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Abstract
Background and Aim: Global Health is threatened by the rapid emergence of multidrug-resistant bacteria. Antibiotic 
resistomes rapidly evolve, yet conserved motifs elucidated in our study have the potential for future drug targets for precision 
medicine. This study aimed to identify conserved genetic sequences and their evolutionary pathways among vancomycin-
resistant Enterococcus species such as Enterococcus faecium and Enterococcus faecalis.

Materials and Methods: We retrieved a total of 26 complete amino acid and nucleotide sequences of resistance determinant 
genes against vancomycin (vanA and vanB), streptomycin (aac-aah), and penicillin (pbp5) from the publicly available genetic 
sequence database, GenBank. The sequences were comprised of bacteria classified under the genera of Enterococcus, 
Staphylococcus, Amycolatopsis, Ruminococcus, and Clostridium. Sequences were aligned with Clustal Omega Multiple 
Sequence Alignment program and Percent Identity Matrices were derived. Phylogenetic analyses to elucidate evolutionary 
relationships between sequences were conducted with the neighbor-end joining method through the Molecular Evolutionary 
Genetics Analysis ( MEGAX) software, developed by the Institute of Molecular Evolutionary Genetics at Pennsylvania State 
University. Subsequent network analyses of the resistance gene, vanB, within E. faecium were derived from ScanProsite 
and InterPro.

Results: We observed the highest nucleotide sequence similarity of vanA regions within strains of E. faecium (100%) and 
E. faecalis (100%). Between Enterococcus genera, we continued to observe high sequence conservation for vanA and vanB, 
up to 99.9% similarity. Phylogenetic tree analyses suggest rapid acquisition of these determinants between strains within 
vanA and vanB, particularly between strains of Enterococcus genera, which may be indicative of horizontal gene transfer. 
Within E. faecium, Adenosine 5’-Triphosphate (ATP)-Grasp and D-ala-D-ala ligase (Ddl) were found as conserved domains 
of vanA and vanB. We additionally found that there is notable sequence conservation, up to 66.67%, between resistomes 
against vancomycin and streptomycin among E. faecium.

Conclusion: Resistance genes against vancomycin have highly conserved sequences between strains of Enterococcus 
bacteria. These conserved sequences within vanA and vanB encode for ATP-Grasp and Ddl motifs, which have functional 
properties for maintaining cell wall integrity. High sequence conservation is also observed among resistance genes against 
penicillin and streptomycin, which can inform future drug targets for broader spectrum therapies.
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Introduction

Antibiotic resistance (AR) continues to threaten 
global public health, and the crisis is exacerbated by 
the rapid emergence of multidrug-resistant (MDR) 
bacteria. Over a million global cases of MDR bacteria 
were reported in the year 2020 [1], and MDR bacteria 
are rapidly being transmitted across habitats of humans, 
animals, and the environment [2–3]. Several recent inves-
tigations reported the emergence of multidrug-resistant 

bacterial pathogens from different origins that increase 
the necessity for the proper use of antibiotics [4]. In 
addition, improving the routine application of antimi-
crobial susceptibility testing to detect the antibiotic of 
choice as well as the screening of the emerging MDR 
strains is imperative for tracking resistance growth.

In addition to improving the detection of MDR 
strains, there is an increasing focus on understanding 
the resistomes or resistance networks of MDR bacte-
ria. The concept of resistomes stems from the emer-
gence of diverse AR genes (ARGs) from bacterial 
gene mutations induced by antibiotic exposure and 
interconnected by functional pathways [5]. Several 
Gram-positive and Gram-negative bacteria have 
already developed resistance to many lifesaving anti-
biotics [6]. This situation is worsened due to the inef-
fectiveness of antibiotics in the treatment of infections 

Copyright: Memili, et al. Open Access. This article is distributed under 
the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted use, distribution, and reproduction in any 
medium, provided you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons 
license, and indicate if changes were made. The Creative Commons 
Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this 
article, unless otherwise stated.

https://orcid.org/0000-0003-1872-2098
https://orcid.org/0000-0003-3125-4516
https://orcid.org/0000-0003-2608-3302


Veterinary World, EISSN: 2231-0916 2408

Available at www.veterinaryworld.org/Vol.15/October-2022/6.pdf

caused mainly by bacteria carrying ARG. Because of 
the wide and excessive usage of antibiotics, it is pos-
sible that ARGs circulate among animal, human, and 
environmental microbes, thus presenting a universal 
threat to Global Health [7–9].

There are several ways antibiotics have been 
misused, which contribute to the circulation of MDR 
across different habitats. For example, there have 
been numerous reports of over- or misuse of antibiot-
ics in livestock production, thereby exacerbating the 
problems of AR [10]. Enterococcus faecium strains 
have been isolated and identified in animals, humans, 
and environment, incorporating several multidrug 
resistance mechanisms as seen with E. faecium and 
Enterococcus faecalis [11] which are prevalent among 
livestock species [12].

On exposure to antibiotics, bacteria undergo 
mutations and develop remarkable multidrug resis-
tance mechanisms such as cleaving the antibiotic, 
modifying the target site(s) in bacteria, or pumping 
the antibiotics out of the cell [13]. Studies on van-
comycin-resistant Staphylococcus aureus (VRSA) 
remain limited to case study observations. However, 
efforts to genotype these strains have revealed that 
specific sequence regions are upregulated and poten-
tially contribute to their resistance. Remarkably, the 
strains of VRSA found in human infections have also 
been detected in livestock as well as other animal res-
ervoirs with high transmissibility to humans [14, 15].

Conserved motifs within these resistance strains 
include a combination of horizontally transmitted 
genes that activate the transcription and translation 
of protein products to overcome AR [13, 16]. Several 
AR mechanisms among enterococci have been elu-
cidated. Modifications to the cell wall are common 
ways enterococci evade precious antibiotics. For 
example, resistance against vancomycin is conferred 
through several virulence factors, such as glycopep-
tide resistance operons, which disrupt the D-ala-D-ala 
and D-ala-D-lac cross-links in the peptidoglycan cell 
wall [17]. Rapid acquisition of AR between E. faeca-
lis and E. faecium can be credited to the horizontal 
gene transfer of these resistance genes, which is facil-
itated by transposons [18]. The implications of rapid 
resistance gene transfer between enterococci are the 
dwindling treatments available to combat infections 
such as gastrointestinal tract infections, meningitis, 
and bacteremia [19].

We focused on evolutionary pathways of vanco-
mycin resistance among Enterococcus, as the trans-
mission of species within this group is known to travel 
rapidly through mobile transposons and plasmids. 
Here, we tested whether conserved regions within 
ARG can elucidate markers of evolutionary transmis-
sion of motifs involved in vancomycin resistance. By 
assessing the commonalities between resistant bacte-
ria, we aimed to provide better insights toward finding 
drug targets that can combat the public health crisis 
of AR.

Materials and Methods
Ethical approval

The study did not involve direct human subjects 
and was solely conducted on publicly available data. 
For these reasons, ethics approval does not apply to 
the following study.
Study period and location

This study was conducted from January 2016 
to December 2020. All computational analyses were 
performed on personal computing devices of authors 
at the University of North Carolina in Chapel Hill, 
Chapel Hill, North Carolina, United States, at St. 
George’s University, Grenada, West Indies, and at 
the University of Pittsburgh, Bradford, Pennsylvania, 
United States.
Sample derivation

We downloaded 26 ARG’ amino acid and DNA 
sequences against vancomycin (vanA and vanB), 
streptomycin (aac-aah), and penicillin (pbp5) from 
the publicly available genetic sequence database, 
GenBank [20]. The sequences were among genera of 
Enterococcus, Staphylococcus, and Amycolatopsis, 
Ruminococcus, and Clostridium.
Analysis of sequence alignment

Clustal Omega [21] was used to perform multiple 
sequence alignment with seeded guide trees to deter-
mine the Percent Identity Matrix (PIM) among the 
sequences. Likewise, gene sequences of vanA, vanB, 
pbp5, and aac-aah of Enterococcus were aligned and 
compared to ascertain PIM and conserved resistomes 
among the strains.
Phylogenetic analysis of protein sequences

The sequences were imported to MEGAX soft-
ware (https://www.megasoftware.net/) for subsequent 
analyses. Phylogenetic analysis was performed with 
neighbor-joining clustering method [22] and boot-
strap with 500 iterations on MEGA software [23]. 
Protein sequences from GenBank were inserted into 
the phylogenetic analysis option in MEGAX, and the 
neighbor-joining method was selected to measure the 
evolutionary distance between strains.
Network analysis of vancomycin resistance genes

To determine important sites that may be 
relevant through evolutionary conservation, we 
scanned for conserved motifs among the amino 
acid sequences of vanA and vanB in E. faecium 
with the combined use of ScanProsite [24, 25] and 
InterPro, an online program that helps analyze pro-
tein sequences and classification [26]. In addition, 
interactome analyses were performed using Search 
Tool for the Retrieval of Interacting Genes/Proteins 
( STRING v11.5) (https://string-db.org/), which is 
manufactured by ELIXIR Core Data Resources [27]. 
STRING was applied to depict the functional prop-
erties and protein-protein interactions of vanA and 
vanB and other proteins.
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Results
Sequence conservation between strains

We observed notable conservation across the 
nucleotide sequences of vanA resistance genes among 
bacterial species, including E. faecalis and E. fae-
cium (Table-1). The sequence similarity is particularly 
high within E. faecalis and E. faecium strains (100%) 
and remains high between these strains (99.9%). 
The sequence similarity of vanA decreased between 
enterococci and bacteria found in environmental iso-
lates, such as Amycolatopsis.

The amino acid sequences within species for both 
vanA and vanB are highly similar (Figure-1d and e), 
as indicated by the similar shading. Although, simi-
larities in sequence alignment were higher within the 
C-terminus of vanA and N-terminus of vanB genes. 
When the resistance genes against vancomycin, 
penicillin, and streptomycin were compared within 
E. faecium, the PIM yielded the lowest sequence 
similarity between vanA and pbp5 (46.58%) and the 
highest sequence similarity between vanA and vanB 
(100%), as shown in Table-2.
Phylogenetic analysis of evolutionary distance

Evolutionary analyses of vanA amino acid 
sequences across the bacterial species show that 
E. faecalis and E. faecium developed resistance within 
similar time periods (Figure-1a), as indicated by the 
shortest distances between branches on the phyloge-
netic tree between the enterococci. Similar observa-
tions were made for vanB, indicating that E. faecalis 
and E. faecium quickly developed resistance later in 
the evolution tree, as indicated by the short distance 
between new strains and their former evolutionary 
counterparts (Figure-1b). The enterococci can be 
found within the origins of resistance genes against 

vancomycin as well as at the most recent resistance 
strain, as indicated by its location at the bottom and 
top of the phylogenetic trees. Interestingly, as seen in 
our phylogenetic tree analyses, E. faecium developed 
vancomycin resistance first through vanB and then 
through vanA genes (Figure-1c), as indicated by the 
position on the tree. The findings suggest that resis-
tance against streptomycin originated before the resis-
tance against vancomycin (Figure-1c).
Functional properties of conserved regions

We demonstrate that both vanA and vanB genes 
translate to important conserved domains: ATP-Grasp 
and D-ala-D-ala ligase (Ddl) (Figure-2a). However, 
orientation of vanA and vanB Ddl domains differs. 
Our interactome analysis of vanA and vanB in E. fae-
cium indicates that only the functional properties of 
vanB are concentrated within the bacterial cell wall 
formation (Figure-2b). The main interactions pre-
dicted by the estimated model show the involvement 
of Mur enzymes with vanB functionality.
Discussion

Uncovering the evolutionarily conserved resis-
tance mechanisms among microbes are critical for 
understanding the transmission of ARG as well as 
the effects on Global Health. We identify regions of 
amino acid sequence conservation within vancomy-
cin-resistant genes, thus underpinning the patterns of 
selection pressures associated with their transmission, 
emergence, and evolution. While Enterococcus strains 
resistant to vancomycin are commonly found in the 
clinical setting, strains within Amylocolaptosis genera 
are commonly found within soil environments [28], 
which can possibly explain the low similarity between 
the vanA gene sequences of this strain versus 
Enterococcus. Sequence similarity between resistance 

Table-1: The percent identity matrix of vanA nucleotides across vancomycin-resistant genera.

Genera 1 2 3 4 5 6 7 8 9 10 11 12

1.  E. faecalis 100.0 41.9 46.7 44.6 45.2 45.4 45.6 45.2 46.2 45.0 45.0 45.0
2.   Amycolatopsis spp. 

WAC1375
41.9 100.0 50.0 57.2 56.5 57.8 55.0 57.8 58.3 57.4 57.4 57.4

3.   E. faecium Efm/
Chennai. IND/090

46.7 50.0 100.0 95.5 95.5 95.5 99.0 95.5 95.5 95.5 95.5 95.5

4.    E. faecium plasmid 
transposon Tn1546

44.6 57.2 95.5 100.0 99.9 99.9 99.8 99.9 99.9 99.9 99.9 99.9

5.  E. faecium F135/41 45.2 56.5 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
6.  S. haemolyticus 45.4 57.8 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
7.  E. faecium VREF-P2 45.6 55.0 99.0 99.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
8.   S. aureus 

ST1RCGLD-IPI
45.2 57.8 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

9.   E. faecalis plasmid 
pWZ909

45.0 57.4 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

10.   E. faecalis plasmid 
pWZ1668

45.0 57.4 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

11.  E. faecium ZP2298 45.0 57.4 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
12.   E. faecalis plasmid 

pSL1
45.0 57.4 95.5 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

The table presents a matrix of representative genera of interest, and the number of the rows corresponds to the number 
of the columns. Numeric scores are assigned to the aligned sequences, accounting for variation in length of sequence. 
Similarity scores are assigned according to the structural similarity of sequence. E. faecalis=Enterococcus faecalis,  
E. faecium=Enterococcus faecium
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determinants across vancomycin, streptomycin, and 
penicillin was also observed between nucleotide 
sequences, which provides insight into the conserved 
regions that could be targeted to achieve a broader 
spectrum of antibiotic efficacy.

Evolutionary analysis of vanA and vanB indi-
cates a swift development of resistance between 
Enterococcus strains against vancomycin. This 

observation suggests a quick shuffling/flow of ARG 
among bacteria which could be used to monitor trans-
mission and emergence in the Global Health program. 
Gorrie et al. [29] reported the increased prevalence of 
MDR E. faecium strains against topline antibiotics, 
including penicillin. This is in line with our observa-
tion based on the percent similarities between resis-
tance determinants of E. faecium. We find a gradual 
acquisition of resistance against antibiotics within 
E. faecium strains, suggesting that the earliest resis-
tant determinant against streptomycin appears to be 
evolutionarily distant as compared to the other resi-
stome determinants. The split between resistome 
determinants against penicillin and vancomycin sug-
gests that more resistance mechanisms against van-
comycin developed after penicillin resistance among 
enterococci. These results also suggest that these 
resistance determinants against vancomycin and pen-
icillin evolved in a closer timeline compared to that 
of streptomycin, as indicated by the shorter distance 

Figure-1: Analysis of evolutionary conservation across bacterial species and strains using phylogenetic analysis. 
(a) Evolutionary pattern showing the development of antibiotic resistance in different bacterial species and strains for vanA 
as an antibiotic determinant in them. (b) Evolutionary pattern showing the development of antibiotic resistance in different 
bacterial species and strains for vanB as an antibiotic determinant in them, (c) The phylogenic tree consists of Enterococcus 
faecium strains with resistance determinants against vancomycin, streptomycin, and penicillin. The phylogenetic trees 
were developed using neighbor-joining method. The optimal tree with the sum of branch length = 2.01420299 is shown. 
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is 
shown above the branches. (d) Amino acid sequence alignment of vanA across different bacterial species harboring vanA 
antibiotic resistance determinant. (e) Amino acid sequence alignment of vanB across different bacterial species harboring 
vanB antibiotic resistance determinant. Similar shading of the amino acids indicates similarities in solubility properties.

a

c

b

d

e

Table-2: Percent identity matrix of four antibiotic 
resistance determinants of Enterococcus faecium.

Determinants vanA vanB pbp5 aac‑aahF

vanA 100.00 100.00 46.58 66.67
vanB 100.00 100.00 46.90 66.67
pbp5 46.58 46.90 100.00 47.60
aac‑aah 66.67 66.67 47.60 100

Numeric scores are assigned to the aligned sequences, 
accounting for variation in length of the sequence. 
Similarity scores are assigned according to the structural 
similarity of the sequence



Veterinary World, EISSN: 2231-0916 2411

Available at www.veterinaryworld.org/Vol.15/October-2022/6.pdf

between the branches of vanA, vanB, and pbp5, when 
compared to aac-aph.

These results are significant because they shed 
light on the functional characteristics of these con-
served motifs and demonstrate the conservation of 
two important domains: ATP-Grasp and Ddl, among 
vanA and vanB genes. Differences in the orientation 
of these domains might be indicative of the strength 
and diversity of resistance between vanA and vanB. 
The functionality of Ddl ligase depends on its ability 
to acquire ATP to catalyze reactions for maintaining 
the integrity of the bacterial cell wall, which makes 
it within the ATP-grasp enzyme superfamily [30]. 
While Ddl regions have previously been shown to be 
targeted by antibiotics [31], the diversity of the roles 
that ATP-grasp enzymes play in several metabolic 
pathways leaves several targets yet to be discovered.

Our interactome analyses also confirm the role of 
vanB involvement with the development of cell wall 
structure per interactions with Mur enzymes known to 
be involved in catalyzing the reactions for peptidogly-
can construction by transferring peptidyl residues to 
form Uridine diphosphate ( UDP)-N-acetylmuramyl 
pentapeptide [32]. It is worth noting that in vitro stud-
ies have targeted these Mur regions for inactivation 
within antimicrobials and possibly led to the discovery 
of effective new compounds [33–35]. The association 
of vanB with potential drug targets is intriguing for the 
development of potent tools for precision medicine.

The targets we have identified align with the 
known virulence factors of enterococci, which 

include mechanisms of cell wall modifications, 
ribosomal modifications, and cleavage of antibi-
otic-binding sites [17]. As the frequency of MDR 
enterococci is increasing among isolates from humans 
and animals [36], it is imperative that mobile trans-
posons and operons, agents which facilitate rapid 
horizontal gene transfer, are identified by consider-
ing their evolutionary patterns. Subsequent analyses 
on the functional pathways of Ddl and ATP-Grasp are 
needed to understand how these elements are trans-
ferred between enterococci and whether these com-
mon domains have similar modes of transportation.
Conclusion

This study identified that resistance genes against 
vancomycin are rapidly acquired within Enterococcus 
strains and have high sequence similarity between 
these strains. The conserved regions indicate the per-
sistence of motifs, ATP Grasp, and Ddl, consistently 
found within vanA and vanB. These motifs may serve 
as drug targets once their modes of transportation and 
subsequent functional pathway analyses are conducted 
to understand how they contribute to resistance.
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