
content.38 However, the taxonomic composition analy-
sis performed in our lifestyles resulted in that archaeal
organisms were found in greater proportion (34%) in
extremophile class, which is the group with the second
highest promiscuous enzymes content (Table I). These
data suggest that the taxonomical classification does not
determine the fraction of promiscuous enzymes in arch-
aea, but rather the lifestyle. Because of underrepresenta-
tion of archaeal genomes in our data, our interpretation
should be considered as preliminary and must be fur-
ther corroborated. In this regard, recent studies have
revealed that archaea are globally widespread in decid-
edly nonextreme environments.2425 This may explain
why extremophiles are the second lifestyle with the
greatest amount of promiscuous enzymes. The docu-
mentation that extremophilic organisms are widely dis-
tributed in a variety of environments, which exhibit
fluctuations in some environmental variables, comes to
strengthen the idea that the enrichment of promiscuous
enzymes in this lifestyle is a mechanism that arises to
adaptation to changing habitats.

Duplication processes are common
in free-living and extremophiles organisms

Gene duplication has been described as an important
source of raw material for the generation of new func-
tions, and associated with promiscuous enzymes.23 In
this regard, to evaluate duplication processes that may
occur in the promiscuous enzymes, we applied a Blastp
“all-against-all” search to identify paralogous genes in all
the genomes and subsequently they were compared in
terms of their lifestyles. First, we normalized the number
of duplicated enzymes as the ratio between the absolute
frequencies of duplicated enzymes and the total number
of enzymes per organism. The average value of dupli-
cated enzymes was 33.6, 30.1, 24.5, and 12.8% for free-
living, extremophiles, pathogens, and intracellular organ-
isms, respectively. The proportions of duplicated enzymes
are significantly different among lifestyles (Kruskal-Wallis
test, P-value <2.2e '®), and a paired Wilcoxons test
resulted in differences between all lifestyles (P-val-
ue < 0.05). These results agree with those previously
reported for the duplicated enzymes, where a positive
correlation with the increment of genome size has been
described.8 Therefore, the free-living organisms with
larger genomes also have a greater fraction of duplicated
enzymes, while intracellular organisms have a lower pro-
portion of duplicated enzymes as well as the smallest
genomes. To analyze duplicated promiscuous enzymes,
we calculated the ratio between the absolute frequencies
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Percentage of duplicated promiscuous enzymes

Figure 3

Percentage of duplicated promiscuous enzymes by lifestyle. In x-axis
organisms are grouped by lifestyle, y-axis represents the proportion of
duplicated promiscuous enzymes. See text for details.

of duplicated and the total number of promiscuous
enzymes per organism. From this, we found an average
percentage of 36, 33.7, 25, and 12% for free-living,
extremophiles, pathogens, and intracellular, respectively
(Fig. 3). Then, we evaluated whether there are significant
differences in duplicated promiscuous enzymes content
among the four lifestyles. The distributions of normal-
ized values of duplicated promiscuous enzymes are statis-
tically different among lifestyles (Kruskal-Wallis test, P-
value < 2.2¢”'°). A paired Wilcoxon test was conducted
to evaluate which lifestyles have significant differences,
identifying that the content of duplicated promiscuous
enzymes is different between all lifestyles, with the order
previously described (P-value <0.03). We also found that
the occurrence of promiscuous duplicated enzymes
strongly correlated with genome size, with a Spearman
coefficient of 0.77 (P-value <2.2e”'®), as occurs with
total duplicated enzymes. Therefore, there are more pro-
miscuous duplicated enzymes in organisms with large
genomes and a small presence in organisms with low
number of ORFs, as stated above.

In this regard, gene duplication process was found in
high frequency in free-living and extremophile organisms,
wherein the percentage of promiscuous enzymes that arose
by duplication in the genome is >30%. In contrast, in intra-
cellular organisms only 12% of promiscuous enzymes have
arisen by duplication, around one-third of that observed in
free-living and extremophiles lifestyles. From these data, we
elucidate that duplication processes provide to free-living
and extremophile organisms raw material to improve the
functions of proteins to contend and obtain nutrients from
changing environments, through mutations and then func-
tional diversification of paralogs.23 In contrast, in more sta-
ble environments, such as intracellular habitats, the gene
duplication processes appear to be less significant because
these organisms tend to loss gene content as a consequence
of their lifestyles. Indeed, it has been described that intracel-
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lular organisms have evolved through relaxed selection for
many bacterial functions, an underlying mutational deletion
bias, restricted rates of horizontal gene transfer inside host
cell, deleterious and neutral deletions that will accumulate
over time in a ratchet-like manner and result in smaller
genomes.26 The emergence and persistence of paralogs in
lifestyles where there are fluctuating environments promotes
the improvement and innovation of proteins that can be
used in nutrient uptake of different compounds, which may
be at low concentrations or in rare forms of assimilation.
Finally, the diversification of functions that provide duplica-
tion processes promotes environmental adaptation of
microorganisms.

CONCLUSIONS

Through the analysis of 761 bacterial species grouped
into four different lifestyles, we gained insights concerning
how the environment influences the metabolic repertoire
of bacteria and archaea. Although our criterion for the
identification of enzymes was stringent, because it consid-
ers the association of each protein sequence to a functional
(Pfam) or structural (Superfamily) domain, the resulting
dataset analyzed allowed us to obtain general trends that
reflect the metabolic context of microorganisms. In this
regard, we found an accuracy of 63% of promiscuous
enzymes in our data according to the Promis webserver2”
in contrast to the control datasets described in the same
server (69%), suggesting that our definition of promiscu-
ous enzymes is in general enough informative. We
observed that different evolutionary forces act on bacterial
and archaeal metabolism; on one hand the abundance of
total enzymes depends on genome size, correlated posi-
tively, while on the other hand, the abundance of promis-
cuous enzymes is influenced by the lifestyle. In general,
between 7 and 9% of bacterial and archaeal metabolism
consist of promiscuous enzymes, and these are enriched in
free-living organisms, perhaps as an adaptive mechanism,
which is favored in species living in fluctuating environ-
ments. In addition, we found that duplication processes
occur more frequently in organisms inhabiting fluctuating
environments, where a third of their promiscuous enzymes
have arisen by duplication events. In contrast, organisms
inhabiting more stable environments such as intracellular
species have a lower proportion of duplicated enzymes
and promiscuous enzymes. To sum up, we show that the
environment favors the appearance of promiscuous
enzymes in species inhabiting fluctuating environments, as
well as favors duplication processes that allow functional
divergence in enzymes.
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