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Abstract. Snakebites still constitute a significant public health problem in developing countries and are considered a
neglected tropical condition by the WHO. Snake accidents are associated with substantial morbidity and mortality and
may produce secondary complications, such as severe infections. The objective of this systematic review was to deter-
mine the prevalence of snakebite infections and characterize the bacteria isolated from these infections. A systematic lit-
erature review in five databases was carried out to assess the prevalence of snakebite infection. A meta-analysis was
performed using a random-effects model to calculate the pooled prevalence and 95% CIs. Cochran’s Q test and the I2

statistic were used to assess between-study heterogeneity. The pooled prevalence of infection due to snakebite was
27.0% (95% CI: 22.0–32.0%), with high heterogeneity among studies (I2 5 99.7%). The prevalence was higher in Asia
(32%) than in the Americas (21%). Snakebite infections required surgical interventions in 68% (95% CI: 37.0–98.0%).
The leading group of pathogens identified corresponded to Gram-negative bacteria (63%), particularly Morganella mor-
ganii (32%), but also, Gram-positive cocci (40%), especially Enterococcus spp. (23%) and Staphylococcus aureus
(15%). However, multiple other pathogens, including anaerobes, were found. A high prevalence of snakebite-associated
infection has been described, primarily due to M. morganii, with the corresponding implications for empirical therapy.
Rational use of antimicrobials is recommended, and this should guide initial empirical treatment. Moreover, isolation and
identification of the possible bacteria present in snakebite wounds is recommended in all cases to confirm or rule out
associated infection.

INTRODUCTION

Snakebite is the only neglected tropical disease of nonin-
fectious origin included in the WHO list.1–3 Although the
ecoepidemiology of snakebite is similar to zoonotic infec-
tious diseases,4 snakebite envenomation occurs after the
inoculation of toxins into tissues by grooved fangs that may
be contaminated by bacteria.5 Consequently, snake acci-
dents are associated with significant general morbidity and
mortality, producing secondary complications such as
severe systemic and local septic infection.1,6

Animal venoms are considered sterile sources of antimi-
crobial compounds with intense bactericidal activity that dis-
rupts the membrane of multidrug-resistant bacteria.7,8 In the
case of snakebites, the cause of death is often due to a toxic
hemorrhagic effect or a neurotoxic effect with a secondary
bacterial infection.7,9

Of the five families of snakes that comprise the species
capable of poisoning humans, Elapidae and Viperidae are
the most important from a medical point of view.10 The Ela-
pidae family includes cobras, kraits, mambas, coral snakes,
Austro-Oceanic snakes, and sea snakes. The family Viperi-
dae includes Old World vipers, rattlesnakes, moccasins, lan-
cehead vipers, mamushis, habus, and other Eurasian vipers.
Families of less medically critical venomous snakes are
Lamprophiidae (Atractaspidinae; African/Middle Eastern

burrowing asps) and Colubridae (now divided; snakes with
opisthoglyphous dentition).10

Snakebites with cytotoxic and proteolytic effects cause
lesion development and severe tissue necrosis at the bite
site. In addition, dead tissue can become infected by bacte-
ria from the oral cavity of the snake.11 The oral microbiota of
snakes comprises a wide range of aerobic and anaerobic
microorganisms, especially Gram-negative bacilli in the
feces of snake-digested prey.12

The proteolytic properties of snake venom cause exten-
sive tissue destruction and devitalization, predisposing the
wound to bacterial infection.12 Wound infection after snake-
bite occurs in 9% to 77% of bitten individuals.12 The princi-
pal microorganisms responsible are Aeromonas hydrophila,
Morganella morganii, Klebsiella pneumoniae, Bacillus sp.,
and Enterococcus spp.13

It has been reported that the oral cavity of the Russell’s viper
harbors a diverse array of pathogenic bacteria, including Gram-
negative genera (Proteus sp., Pseudomonas sp., Salmonella
sp., Providencia sp., Alcaligenes sp., Morganella sp., and
Escherichia coli) and Gram-positive genera (Bacillus and
Enterococcus sp., Staphylococcus sp. and Lysinobacillus sp.).14

Another study identified a wide range of pathogenic bacteria,
including Salmonella arizonae, Pseudomonas stutzeri, Proteus
penneri, Alcaligenes faecalis, Citrobacter diversus and Citrobac-
ter freundii, Enterococcus faecalis, Bacillus anthracis, Staphylo-
coccus sciuri, and Achromobacter xylosoxidans were isolated
as new additions to the floral diversity of the scale viper.15

Other authors analyzed tusk, tusk sheath, and venom cul-
tures from 15 healthy, newly captured Bothrops jararaca.
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The bacteria most frequently found were group D strepto-
cocci (12 snakes), Enterobacter sp. (six), Providencia rettgeri
(six), Providencia sp. (four), E. coli (four), M. morganii (three)
and Clostridium sp. (five). The bacteria identified were similar
to those found in the abscesses of patients bitten by
Bothrops. Because these snake mouth bacteria can be inoc-
ulated during a snakebite, bacterial multiplication and infec-
tion can occur under favorable conditions.16

The objective of the present systematic review was to
determine the prevalence of snakebite infections and the
bacteria isolated.

MATERIALS AND METHODS

This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines. In addition, the protocol of this study was regis-
tered in the PROSPERO database (ID: CRD42023391691).
Information sources and search strategy. The PubMed,

Scopus, Web of Science, SciELO, and Embase databases
were searched, with no language or geographic location
restrictions (Supplementary Table 1). The search strategy
was developed using the Peer Review of Electronic Search
Strategies (PRESS) Checklist.16 Initially, the strategy was
built in PubMed and was later modified to be adapted to
other databases. Literature was searched from inception of
the databases to December 22, 2022.
Study selection and data extraction. The following inclu-

sion criteria were considered: 1) studies that assessed the
prevalence of infection in snakebites; 2) studies that
assessed the prevalence of the different bacteria identified in
snakebites; 3) studies that assessed the prevalence of surgi-
cal intervention (including wound incision, pus drainage,
debridement, and fasciotomy for necrotizing fasciitis or com-
partment syndrome) secondary to snakebite infections;
4) cohort, case–control, and cross-sectional studies; and
5) carried out in people of any age. We excluded the follow-
ing studies: systematic reviews, scoping reviews, narrative
reviews, conference abstracts, and case reports.
The bibliographic search results were uploaded to Rayyan

QCRI software. Two researchers (A. Al-kassab-C�ordova and
E. A. Hernandez-Bustamante) independently screened all
titles and abstracts. The remaining studies were retrieved in
full text and independently assessed by the same research-
ers (see excluded articles by full text in Supplemental Table
2). Discussion with a third party (V. A. Benites-Zapata)
resolved any reviewer disagreement. Articles that met the
selection criteria were included in the systematic review. For
each article selection phase, the Cohen’s kappa coefficient
(Cohen’s k) was used to determine the degree of agreement
between the authors who screened the articles.17

The information on the selected articles was collected in a
data extraction table developed in Microsoft Excel by two
researchers (E. A. Hernandez-Bustamante and A. Siddiq).
Finally, the extracted information was compared, and con-
sensus resolved disagreements. The following information
was collected: title, country, age, study design, gender,
number of people presenting snakebite infection, bacteria
identified in snakebite infection, and number and type of sur-
gical interventions secondary to snakebite infection.
Quality assessment of studies and publication bias. Four

researchers (J. R. Ulloque-Badaracco, A. Al-kassab-C�ordova,

and E. A. Hernandez-Bustamante) independently evaluated the
included studies using the Newcastle–Ottawa Scale (NOS) for
cohorts/case controls and the adapted NOS for cross-sectional
studies.17,18 In both cases, a study with seven or more stars
was deemed to be of high methodological quality or low risk of
bias. In contrast, studies with fewer than seven were considered
to be of low methodological quality or high risk of bias.
The current literature does not recommend the evaluation

of publication bias in the case of systematic reviews of prev-
alence studies because there are no tests that correctly fit
the proportional data.19,20

STATISTICAL ANALYSES

The quantitative analyses were performed with Stata 16.0
(Stata Corporation, College Station, TX). A combined analy-
sis of the studies that evaluated the prevalence of snakebite
infection with its corresponding 95% CI was carried out. The
random effects model (Dersimonian and Laird) was used.
The 95% CI was calculated using the Clopper–Pearson
method. Heterogeneity between studies was assessed using
the I2 statistic and Cochran’s Q test. In the case of the I2 sta-
tistic, values greater than 60% were considered high hetero-
geneity. On the other hand, a P-value ,0.05 was considered
a sign of heterogeneity in the Cochran’s Q test.
Following the same methodology, meta-analyses of the

prevalence of bacteria identified in snakebites and the prev-
alence of surgical intervention secondary to snakebite infec-
tion were also performed. In addition, subgroup analyses
were carried out according to continents and snake families.
Finally, sensitivity analyses were performed, excluding stud-
ies with a high risk of bias.

RESULTS

Study selection. The literature search identified 2,200
records, of which 1,675 were removed due to duplication.
After screening the studies by title/abstract (Cohen’s
k: 0.34), 83 articles remained. Finally, after full-text assess-
ment (Cohen’s k: 0.53), 62 studies were included in the
meta-analysis and quantitative synthesis.9,12,21–80 Refer-
ences to the analyzed studies are usually not included. The
selection process is summarized in Figure 1.
Study characteristics. The characteristics of the studies

included are summarized in Table 1. Sixty-two studies
(N 5 84,296) were conducted between 1989 and 2022 in the
following continents: Asia (33 studies), America (24 studies),
Africa (four studies), and Europe (one study). All the studies
defined the diagnosis of snakebite infection from a physical
examination of the area affected by the bite with signs of an
infected wound or progressive tissue necrosis. All the stud-
ies defined the diagnosis of snakebite infection as signs of
an infected wound or progressive tissue necrosis on physical
examination of the area affected by the bite.
In the quality assessment of the studies with the NOS-CS,

four studies had a high risk of bias, and the remaining 58
had a low risk of bias (Supplementary Table 3).
Prevalence of snakebite infection. All the meta-analyses

are summarized in Table 2. The prevalence of snakebite
infection was 27.0% (95% CI: 22.0–32.0%), with high het-
erogeneity among studies (I2 5 99.7%). In the subgroup
analysis according to continents, high heterogeneity was

SNAKEBITE-ASSOCIATED INFECTIONS 875

/view/journals/tpmd/110/5/article-p874.xml?tab_body=supplementary-materials
/view/journals/tpmd/110/5/article-p874.xml?tab_body=supplementary-materials
/view/journals/tpmd/110/5/article-p874.xml?tab_body=supplementary-materials
/view/journals/tpmd/110/5/article-p874.xml?tab_body=supplementary-materials


found, and the prevalence of snakebite infection in the Asian,
American, and African continents was 32%, 21%, and 29%,
respectively. There was also high heterogeneity in the sub-
group analysis according to snake families (Figure 2), and
the prevalence of infection after a bite by Elapids and Vipers
was 62% and 31%, respectively. After removing the studies
with a high risk of bias, the prevalence of snakebite infection
in the sensitivity analysis was 28.0% (95% CI: 23.0–33.0%);
however, there was no decrease in heterogeneity (I2 5 99.72%).
On the other hand, the prevalence of surgical intervention
in patients with snakebite infection was 68% (95% CI:
37.0–98.0%, I2 5 98.28%) (Figure 3).
Prevalence of bacteria isolated in snakebite infection.

The prevalence of Gram-positive (assessed in 16 studies),
Gram-negative (evaluated in 16 studies), and anaerobic bac-
teria (assessed in eight studies) was 40.0% (Supplementary
Figure 1), 63.0% (Supplementary Figure 2), and 4.0%
(Supplementary Figure 3), respectively. Assessment of the
prevalence of each isolated bacteria was: M. morganii
(32.0%, Supplementary Figure 4), Enterococcus sp. (23.0%,
Supplementary Figure 5), Staphylococcus aureus (15.0%,
Supplementary Figure 6), Proteus sp. (8.0%, Supplementary

Figure 7), Shewanella sp. (7.0%, Supplementary Figure 8),
E. coli (6.0%, Supplementary Figure 9), Citrobacter sp.
(5.0%, Supplementary Figure 10), Bacteroides fragilis (5.0%,
Supplementary Figure 11), Serratia spp. (5.0%, Supplementary
Figure 12), Aeromonas hydrophila (5.0%, Supplementary Figure
13), Pseudomonas aeruginosa (4.0%, Supplementary Figure
14), and K. pneumonia (3.0%, Supplementary Figure 15).

DISCUSSION

Snakebite is considered a high-priority neglected tropical
condition categorized by the WHO.81,82 Furthermore, snake-
bite has been identified as a poverty-related illness that
necessitates increased awareness and collaboration world-
wide to develop measures that effectively reduce the eco-
nomic burden with high impact in rural tropical areas and
also, to a lesser extent, in urban zones,83–85 as well as in tra-
velers from multiple nontropical countries.81,86–88 Although
most of their overall assessment has been focused on its
clinical consequence, given the acute phase of envenom-
ation, fewer studies have focused on the bite’s infectious
consequences. Overall most studies focused on the clinical
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TABLE 2
Results of meta-analyses of snakebite infection

Meta-Analysis No. of Studies Pooled Prevalence (%) 95% CI I2 P-Value

Meta-analysis of snakebite infection
Overall prevalence 59 27.0% 22.0–32.0% 99.7% <0.001
Continents – –

Asia 31 32.0% 24.0–40.0% 99.08% <0.001
America 24 21.0% 13.0–29.0% 99.86% <0.001
Africa 4

Family of snakes – –

Elapids 5 62.0% 40.0–85.0% 97.91% <0.001
Vipers 12 31.0% 19.0–42.0% 97.48% <0.001

Sensitivity analysis 55 28.0% 23.0–33.0% 99.72% <0.001
Meta-analysis of surgical interventions in snakebite infection
Prevalence 7 68.0% 37.0–98.0% 98.28% <0.001

Meta-analysis of bacteria isolated in snakebite infection
Gram-positive 16 40.0% 21.0–58.0% 96.59% <0.001
Gram-negative 16 63.0% 50.0–76.0% 91.76% <0.001
Anaerobes 8 4.0% 1.0–7.0% 54.19% <0.001
Morganella morganii 15 32.0% 22.0–41.0% 83.59% <0.001
Enterococcus spp. 11 23.0% 15.0–32.0% 98.28% <0.001
Staphylococcus aureus 9 15.0% 6.0–23.0% 72.52% <0.001
Proteus spp. 14 8.0% 5.0–10.0% 0.0% <0.001
Shewanella spp. 5 7.0% 1.0–12.0% 73.06% <0.001
Escherichia coli 10 6.0% 2.0–9.0% 40.46% <0.001
Citrobacter spp. 4 5.0% 2.0–8.0% 0.0% <0.001
Bacteroides fragilis 6 5.0% 2.0–8.0% 0.0% <0.001
Serratia spp. 6 5.0% 2.0–8.0% 0.0% <0.001
Aeromonas hydrophila 8 5.0% 2.0–8.0% 14.80% <0.001
Pseudomonas aeruginosa 5 4.0% 2.0–7.0% 0.0% <0.001
Klebsiella pneumonia 6 3.0% 1.0–5.0% 0.0% <0.001
Bold values represent the significant value ofP,0.05.

FIGURE 2. Subgroup analysis of snakebite infection according to snake families.
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consequences of snakebite infection in the acute phase of
envenomation, with few studies evaluating the infectious
consequences of snakebite.89

In the current systematic review, we found a considerable
prevalence of infection associated with snakebite (27%,
95% CI: 22–32%), being higher in Asia (32%) than in the
Americas (21%). In the case of Africa, there is a lack of stud-
ies, limiting the analysis of this region. Nevertheless, some
studies, such as that carried out in South Africa in 2017,
reported a prevalence of infection by snakebite of 24.39%.9

Another study in Ethiopia described a higher prevalence of
62.8% in a retrospective cohort study that collected data
from the medical charts of 250 patients at the University of
Gondar Hospital and Metema Hospital between September
2012 and August 2020.53 Environmental aspects and differ-
ences in exposure may influence these results, including the
growing awareness of the impact of climate change on
snakebite.5,90,91

Snakebite infection may require surgical intervention, such
as surgical debridement for extensive skin and soft-tissue
necrosis,9 as reported in most cases (67%) in the present
review. Unfortunately, the studies indicating the need for
surgery lack details regarding the specific type of interven-
tions and other related characteristics.21 Also, a limitation of
this systematic review is that, regrettably, such secondary
infections are often diagnosed due to cellulitis and abscess
and, in most cases, not necessarily performing a microbio-
logical culture to identify the causative agent, then being a
purely clinical diagnosis. Thus, this review shows only those
who collected secretions or biopsied the site to identify the
species. Additionally, most studies did not report the antimi-
crobials used, the time between snakebite and the occur-
rence of associated infection, or the grade of envenoming of

each patient. In addition, a limitation of this systematic
review is that such secondary infections are often diagnosed
due to the development of cellulitis and abscesses without a
microbiological culture to identify the causative agent in
most cases, and with the subsequent management based
on a purely clinical diagnosis. Thus, this review included only
studies in which secretions were collected or the bite site
was biopsied to identify the bacterial species. Additionally,
most studies did not report the antimicrobials administered,
the time between snakebite and the occurrence of associ-
ated infection, or the grade of envenomation of each patient.
The leading group of pathogens identified corresponded

to Gram-negative bacteria (63%), particularly M. morganii
(32%), and also Gram-positive cocci (40%), especially
Enterococcus sp. (23%) and S. aureus (15%). However, mul-
tiple other pathogens, also including anaerobes, were found.
The pathogens were related to the type of snake mouth
microbiota. For example, in some studies, A. hydrophila (5%
in this systematic review), M. morganii, K. pneumoniae (3%),
Bacillus sp., and Enterococcus sp. were isolated from the
oral cavity of Bothrops sp.92 M. morganii is a Gram-negative
bacillus usually present in the environment and the intestinal
tracts of humans, mammals, and reptiles as microbiota.
Despite its wide distribution, it is an uncommon cause of
community-acquired infection and is most often encoun-
tered in the postoperative setting and as the cause of
healthcare-associated infections.93,94 M. morganii is consid-
ered an opportunistic secondary invader that was originally
thought to be the cause of summer diarrhea.94 However, this
pathogen may also cause bacteremia, sepsis, brain
abscesses, pyomyositis, meningitis, and pericarditis,94 among
other infections,33–43 including the etiology of snakebite infec-
tions. Most studies did not indicate when coinfections or

FIGURE 3. Prevalence of surgical interventions in snake bite infections.
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polymicrobial infections occurred. Although the prevalence of
anaerobic infection secondary to snakebite was low, some
pathogens should be taken into account, such as Shewanella,
the most frequent anaerobic bacteria in this study (7%). For
instance, a case series including 10 Asian patients bitten by
cobras reported that all the patients were infected with She-
wanella, with most presenting moderate to severe local enven-
omation and polymicrobial infection. However, all patients had
favorable outcomes after administration of antibiotic treatment
according to the antimicrobial susceptibility pattern,95 which is
of paramount importance for the selection of adequate antimi-
crobial treatment.
Although we could not assess it given the lack of studies,

evaluating the antimicrobial susceptibility profile of the bac-
terial isolates from snakebite infections would be interesting
and is necessary. Because many pathogens would be asso-
ciated with severe infections, it is a matter of concern,
including isolating potentially antimicrobial-resistant patho-
gens. Although the lack of studies did not allow evaluation
of the antimicrobial susceptibility profiles of the bacterial
isolates from snakebite infections, it would have been of
interest, especially in relation to the potential isolated of
antimicrobial-resistant pathogens. Rational use of antimicro-
bials should be recommended. The isolation and identifica-
tion of possible bacteria in snakebite wounds should be
recommended in all cases to confirm or rule out an associ-
ated infection.
On the other hand, this study did not assess which snakes

were more prone to cause infections, which would be helpful
in clinical practice. Interestingly, a retrospective study found
that cobra bites were the most frequent among patients from
Taiwan.21 Studying which snakes are most likely to cause
snakebite infections is essential for targeting therapy in low-
income settings where microbiological testing is scarce.
As has been reported,94 the limitations of many studies

include a lack of established or inconsistent criteria for an
infected bite wound and the failure to use optimization tech-
niques for pathogen isolation, especially for anaerobic
organisms, which may explain the low prevalence of anaero-
bic infection in the present systematic review (4%). That also
implies, for empirical therapy, the need to consider not only
Gram-positive pathogens from human skin but also the
Gram-negative and anaerobes from the snakes’ oral mouth,
which may also vary according to the serpent species. For
empirical therapy, this also implies the need to consider not
only Gram-positive pathogens from human skin but also
Gram-negative bacteria and anaerobes from the mouth of
the snake, which may also vary according to the snake
species. In addition, no studies from countries in Oceania
were included. Nevertheless, local effects in Australian and
Neo-Guinean snakebites are rare.94 There is also a lack of
understanding of the pathogenic significance of all cultured
organisms; although most of them are pathogens, their role
in infection is not fully understood in all cases and clinical
scenarios, and some not necessarily pathogenic bacteria
may be occasionally isolated and identified. There is also a
lack of understanding of the pathogenic significance of all
the organisms cultured. Although most are pathogens, their
role in infection is not fully understood in all cases and clini-
cal scenarios, and some not necessarily pathogenic bacteria
may occasionally be isolated and identified. Another inter-
esting aspect would be to assess the differences in the

clinical impact of snakebite infections according to the
immune status of the host, including significant comorbidities,
such as diabetes (e.g., Pseudomonas has been identified in
snakebite infections), obesity, and autoimmune diseases,
among others. Gathering information and conducting research
more systematically and methodically through an organized
research network, including zoos, veterinary practices, and
rural clinics and hospitals, is needed to establish a better defi-
nition of the microbiology of animal-bite wound infections in
humans, including snakebites.94 Because no previous system-
atic review has been published, the value of the current results
is even higher. It is essential to highlight a clear need to
develop evidence-based guidelines that include the detailed
management of such associated infections.

CONCLUSION

The prevalence of snakebite-associated infections is high,
primarily due to M. morganii, and should be taken into
account when selecting the most adequate empirical ther-
apy. Most patients presenting with snakebite infection
require surgical intervention. Rational use of antimicrobials is
recommended and should guide initial empirical treatment.
In light of the present results, snakebites warrant further
microbiological study for the isolation and identification of
bacteria in all cases to confirm or rule out an associated
infection. Finally, the importance of monitoring infection in
snake-bitten patients is of note.96
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