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Abstract
The concept of resistotype represents a new characterization of bacterial communities distinct from their taxonomic 
composition. The term “resistotype” is now commonly used to refer to specific clusters within a resistome that 
possess a characteristic phenotypic profile, or set of antimicrobial resistance genes. In contrast to traditional 
approaches that focus on individual resistance genes or phenotypic manifestations of resistance, resistome 
analysis allows resistance to be considered at a more comprehensive level, integrating different genes and their 
interactions within microbial populations or an entire microbial community.
The aims and objectives of the review are to analyze and summarize current data on how resistotypes of individual 
microbial species and bacterial communities are identified and analyzed. 
Literature sources devoted to the identification of resistotypes of individual bacterial species and bacterial 
communities of humans and farm animals over the past 10 years were analyzed.
At the current moment, identification of microorganism resistotypes is not a common practice for studies related 
to resistance analysis. Phenotypic research methods, rarely supplemented by genetic or genomic data, are 
currently used to identify resistotypes of bacterial isolates. Metagenomic sequencing and bioinformatics analysis 
methods are used to identify resistome and resistotypes of microbial communities. 
Conclusion. Identification of resistotypes provides additional assessment of resistome in different microbial 
populations. Resistotype analysis can be applied both in clinical practice, to select the most appropriate method 
of therapy, and in agriculture, to improve the control of antibiotic resistance of microorganisms pathogenic to 
animals.
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Резистотипы как характеристика сообществ микроорганизмов, 
ассоциированных со здоровьем человека.  
Систематический обзор
Павленко А.В. , Сонец И.В., Манолов А.И., Старикова Е.В., Ильина Е.Н.
Научно-исследовательский институт системной биологии и медицины Роспотребнадзора, Москва, Россия

Аннотация
Понятие резистотипа представляет собой новую характеристику бактериальных сообществ, отличную от 
их таксономического состава. Сейчас термином «резистотип» принято обозначать специфические кла-
стеры внутри резистома, обладающие характерным фенотипическим профилем или набором генов рези-
стентности к антимикробным препаратам. В отличие от традиционных подходов, которые фокусируются 
на отдельных генах резистентности или фенотипических проявлениях устойчивости, анализ резистотипов 
позволяет рассматривать устойчивость на более комплексном уровне, объединяя различные гены и их 
взаимодействия в рамках микробных популяций или целого микробного сообщества.
Цели и задачи обзора: проанализировать и обобщить актуальные данные о способах выявления и ана-
лиза резистотипов отдельных видов микроорганизмов и бактериальных сообществ. 
Проведён анализ источников литературы, посвящённых выявлению резистотипов отдельных видов бакте-
рий и бактериальных сообществ человека и сельскохозяйственных животных за прошедшие 10 лет.
На текущий момент выявление резистотипов микроорганизмов не является распространённой практикой 
для исследований, связанных с анализом резистентности. Для определения резистотипов изолятов бакте-
рий используются фенотипические методы исследования, редко дополняемые генетическими или геном-
ными данными. Для установления резистома и резистотипов сообществ микроорганизмов используются 
методы метагеномного секвенирования и биоинформатического анализа. 
Заключение. Выявление резистотипов даёт дополнительную оценку резистома в различных популяциях 
микроорганизмов. Анализ резистотипов может быть применён как в клинической практике — для подбора 
наиболее подходящего метода терапии, так и в сельском хозяйстве — для улучшения контроля за анти-
биотикоустойчивостью микроорганизмов, патогенных для животных.

Ключевые слова: резистотип, резистом, бактерии, бактериальные сообщества, систематический 
обзор
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Intensive use of antimicrobials leads to an in-
crease in the number of resistance genes both among 
microorganisms associated with human body biotopes 
and among microorganisms in the human environment. 
The latter may include microorganisms inhabiting the 
biotopes of farm and domestic animals, as well as those 
in the soil or on the surfaces of objects surrounding 
humans. According to the World Health Organization, 
about 50% of antimicrobials used are not prescribed by 
a doctor1. However, even if a person is not using antibac-
terial drugs, they may still be exposed to environmental 
bacteria, which can lead to the spread of antimicrobial 
resistance (AMR) genes in their own microflora. AMR 
genes can be acquired not only by the commensal mi-
croflora of the human body, but also by pathogenic or 
opportunistic microorganisms, which can significantly 
complicate the treatment of infectious diseases.

The totality of all AMR genes in one biotope is 
called the resistome. The resistome of human biotopes 
is formed mainly by the commensal microflora, and re-
sistance genes of pathogenic microorganisms constitute 
only a small part of it [1].

The use of full-genome metagenomic sequencing 
makes it possible to identify the majority of AMR genes 
that make up the resistome, including AMR genes in 
the genomes of uncultivated microorganisms. This ap-
proach is currently used to objectively characterize the 
resistome and subsequently identify resistotypes. The 
term “resistotype” can be met more frequently in sci-
entific literature. Resistotypes are usually referred to as 
specific clusters within a resistome that possess a char-
acteristic phenotypic profile or a set of antimicrobial 
resistance genes [2, 3].

Identification of resistotypes is not yet a common 
practice for microbiological studies related to resis-
tance analysis. Upon examination of the statistics in 
the PubMed database, the query “resistotype*[text]” 
shows 43 publications in the last 10 years in which this 
term appears. For comparison, the query “antibiotic re-
sistance gene*[text]” found 8848 articles (query date: 
06.08.2024). At the same time, studies in which resisto-
types are identified and characterized are predominant-
ly published in highly ranked journals [4–7].

The aims and objectives of this review are to an-
alyze and summarize current data on the methods of 
identification and analysis of resistotypes of individual 
microorganism species and bacterial communities. 

Literature sources were searched using the 
PubMed database using the query “resistotypes[text] 
OR resistotype[text]” (query date 06.08.2024). Full-
text articles published between 2014 and 2024 were 
reviewed. Relevant articles were also searched in the 
Google Scholar database using the query “resistotype” 

1 The abuse of antibiotics leads to an increase in mortality from 
infections. URL: https://news.un.org/ru/story/2019/11/1367331 
(In Russ.)

for the same period. Articles describing individual re-
sistotypes of bacteria or microbial communities were 
included in the study. Papers for which it was not pos-
sible to obtain the full text of the article, as well as 
articles written in languages other than English, were 
excluded from the search results (no Russian-language 
publications on this topic were found, including in the 
eLIBRARY database). Forty-three articles were found 
in the PubMed database for the above-mentioned que-
ry. Also, 5 articles were additionally included in the 
review based on the search results in the Google Schol-
ar database (Fig. 1). Two publications in Turkish and  
22 articles lacking descriptions of individual resisto-
types were excluded from the analysis.

A total of 24 publications were selected based on 
the inclusion/exclusion criteria presented in this review. 
All articles analyzed described resistotypes of individu-
al bacterial isolates or metagenomic communities from 
both human and farm animals. All publications used 
phenotypic research methods to determine resistotypes 
of bacterial isolates, rarely supplemented by genetic 
or genomic data. Metagenomic sequencing and bioin-
formatic analysis methods were used to determine the 
resistome and resistotypes of microbial communities 
(Table 1). 

Resistotypes of selected bacterial species
Studies describing the resistotypes of individu-

al bacterial species are currently devoted either to the 
analysis of clinical isolates isolated from samples of pa-
tients with various infectious diseases or to the analysis 
of bacterial isolates isolated from samples of diseased 
farm animals. Both the classical disc diffusion test for 
determining phenotypic sensitivity to antibiotics and 
methods of genetic testing and whole-genome sequenc-

Number of publications found  
in databases 

(n = 48)
▼

Full-text articles included  
in the analysis

(n = 46) ►

Excluded full-text 
articles
(n = 22)

▼
Articles included in the analysis

(n = 24)

Fig. 1. Scheme for selecting publications for review.

Table 1. Distribution of publications by object of study  
and methods used to determine resistotypes

Type of research
Object

human farm animals

Metagenomic studies 6 1

Phenotypic methods/isolates 11 6
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ing are used to determine resistotypes in individual 
bacterial species. The publications considered in this 
section of the review can be conditionally divided into 
two groups:

Studies describing resistotypes of bacteria clini-
cally relevant to humans [2–4, 7–20];

Studies describing the resistotypes of pathogens 
of infectious diseases of farm animals [21–27]. 

Resistotypes of clinically relevant bacteria
The traditional approach to the determination of 

resistotypes of individual microorganism species is 
the use of phenotypic methods of antibiotic suscepti-
bility testing, with the vast majority of studies devoted 
to the study of microorganisms belonging to the ES-
KAPE group of pathogens. In particular, a study by 
B. Pérez-Viso et al. presented the results of identifica-
tion of resistotypes of bacterial isolates of Escherichia  
coli (n = 9,514), Klebsiella pneumoniae (n = 2,137) and 
Enterobacter cloacae (n = 516) on the basis of disk-dif-
fusion sensitivity testing to ampicillin, cephalothin, ce-
foxitin, amoxicillin and clavulanic acid [8]. The study 
revealed 5 resistance variants of bacterial isolates, of 
which 4 variants were found in all 3 bacterial species 
(Table 2). 

Some of the isolates analyzed did not fall into any 
of the described 4 groups. The resistance spectra of these 
isolates were different for different bacterial species.

The relative prevalence of resistotypes within 
the same species of bacterial isolates was different for 
different species. If in E. coli isolates wild-type and 
BSBL-type resistotypes were most common (49 and 
37%, respectively), then in K. pneumoniae and E. cloa-
cae isolates the wild-type resistotype and a group of un-
classified resistotypes prevailed. At the same time, the 
BSBL resistotype was identified only in E. coli isolates. 
Although this publication provides a detailed character-
ization of the resistotypes of the isolates, a significant 

drawback is the lack of an analysis comparing resis-
totypes with the metadata of the patients from whose 
specimens the isolates were isolated [8]. 

Among other publications devoted to the analysis 
of resistotypes of individual bacteria, there are works 
similarly describing the resistotypes of K. pneumoniae 
[12, 15–17], Pseudomonas aeruginosa [11, 18], Acine-
tobacter spp. [11, 13, 15, 17], as well as Enterococcus 
spp., Staphylococcus aureus, Enterobacter spp. [15] 
and Stenotrophomonas maltophilia [14]. In all the 
above-mentioned publications, the establishment of 
bacterial resistance was performed by testing their sen-
sitivity to antibiotics using the disk diffusion method or 
E-tests.

Recently, a study demonstrating the variability of 
resistance patterns of Burkholderia cenocepacia iso-
lates isolated from the sputum of a patient with cys-
tic fibrosis has been published [9]. Sputum samples 
were collected from 1 patient for 63 months (more than  
5 years), from which B. cenocepacia were isolated. The 
obtained isolates were tested for sensitivity to ceftazi-
dime, meropenem, minocycline, and trimethoprim-sul-
famethoxazole. A total of 11 isolates were analyzed, 
each with a unique resistotype (Fig. 2). In this article, 
the term “resistotype” was used to refer to a specific 
AMR profile characteristic of an isolate, and resisto-
types can change over time. While an isolate isolated at 
the beginning of the study was sensitive to all 4 antibio-
tics, the resistance profile of isolates isolated in subse-
quent months changed, and the observed changes were 
not always associated with an increase in resistance. An 
isolate resistant to all 4 antibiotics was obtained only at 
the 18th month of the study and was not detected in the 
following months. 

The most characteristic study describing the estab-
lishment of bacterial resistance by combining pheno-
typic and genetic testing is the publication [7] devoted 
to the study of microbiological and clinical characteris-

Table 2. Characteristics of resistotypes from the publication B. Pérez-Viso et al. [7]

Resistotype 
designation in 
the text of the 

publication
Features Antibiotic  

sensitivity
Antibiotic 
resistance

Association with 
carriers, if specified Cohort size

Wild-type – All tested –
E. coli,  

K. pneumoniae,  
E. cloacae

7101

BSBL resistotype
Presence of broad-spectrum  
beta-lactamases, absence  

of extended-spectrum β-lactamases
Cephalothin, 

cefoxitin Ampicillin E. coli 3653

ESBL resistotype
Presence of extended-spectrum 

β-lactamases, absence  
of β-lactamase ampC  
and carbapenemase

Cephalosporins
E. coli,  

K. pneumoniae,  
E. cloacae

1217

AmpC resistotype
Presence of ampC β-lactamase, 
absence of carbapenemase and 
extended-spectrum β-lactamases

Cephalosporins 
and clavulanic acid

E. coli,  
K. pneumoniae 195
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Fig. 2. Description of 11 resistotypes of B. cenocepacia isolates from adult cystic fibrosis patient samples  
over a period of 63 months. 

Resistotype profiles were based on the sensitivity of the isolates to 4 antibiotics (ceftazidime, meropenem, minocycline, and trimethoprim-
sulfamethoxazole). S, sensitive; I, intermediately resistant; R, resistant. CAZ, ceftazidime; COTRIM, trimethoprim-sulfamethoxazole; MERO, 

meropenem; MINO, minocycline. Data are based on the publication [9].

Table 3. Characteristics of Serratia spp. resistotypes from article [7]

Resistotype 
designation  

in the text of the 
publication

Major driver genes  
of resistotype Antibiotic resistance Association  

with carriers Cohort size

Resistotype 1 aac6-Ic, blaSST-1, 
tet41 Aminoglycosides, β-lactams, tetracycline

S. marcescens, 
S. nemato-

diphila,  
S. ureilytica

62

Resistotype 2
aac6-Ic, blaSRT-1, 

blaSHV-12, blaVIM-1, 
cmlB1

Aminoglycosides, β-lactams, carbapenems, 
cephalosporins, chloramphenicol 37

Resistotype 3

aac6-Ic, aadA1, 
blaSRT-1, blaVIM-1, 
tet41, sul1, catA1, 

catB2, dfrB1, mphE, 
msrE

Aminoglycosides, β-lactams, carbapenems, 
tetracyclines, macrolides 6

Resistotype 4
aac6-Ic, blaSRT-1, 

blaSHV-12, blaLAP-2, 
qnr-S1

Aminoglycosides, β-lactams, carbapenems, 
fluoroquinolones 2

tics of bacteria of the Serratia genus, which presents the 
results of work conducted over 16 years (2005–2020). 
Serratia are opportunistic pathogenic microorganisms 
that cause purulent-inflammatory diseases of various 
localizations in humans. The most studied species of 
this genus is S. marcescens. This pathogen is the etio-
logic agent of diarrheal diseases, meningitis, arthritis, 
sepsis and urinary tract infections. Species of the Serra-
tia genus are considered one of the main sources of bac-
teremia in perinatal centers. The Serratia spp. isolates 
included in the cited study were isolated from clinical 
samples of patients at the Ramón y Cojal University 
Hospital (Madrid), whose ages ranged from 21 days 
to 97 years. A total of 107 isolates were selected for 
whole-genome sequencing and subsequent analysis of 
Serratia spp. resistome.

As a result of bioinformatic analysis, 4 resisto-
types were identified among the analyzed sample of 
isolates (Table 3). 

Resistotype I (aac6-Ic, blaSST-1 and tet41 genes) 
and resistotype II (aac6-Ic and blaSRT-1) were repre-
sented most frequently (58 and 34.6%, respectively). 
Resistotype III was detected in 6 isolates producing 
carbapenemases (aac6-Ic, aadA1, blaSRT-1, blaVIM-1, 
tet41, sul1, catA1, catB2, dfrB1, mphE, msrE), and 
resistotype IV was represented by 2 strains produc-
ing blaSHV-12 BLRS (aac6-Ic, blaSRT-1, blaSHV-12, 
blaLAP-2, and qnr-S1).

The bla SST-1 and bla SRT-1 genes encoding in-
ducible β-lactamase ampC genomes of S. marcescens 
were detected in all isolates. Their phenotypic ex-
pression was observed in 89.7% of the tested isolates 
susceptible to cefotaxime (87 out of 97 isolates). The 
cited study provides a detailed description of the iden-
tified Serratia spp. resistotypes, but does not com-
pare the resistotypes with the metadata of the patients 
from whose specimens the analyzed isolates were  
isolated [7].
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Resistotypes of infectious agents of farm animals

Resistome of pathogens of infectious diseases of 
animals is a subject of active study by researchers, in-
cluding due to close human contact with farm animals. 
For example, S. Chhabra et al. described resistotypes of 
Rhodococcus equi isolates from samples of foals with 
respiratory diseases [21]. This pathogen is present in 
soil as well as in the intestinal tract of cattle, horses, 
sheep, pigs and several other animals. It can cause re-
spiratory disease in foals aged 1–4 months. R. equi is 
considered a serious threat to the horse industry due 
to the high morbidity and mortality in infected young 
horses. In the study mentioned above, 28 clinical iso-
lates of R. equi obtained from samples of foals with re-
spiratory diseases from different parts of the states of 
Haryana and Rajasthan in India were investigated. The 
collected isolates were screened for resistance to 33 an-
tibiotics by disk diffusion method. All isolates showed 
similar resistance results to 29 antibiotics. Differences 
in resistance profiles were observed only in relation to 
4 antimicrobials: amoxicillin, gentamicin, colistin and 
streptomycin. Based on these differences, 10 resisto-
types (R1–R10) were identified. Resistotypes R1 (re-
sistance to amoxicillin, gentamicin, and streptomycin; 
sensitivity to colistin) and R4 (resistance to gentamicin 
and streptomycin; sensitivity to amoxicillin and colis-
tin) were the most frequent. The article emphasizes that 
the study of resistotypes can help in determining the 
source of infection and spread of disease, and can be 
used to select effective therapy and control disease in a 
particular geographic area or on a particular farm.

Similar work was carried out with Enterococcus 
spp. isolates obtained from bird samples from 40 poul-
try farms in Serbia [22]. The sensitivity of the isolates 
to antibiotics was also determined by disk diffusion 
method. The study identified different species of the ge-
nus Enterococcus with different resistance profiles, in-
cluding E. faecalis, E. faecium, E. hirae, E. durans and 
E. thialandicus. Meanwhile, E. faecalis and E. faecium 
were most associated with multidrug resistance (MDR) 
to antibiotics. In this study, 18 resistotypes associated 
with resistance to different classes of antibiotics were 
identified. For example, resistotypes characterized by 
resistance to tetracycline and doxycycline alone were 
identified, while other resistotypes were characterized 
by MDR to several classes of antibiotics. The identified 
MDR strains may pose a risk to both avian and human 
health as they may contribute to the spread of antibiotic 
resistance through the food chain.

A large study by J. Alvarez et al. analyzed the res-
istotypes of 3047 Salmonella isolates from the feces of 
farm birds (laying hens, broiler chickens and turkeys) 
in Spain [25]. Sensitivity to 9 antibiotics (ampicillin, ci-
profloxacin, nalidixic acid, chloramphenicol, gentami-
cin, sulfamethoxazole, tetracycline, trimethoprim and 
colistin) was determined using serial dilution method. 
The study identified 94 resistotypes, of which 33 were 

found in all bird species, 19 were characteristic only for 
broiler chickens, 22 for turkeys, and 3 for laying hens.

Similar studies describing the resistotypes of bac-
terial pathogens of farm animals were also conducted 
on poultry farms in Zimbabwe (for Salmonella enter-
itidis isolates [23]) and Italy (for Campylobacter jejuni 
isolates [24]). Also, a study by D. Cid et al. described 
the resistotypes of Pasteurella multocida isolates from 
pig and sheep samples [26]. 

Thus, in the reviewed publications, the term “res-
istotype” is understood as a certain phenotype of resis-
tance of microorganisms to a set of antibiotics, detect-
ed by disk diffusion method, serial dilution method or 
E-test strip method.

Resistotypes of commensal microbial 
communities

The microbiome associated with the host or-
ganism (human or animal) is a complex and dynam-
ic community of multiple species of microorganisms: 
bacteria, archaea, viruses and fungi inhabiting different 
biotopes, mainly skin, mucous membranes and gastro-
intestinal tract. The microbiome plays an important role 
in maintaining the health of the host organism and may 
be associated with a number of diseases [28]. Drugs af-
fecting the host also have an effect on the microbiome, 
with the most pronounced effect observed for antimi-
crobials [29, 30]. 

Even a healthy person who does not take antibi-
otics is constantly in contact with antibiotic-resistant 
microorganisms, which can be carried by other people 
or pets. This leads to the possibility that AMR genes 
may enter his or her own microbiota, becoming part of 
the individual resistome. Such events are most likely to 
occur in populations with a high frequency of antibiotic 
consumption [31].

In determining resistomes and resistotypes of mi-
crobial communities, genetic testing methods are used 
exclusively, in contrast to works on the study of res-
istotypes of individual bacterial species. Of the genet-
ic methods used for resistome analysis, metagenomic 
sequencing followed by bioinformatic analysis is the 
most informative.

The first mention of the term “resistotype” in rela-
tion to microbial communities associated with the hu-
man body dates back to a 2013 study [3]. In this study, 
gut microbiota resistotypes were analyzed based on 
metagenomic data from 275 healthy volunteers from 
America, Denmark, Spain, France, Italy, Japan, China 
and India. The analysis revealed the presence of po-
tential resistance genes to 53 different antibiotics. The 
sample included adults without serious pathologies 
(267 samples), children (4 samples) and infants (4 sam-
ples), allowing comparative analysis of resistotypes of 
different age groups. 

AMR gene prevalence data were obtained for 
each metagenome. Genes occurring in less than 10% 
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of metagenomes were excluded from the analysis. Be-
tween Class Analysis (a modification of Principal com-
ponent analysis, which is more robust to outliers and 
data noise) was performed for the obtained represen-
tation profiles. The study identified 4 resistotypes by 
cluster analysis (Table 4). 

Resistotype 1 included most of the gut microbi-
ota samples studied. The authors categorized this res-
istotype into 3 subtypes: 1A, 1B and 1C. Resistotype 
1A was the most common among European and Japa-
nese study participants. Resistotype 1B included sam-
ples from different regions; no pronounced geographic 
speci ficity was observed for this subtype. Resistotype 
1C included a significant number of samples from the 
USA (about 60% of American microbiomes). This res-
istotype was characterized by higher resistance to fos-
midomycin and cephalosporins, which may be associ-
ated with the specifics of the use of these antibiotics in 
the USA.

Resistotype 2 was specific to the Chinese popula-
tion (24 out of 30 Chinese samples) and was also char-
acterized by a high content of tetracycline, lincomycin 
and macrolide resistance genes. This reflects the pecu-
liarities of antibiotic use in China, where there is a high-
er use of antibiotics compared to other countries [32].

The MetaHIT study found significant geographi-
cal differences in the number of identifiable AMR 
genes [33]. In particular, a higher number of AMR 
genes were found in the intestines of people from 
Southern Europe compared to people from Northern 
Europe and the USA. A higher number of AMR genes 
was detected in children from Japan compared to chil-
dren from India, but a correction should be made for 
the small sample size: there were only 2 pediatric sam-
ples from India and Japan each. It is worth noting that 
infants from Japan (4 samples) had a high number of 
AMR genes detected. 

A study by E. Ruppé et al. was performed using 
metagenomic data obtained within the MetaHIT con-
sortium [33], the DMM (Dirichlet-Multinomial Mix-
ture Models) method was used to identify resistotypes 
using the Laplace criterion to determine the optimal 
number of clusters [20]. We analyzed 663 metage-
nomic samples, which we were able to cluster into 6 
resistotypes. Among them, the first 4 resistotypes were 
the most common, each comprising about 20% of the 
samples analyzed. The fifth and sixth resistotypes were 
present in 8.7 and 7.5% of the samples, respectively. 
Resistotype 1 was enriched in ANT aminoglycoside re-
sistance genes, while resistotype 3 was dominated by 
tet(M) tetracycline resistance genes and class C β-lac-
tamase resistance genes. Resistotype 4 was enriched 
with tet(X) tetracycline resistance genes and class A 
β-lactamases, while resistotype 6 was enriched with 
class B1 β-lactamases and sul sulfonamide resistance 
genes. Resistotypes 1 and 3 had a higher diversity of 
AMR genes and were associated with the Clostridiales 

bacterial order. Resistotype 4 was associated with bac-
teria of the Bacteroides genus (they contain tet(X) and 
β-lactamase class A genes), and resistotype 6 — with 
bacteria of the Prevotella genus.

Over the past 2 years, several papers have ap-
peared in highly ranked journals developing the topic 
of characterization of resistotypes of microbial com-
munities inhabiting natural human biotopes. Perhaps 
such interest in the patterns of AMR gene distribution 
is due to public concern about the consequences of the 
COVID-19 pandemic associated with excessive con-
sumption of antibiotics2. 

In particular, K. Lee et al. attempted to assess the 
impact of antibiotics use on the human microbiome 
at the population level [4]. The study included meta-
genomic data obtained for the microbiota of different 
biotopes of the human body: oral cavity, skin, upper re-
spiratory tract, vagina, but the main array (n = 5372) of 
samples consisted of metagenomes of the intestinal mi-
crobiota. Metagenomes from different countries were 
included in the study: Austria, Canada, China, Den-
mark, Denmark, Spain, France, Germany, Israel, Italy, 
Kazakhstan, Madagascar, Netherlands, Spain, Sweden 
and USA. Metagenomes from healthy volunteers ac-
counted for 3,565 of the 8,972 samples analyzed. Using 
this sample, the authors showed that the representation 
of AMR genes correlates with the level of antibiotic 
consumption per capita in the analyzed country, and 
this correlation is primarily observed for AMR genes 
adjacent to mobile genetic elements.

In analyzing the above-mentioned samples, 422 
AMR gene families were identified using the CARD 
(Comprehensive Antibiotic Resistance Database). The 
resistome profiles obtained for the metagenomic sam-
ples were clustered by NMDS (non-metric multidimen-
sional scaling) using Bray-Curtis distances, resulting in 
the identification of 2 resistome clusters. The separa-
tion into 2 resistotypes was confirmed using PAM (par-
titioning around medoids), UMAP (Uniform Manifold 
Approximation and Projection) and k-means methods.

When analyzing the frequencies of occurrence 
of resistotypes and the representation of AMR genes 
in them, it was found that the resistotype with a lower 
frequency of occurrence in the population is more than 
10 times enriched with resistance genes to fluoroquino-
lones, fosfomycins, aminoglycosides and peptide anti-
biotics, as well as genes determining MDR, compared 
to the other resistotype, which is found in a larger num-
ber of samples. The first, rarer resistotype was designat-
ed by the abbreviation FAMP, based on the first letters 
of the names of the antibiotic groups whose resistance 
genes are characteristic of this resistotype (Fluoroquino-

2 WHO reports widespread overuse of antibiotics in patients 
hospitalized with COVID-19. URL: https://www.who.int/
news/item/26-04-2024-who-reports-widespread-overuse-of-
antibiotics-in-patients--hospitalized-with-covid-19
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lones, Fosfomycins, Aminoglycosides, Multi-drug re-
sistance, Peptide antibiotics). The other resistotype was 
labeled as background. Importantly, no association with 
enterotypes was found for the identified resistotypes, 
but associations with specific bacterial taxa were es-
tablished. Thus, the species associated with the FAMP 
resistotype were predominantly from the Proteobacte-
ria phylum, in particular, from the Enterobacteriaceae 
family. At the same time, the frequency of FAMP res-
istotype occurrence was correlated with patient groups 
by health status: in healthy patients, the proportion of 
FAMP samples was minimal, while FAMP resistotype 
was most frequently found in groups of patients with 
intestinal infections such as cholera (83.3%) and Shiga 
toxin-producing Escherichia coli (79.4%) (Fig. 3).

Also, this study used longitudinal data from  
12 healthy volunteers receiving a 4-day course of a mix-
ture of 3 broad-spectrum antibiotics: meropenem, gen-
tamicin and vancomycin [34]. By analyzing these data, 
it was shown that antibiotic use leads to a transition to 
FAMP-resistance for the majority of patients within  
8 days after the end of the antibiotics course and is ac-
companied by an increase in the total number of AMR 
genes. This effect partially persists 42 days after the end 
of the course, but by day 180 after the end of the course 
of antibiotic use, patients return to the original resisto-
type (background). The authors attribute the observed 
effect to AMR genes associated with single Proteobac-
teria species.

The authors suggest that the use of antibiotics may 
lead to the emergence of resistance primarily in patho-
genic and opportunistic gram-negative microorganisms 
that may enter the human gut during intestinal infec-
tions, subsequently transferring resistance genes to 

commensal bacteria. The authors also suggest that this 
process of sharing antibiotic resistance genes within the 
gut microbial community may take a long time, and the 
speed of this process may depend on the overall intensi-
ty of antibiotic use in the population. These hypotheses 
help to explain the association of the FAMP resistotype 
with intestinal infections and Proteobacteria as drivers 
of this resistotype, as well as with the overall level of 
antibiotic consumption in the population.

The topic of resistotype variability is raised by  
A. Dhariwal et al., who studied the formation of the mi-
crobiome and nasopharyngeal resistome in premature 
infants with the assessment of the influence of early 
antibiotic use on this process [18]. The study included 
66 premature infants whose nasopharyngeal aspirate 
samples were collected during the first 6 months of life. 
The total sample volume amounted to 181 samples. 
According to the results of metagenomic analysis with 
subsequent data processing, 3 main resistotypes were 
identified in this sample, the characteristics of which 
are shown in Table 4. 

The authors showed that early antibiotic admin-
istration had a transient effect on resistome and distri-
bution of resistotypes [18]. Exposure to antibiotics led 
to an increase in the diversity and number of antibi-
otic-resistance genes. However, this effect was short-
lived, and differences in resistotypes between groups 
with and without antibiotic administration smoothed 
out by 6 months of corrected age. The R2 resistotype 
associated with Serratia bacteria persisted longest after 
antibiotic administration. 

B. Pérez-Viso et al. found an association between 
the airway resistotype of patients with bronchiectasis 
and their clinical outcomes [7]. Metagenomic sequenc-

Fig. 3. Representation of FAMP (bottom of the columns) and background (top of the columns) resistotypes  
in the gut microbiota of different categories of people [4]. 
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Table 4. Characteristics of human bacterial community resistotypes 

Object  
of study

Resistotype 
designation in 
the text of the 

publication

Resistotypes 
(main drivers,  
if specified)

Antibiotic  
resistance

Associations 
with bacteria

Cohort 
size

Resistotype 
properties Reference

Na so-
pharyn geal 
microbiome of 
preterm infants

R1 patA, patB, 
rlmA(II)

Fluoroquinolones Streptococcus 
mitis/oralis, 

Gemella 
haemolysans/

sanguinis

66 One of the most 
represented resistotypes  

in premature infants

[18]

R2 SST-1, AAC(6')-
Ic, tet(41), mexl

β-Lactams, 
aminoglycosides,  

tetracycline, 
multidrug resistance 

(MDR)

S. marce-
scens/ 

nematodiphila

One of the most 
represented resistotypes  

in premature infants.  
It persists for a long time

R3 blaZ β-Lactams S. aureus,  
S. epidermidis

The airway 
microbiome in 
bronchiectasis

RT1 hmnM, PatA, 
tetB(46), ErmX

Fluoroquinolones, 
tetracyclines,  

MDR

Haemophilus 
influenzae, 

Rothia 
mucilaginosa, 
Streptococcus 

spp.

280 RT1 is a more clinically 
favorable resistome profile 

showing less resistance 
gene diversity

[2]

RT2 mexM, basA, 
PA_catB7, 

bcr_1, APH(3)''Ib

Aminoglycoside, 
phenicol, 

bicyclomycin,  
MDR

P. aeruginosa, 
K. pneumoniae

RT2 is associated with 
more exacerbations, worse 
lung function, and greater 

disease severity

The gut 
microbiome  
of healthy 
individuals

Resistotype 
1A

Bacitracin, 
vancomycin, 

tetracycline, F3H8F5 
(lincosamine, 

streptogramin B  
and macrolides)

267 Predominantly sampled 
from Europe and Japan

[3]

Resistotype 
1B

Vancomycin, 
bacitracin, 

tetracyclines, 
cephalosporins

Predominantly sampled 
from Europe and the USA

Resistotype 
1C

Fosmidomycin, 
cephalosporin

Predominantly sampled 
from the US

Resistotype 2 Tetracycline, F3H8F5 
(lincosamine, 

streptogramin B 
and macrolides), 
cephalosporin, 

lincomycin, 
macrolide, J3I4  

and trimethoprim

Predominantly Chinese 
sample

The gut 
microbiome 
of healthy 
individuals

Background Glycopeptides, 
tetracyclines

Coprococcus 
eutactus, 

Eubacterium 
siraeum

3034 Associated with non-
pathogenic microorganisms

[4]

FAMP Fluoroquinolones, 
MDR, polypeptides, 
fluoroquinolones, 

fosfomycin, 
aminoglycosides, 

sulfonamide

E. coli,  
Proteus 
mirabilis

2338 Associated with pathogenic 
microorganisms. Occurs 

in metagenomes of 
patients with colorectal 

cancer (51.9%), metabolic 
diseases (58.2%), intestinal 
infections associated with 

Shiga toxin-producing  
E. coli (79.4%), and cholera
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Object  
of study

Resistotype 
designation in 
the text of the 

publication

Resistotypes 
(main drivers,  
if specified)

Antibiotic  
resistance

Associations 
with bacteria

Cohort 
size

Resistotype 
properties Reference

Microbiota of 
the oral cavity 
biofilm

Resistotype 1 High 
representation 

of mefA, 
msrD, ermB, 

blaCSP(1). Low 
representation  

of tet32  
and tetQ

179 Prevalent in all groups  
of people (predominantly 
in healthy individuals and 

those with caries)

[19]

Resistotype 2 High 
representation 
of ermF and 

tet32, tetQ. Low 
representation 
of ermB and 
blaCSP(1)

Present in all groups of 
people (predominantly  
in healthy individuals  
and those with caries)

Resistotype 3 High 
representation 
of pgpB. Low 
representation 
of mefA, msrD, 

ermF, ermB

Present only in samples  
of people with periodontitis

Intestinal 
microbiota 
of healthy 
individuals

6 resistotypes 
were 

identified

Resistotype 1  
is ANT, 

Resistotype  
3 Tet(M) and  

class C 
β-lactamases. 

Resistotype 4 by 
Tet(X) and class 
A β-lactamases. 
Resistotype 6 by 
β-lactamases of 

class B1, Sul

Resistotypes 
1 and 3 — 

bacterial order 
Clostridiales. 
Resistotype 

4 — bacterial 
genus 

Bacteroides. 
Resistotype 
6 — genus 
Prevotella

663 The first 4 resistotypes 
were the most represented, 

each comprising about 
20% of the samples 

studied. The fifth and sixth 
resistotypes represented 

8.7 and 7.5%,  
respectively

[20]

End of the Table 4

ing data of sputum samples were used to analyze the 
resistome and identify resistotypes. A total of 280 in-
dividuals aged 59–73 years from the UK (Scotland), 
Greece, Singapore, Malaysia and Italy were included 
in the study. Resistotypes were determined using bioin-
formatic data analysis, which included spectral cluster-
ing based on Bray-Curtis distances and assessment of 
cluster stability using maximization of the mean silhou-
ette coefficient. This method measures differences in 
resistome gene profiles between different samples and 
groups them into clusters based on similarity. Analysis 
of the resistome profiles allowed us to identify 2 resis-
totypes (RT1 and RT2) and to perform an association 
of the observed resistotypes with disease outcome. RT1 
was associated with more favorable clinical outcomes 
and contained an increased number of resistance genes 
to tetracyclines, macrolides, and beta-lactam antibiot-
ics. RT2 was associated with unfavorable clinical out-
comes and was characterized by an increased number 
of resistance genes to aminoglycosides, chloramphen-
icol, bicyclomycin, peptide antibiotics, as well as an 
increased number of MDR determinant genes (Table 4). 

In samples belonging to RT1, there was an in-
creased relative representation of bacteria of H. influ-
enzae and R. mucilaginosa species, as well as several 
species of Streptococcus genus. In samples belonging 
to the RT2 resistotype, an increased representation of 
P. aeruginosa and K. pneumoniae pathogens was ob-
served. Successful eradication of P. aeruginosa in pa-
tients led to a switch from RT2 to RT1, accompanied 
by a decrease in resistance gene diversity and improved 
clinical outcomes. The study highlights the importance 
of resistome analysis in predicting clinical outcomes in 
patients with bronchiectasis. The authors of the paper 
believe that the identification of RT1 and RT2 opens 
new opportunities for targeting therapy and improving 
the clinical outcome of the disease.

A.C. Anderson et al. described the features of oral 
biofilm resistome in healthy patients, as well as patients 
with caries and periodontitis [19]. This study utilized 
metagenomic data obtained from samples of 179 indi-
viduals. Using hierarchical clustering on the Jaccard 
difference matrix, 3 resistotypes were identified. Res-
istotype 1 was characterized by high representation of 
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mefA, msrD, ermB, and blaCSP(1) genes and low rep-
resentation of pgpB, tet32, and tetQ genes. Resistotype 
2 had high representation of ermF, tet32 and tetQ genes 
and low representation of ermB and blaCSP(1) genes. 
Resistotype 3 was characterized by high representation 
of pgpB genes and low representation of mefA, msrD, 
ermF and ermB genes. Resistotype 3 was present on-
ly in the samples of patients with periodontitis, while 
resistotypes 1 and 2 were present in all groups, but to 
the greatest extent in the groups of healthy and caries 
patients (Table 4).

The only study to date describing the resistotypes 
of farm animal microbiota has analyzed the rumen mi-
crobiota resistome of cows and evaluated the relation-
ship between resistotypes and the nutritional value of 
milk [27]. In this study, 49 samples of rumen micro-
biota (the initial stomach compartment of ruminants) 
collected from cows from two different farms in China 
were analyzed. The study was divided into two parts. 
The first part, which included samples from 33 cows, 
was to evaluate the effect of feed intake on animal resi-
stome and resistotypes. In the second part of the study, 
the protein content in milk of cows was determined 
depending on the rumen microbiota resistome. Six-
teen animals with high and low protein content in milk 
were included. AMR genes were detected using full 
genome metagenomic sequencing, bioinformatic data 
processing was performed using the CARD database. 
Resistotypes were identified using clustering with a 
partitioning algorithm around the medoid. The study 
identified 4 resistotypes associated with milk protein 
production. The rumen microbiota of cows with low 
milk protein levels was assigned to one resistotype 
and characterized by a high content of AMR genes. 
The most represen ted in this group were the mfd gene, 
which determines resistance to fluoroquinolones, and 
the sav1866 gene associated with MDR. No relation-
ship was found between resistome and consumption of 
different amounts of feed in the study. The authors con-
clude that the cow rumen microbiome and associated 
antibiotic resistance profiles may influence the quality 
of dairy products.

Discussion
The concept of resistotype represents a new char-

acterization of bacterial communities, distinct from 
their taxonomic composition. In contrast to traditional 
approaches that focus on individual resistance genes or 
phenotypic manifestations of resistance, the analysis of 
resistotypes allows us to consider resistance at a more 
comprehensive level, integrating different genes and 
their interactions within microbial populations or entire 
microbial communities.

On our part, this is not the first reference to the 
topic of defining the role of resistome in microbial com-
munities. Being the first scientific group in Russia to 
describe the features of the gut microbiota of our coun-

try’s inhabitants (healthy volunteers) [35], we also pro-
posed a tool for resistome analysis [36] and correlated 
the resistome data of the gut microbiota of Russians 
with the then available ideas about the phenomenon of 
resistome of microbial communities [37]. 

Today we address the topic of resistotypes as a 
taxonomy-independent characteristic of the microbi-
ome based on our own experience of detecting two 
resistotypes of the gut microbiota in patients hospi-
talized with COVID-19. The two resistotypes we de-
tected differed in the number of AMR genes, with half 
of the patients experiencing a change in resistotype 
during therapy. It is worth noting that for the micro-
biota of the oropharyngeal tract of the same patients, 
we observed a single resistotype characterized by re-
sistance genes to macrolides, fluoroquinolones, and 
lincosamide [38].

Studies on resistotypes use different methodolog-
ical basis for their identification and characterization. 
Studies devoted to the determination of resistotypes 
of individual bacterial species are usually based on 
phenotypic characterization of the sensitivity of these 
microorganisms to different antibiotics and only rarely 
use genetic testing. Resistotype analysis of microbi-
al communities, such as the human gut microbiome, 
is realized through whole-genome metagenomic se-
quencing, which allows the detection of most of the 
AMR genes in the resistome, including those in un-
cultured organisms. This method provides detailed 
information on the genetic composition of microbial 
communities and identifies specific clusters of AMR 
genes that form resistotypes. Thus, different interpre-
tations of the concept of “resistotype” depending on 
the object of study and the way of its characterization 
can be found in the scientific press today. In the case 
of the study of individual microorganism species, a re-
sistotype refers to a unique phenotypic susceptibility 
profile, whereas in the case of metagenomic analysis 
of microbial communities, a resistotype is the result of 
clustering the identified AMR genes and selecting the 
optimal number of clusters. 

The importance of the resistotype as an indepen-
dent characteristic of the microbial community is yet 
to be realized. In clinical practice, the identification of 
resistotypes in the future may play a role in the selec-
tion of rational antimicrobial therapy. Knowledge of the 
presence of a specific resistotype in the patient’s micro-
biota will allow physicians to choose the most effective 
combinations of antibiotic drugs, minimizing the risk of 
developing AMR. Thus, resistotyping can significantly 
accelerate and improve the decision-making process in 
the treatment of infectious diseases.

In the agricultural sector, the main objective of 
the study of resistotypes is to identify the resistance 
spectrum of microorganisms pathogenic to animals. 
This is particularly relevant for determining the risks 
of transferring resistance genes from animals to hu-
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mans through the food chain. For example, identifying 
resistotypes in pathogens such as R. equi in horses or 
Enterococcus spp. in birds helps to assess the potential 
health consequences for both the animals themselves 
and the humans who come into contact with these ani-
mals, as well as to develop effective methods for con-
trolling the spread of these pathogens.

Understanding the characteristics of animal mi-
crobiota resistotypes can help to improve agricultural 
production performance. For example, in a study of the 
relationship between rumen microbiota resistotypes and 
the quality of dairy products, it was shown that certain 
resistotypes can be associated with the protein content 
of milk. Thus, monitoring and control of resistotypes 
can be used to improve the efficiency of production and 
ensure the safety of agricultural products.

Conclusion
Resistotypes represent a new characteristic of 

bacterial communities, considered separately from 
taxonomic composition. Identification of resistotypes 
allows an additional assessment of resistomes in dif-
ferent microbial populations. Various factors may play 
a role in the formation of resistotypes of the microbio-
ta of individuals: clinical, cultural, geographical, etc., 
which emphasizes the necessity to take into account 
regional characteristics when developing strategies to 
combat AMR. The identification of resistotypes holds 
promise both in clinical practice, where it may facilitate 
the selection of the most appropriate therapy, and in ag-
riculture, where this approach can be used to improve 
the control of AMR of microorganisms pathogenic to 
animals.
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