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The human gut serves as a reservoir of hypervirulent Klebsiella pneumoniae
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ABSTRACT
Hypervirulent Klebsiella pneumoniae (hvKp) can cause serious infections and has been increasingly 
reported clinically. However, we still lack the knowledge to what degree hvKp colonize the 
community. In this study, we investigated colonization of hvKp in healthy human gut and the 
relationship between gut hvKp and clinically important invasive strains. We compile global gen-
omes of gut K. pneumoniae for in-depth genetic analysis and found most hvKp genomes originated 
from Chinese datasets; therefore, we collected gut K. pneumoniae isolates from healthy people 
around China. The results revealed a moderate carriage rate of hvKp in the healthy population (4%– 
5.19%). Phylogenetic analysis indicated a close relationship between gut hvKp and fatal clinical 
strains. These results demonstrate that the human gut may serve as a reservoir of hvKp and that gut 
hvKp can play a role in infection of other body parts.
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Introduction

Klebsiella pneumoniae is a member of the family 
Enterobacteriaceae that is best known for its capa-
city to cause infections, including healthcare- 
associated infections and community-acquired 
infections (CAIs). CAIs are often caused by hyper-
virulent K. pneumoniae (hvKp) and cause severe 
disease, with a hallmark clinical syndrome of hepa-
tic abscess in the absence of biliary tract disease. 
Meanwhile, hvKp can infect other parts of the 
body.1 Serious infections caused by hvKp have 
been primarily observed in East Asia; however, 
reports of infections with hvKp have been increas-
ing worldwide.2,3 The evolution of hvKp has been 
largely driven by the acquisition of virulence genes 
on mobile genetic elements. HvKp acquired extra 
siderophore system to capture iron from the host 
using proteins encoded by iuc (encoding aerobac-
tin), and iro (encoding salmochelin). Hypermucoid 
is a phenotype commonly associated with hyper-
virulence and results from capsule overexpression 

which is regulated by two genes, rmpA and rmpA2. 
The two genes are generally co-located on large 
plasmids. Moreover, rmpA/rmpA2, iuc locus, and 
iro locus are used as biomarkers to differentiate 
hvKp from classical K. pneumoniae.1

Several studies have demonstrated that the 
human gut functions as a reservoir of 
K. pneumoniae. The prevalence of K. pneumoniae 
colonic colonization was 23.0% among patients 
admitted to intensive care units of one hospital in 
the United States, and was estimated as 6% in 
a similar case in Australia.4,5 Both studies showed 
that gut colonization on admission was signifi-
cantly associated with subsequent infection. Aside 
from hospital patients, K. pneumoniae has been 
found in healthy humans in the community. High 
gut colonization has been observed in Asia, with 
colonization rates of 87.7%, 61.1%, 57.9%, 18.8%, 
52.9%, and 41.3% in Malaysia, Singapore, China, 
Japan, Thailand, and Vietnam, respectively.6 

Another study of pregnant women from 
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communities in Madagascar, Cambodia, and 
Senegal reported a K. pneumoniae colonization 
rate in stool of 55.9%;7 the survey also found spe-
cific serotypes strongly associated with hvKp in the 
human gut, indicating that the human gut plays 
a role in storing hvKp. However, accurate data on 
hvKp gut colonization rates of individuals from the 
community and on the relationship between gut 
hvKp and clinical strains are lacking, and such 
information is essential to guiding hvKp infection 
prevention and control practices beyond standard 
precautions.

Recent developments in sequencing technology 
have enabled in-depth exploration of complex 
microbial communities and microbiomes, espe-
cially in the human gut. For this study, we first 
collected global human gut K. pneumoniae gen-
omes, intending to describe the distribution of 
hvKp based on genetic annotation. Statistical ana-
lysis revealed that hvKp was present only in the 
dataset of Chinese gut samples. Next, a group of 
gastrointestinal K. pneumoniae strains was isolated 
from healthy people in Chinese cities and detailed 
information was obtained. We thereby revealed 
that the human gut functions as a reservoir of 
hvKp and has a significant association with clinical 
infections.

Results

Clones of hvKp are present in a gut metagenome 
dataset of the Chinese population

The genetic analysis of human gut K. pneumoniae 
utilized in our study was inspired by the work of 
Alexandre Almeida et al. prior to 2019.8 Almeida 
et al. presented the Unified Human 
Gastrointestinal Genome (UHGG) collection, com-
prising more than 200,000 genomes of 4,644 gut 
prokaryotes. We only took advantage of the 
Metagenome-assembled genomes (MAGs) of 
K. pneumoniae as further research materials 
(Table 1). Six hundred and sixty-seven gut 
K. pneumoniae MAGs were selected for screening 
hvKp and identifying its colonization rate (Table 
S1, Figure 1a). These data were derived from more 
than 64 studies conducted worldwide across five 
continents. Tracing back to study details helped to 
clarify the makeup of K. pneumoniae hosts. Most of 

the hosts were healthy carriers, from infants to 
seniors, with a few affected by mild chronic dis-
eases. Overall, K. pneumoniae MAGs appear in the 
guts of healthy people worldwide. Notably, China 
and the United States accounted for the largest 
percentages of host MAG locations, with 255 
(38.2%) and 281 (42.1%), respectively.

All 667 MAGs were annotated using Kleborate 
version 2.0.4, providing detailed information about 
multilocus sequence types (STs), K locus types, 
virulence genes, and antimicrobial resistance 
genes (Table S2). Known hypervirulent and multi-
ple-drug-resistant (MDR) K. pneumoniae were 
quite separated in the study population. In other 
words, gut microbiota containing both hyperviru-
lent and MDR K. pneumoniae were barely detected. 
Thirteen MAGs (1.95%) were identified as hyper-
virulent and 10 (1.48%) were identified as MDR 
from the 667 total MAGs, with only one genome 
that was identified as both hypervirulent and MDR 
(Table S3). Based on the core genomes of those 22 
target K. pneumoniae, we constructed a detailed 
phylogenetic tree (Figure 2). Two clades with 98% 
bootstrap support were identified, and the distribu-
tion of hypervirulent and MDR K. pneumoniae in 
those two clades indicated the phylogenetic diver-
sity of these strains. The hvKp strains included 
ST65, ST375, ST25, ST806, ST86, ST3473, ST412, 
ST23, and ST592. Of the 13 hypervirulent strains, 
nine exhibited the genetic pattern of iuc, rmpA, 
rmpA2 plus iro, while three strains lacked the 

Table 1. Three datasets analyzed in our study and the prevalence 
of (hv)Kp in each.

Datasets Data source
Sample 
number

Kp 
number Ratioa

HvKp 
number Ratiob

I UHGG collection 
by Almeida 
et al.

\ 667 \ 13 \

II Sample 
isolation 
from seven 
provinces in 
China

154 69 44.8% 8 5.19%

III Sample 
isolation 
from families 
in two 
villages in 
China

175 30 17.14% 7 4%

*Sample number refers to the number of stool samples we took from the 
study cohorts, equal to the number of the cohort population. 

*Ratioa = the number of samples identified with K. pneumoniae/the number 
of samples in the cohort * 100%; Ratiob = the number of samples identified 
with hvKp/the number of samples in the cohort * 100%.
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gene rmpA2. Only one strain exhibited the pattern 
of iuc and rmpA2. The capsule locus types of more 
than half of hvKp strains were not clearly identified. 
The identified K locus types consisted of 80% (four 

strains) KL2 and 20% (one strain) KL108. Notably, 
with the exception of one strain, all hypervirulent 
strains lacked detected resistance genes. The STs 
and K locus types of MDR strains were diverse. 

UHGG by Almeida et al.
Human gut 

prokaryotes genomes 

667 gut K. pneumoniae 
metagenome-assembled 

genomes (MAGs)

10 MDR Kp
genomes

13 hvKp
genomes

From healthy 
carriers 

worldwide

annotated using Kleborate

A phylogenetic tree  

based on core genomes 

From 
China

Half 
from 
China

K. pneumoniae only

154 stool samples from healthy 
Chinese people

207 Klebsiella spp. strains 
from 93 samples

primary screening by PCR of khe

further identification 
by PCR of 16S rRNA and rpoB

139 K. pneumoniae strains 
from 69 samples

95 K. pneumoniae strains 
from 69 samples 

in 7 provinces

pulsed-field gel electrophoresis (PFGE)
to filter out redundant strains of the same genotype 

95 complete 
K. pneumoniae genomes

next-generation sequencing

annotated using Kleborate

8 hvKp
genomes

7 MDR Kp
genomes

a b

Figure 1. Workflow of data collection. a. The collection of global K. pneumoniae MAGs from online datasets. b. Isolation of 
K. pneumoniae strains from healthy Chinese population gut.
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However, no prevalent MDR clones that frequently 
cause nosocomial infections were detected. 
Although 10 MAGs carried antimicrobial resis-
tance (AMR) genes against various drugs, none 
carried antimicrobial resistance genes associated 
with carbapenem resistance.

When considering collection countries, we noted 
high abundance of hvKp in gut samples from the 
Chinese population. All hypervirulent MAGs were 
detected in the Chinese dataset and accounted for 
5.1% of all Chinese gut K. pneumoniae carriers, 
suggesting that the healthy population in China is 
likely to carry hvKp in their guts. Overall, five out of 
ten MDR K. pneumoniae MAGs were found in the 
Chinese population, while the other five were scat-
tered among Denmark, Finland, and Mongolia, 
suggesting that resistance genes have spread in the 
human gut across multiple countries.

K. pneumoniae isolates collected in China reveal 
the genetic patterns of the gut microbiota in healthy 
people

To obtain more detailed information about gut 
K. pneumoniae in the Chinese population, a total 
of 154 stool samples from healthy people were used 
for isolation of K. pneumoniae. We collected 95 gut 
K. pneumoniae isolates from 69 healthy people liv-
ing in urban and rural areas of seven Chinese pro-
vinces (Table 1). These 69 K. pneumoniae carriers 
correspond to a prevalence of 44.8%. The whole 
population consisted of 33 female and 36 male 
participants, with ages evenly distributed from 18 
to 59. Urban and rural sources contributed 38 and 
31 samples, respectively, which were collected in all 
seven provinces in China (Table S4). Next- 
generation sequencing and assembly produced 
95 K. pneumoniae genomes, which were later pro-
cessed and annotated using Kleborate. Overall, 72 
STs and 55 K locus types were found, including 
ST17, ST101, ST1966, ST23, ST277, ST432, 
KL107, KL1, KL2, and KL46, which were scattered 
throughout the population (Table S5). As noted 
above, the hypervirulent and MDR-related MAGs 
in the Chinese population accounted for 5.10% and 
1.96%, respectively, of the 255 total Chinese gut 
K. pneumoniae MAGs. Among the 95 isolates in 
our collection, eight and seven isolates were identi-
fied as hypervirulent and MDR K. pneumoniae, 

respectively (Figure 1b). Notably, each of these iso-
lates was obtained from a different sample. The 
hvKp carriage rate was 11.59% and the MDR 
K. pneumoniae prevalence was 10.14% among 69 
healthy K. pneumoniae carriers. The carriage rates 
in our collection were higher than those in previous 
global studies. The hvKp detection rates in this 
population (154 individuals) was as high as 5.19%. 
The 15 target samples, regardless of virulence or 
resistance, were derived from diverse regional 
backgrounds and human sources, including urban 
and rural areas in six cities and ages from 18 to 53, 
with no clustering based on region, gender, or age.

The phylogenetic tree based on the core genomes 
of these isolates showed no significant clustering of 
hypervirulent or MDR K. pneumoniae isolates 
(Figure S1). According to genomic annotation, the 
eight hypervirulent isolates showed slight connec-
tions with ST23 and KL1 and KL2. The hyperviru-
lent isolates included three ST23 strains, along with 
several individual strains (ST412, ST268, ST65, 
ST380, and ST1265). Among the hypervirulent 
group, four KL1 and two KL2 types were detected, 
along with KL57 and KL20 strains. The same three 
ST23 strains were identified as having the K locus 
type KL1. This consistency did not carry over to 
their geographic distribution. The strains origi-
nated from different provinces, Shandong, Jilin, 
and Guangdong, despite their close relatedness. In 
general, the eight hypervirulent isolates were evenly 
distributed among four provinces, Shandong, Jilin, 
Qinghai, and Guangdong. The virulence genetic 
patterns were similar to previous results reported 
worldwide. Of eight hypervirulent strains, six car-
ried all four virulence genes (iuc, rmpA, rmpA2 plus 
iro), while one strain lacked rmpA2. Only one strain 
showed the pattern of iuc and rmpA2. None of the 
hypervirulent strains exhibited antimicrobial resis-
tance. Notably, all gut hvKp in our collection 
showed STs of prevalent hypervirulent clones that 
cause severe infections.

The seven MDR K. pneumoniae isolates were 
identified as containing non-overlapping STs 
(ST4467, ST261, ST716, ST1940, ST101, ST111, 
and ST497) and sharing no common STs. In 
addition, none of the MDR isolates carried car-
bapenem-resistance genes while most of them 
carried the genes conferring resistance to ami-
noglycosides, fluoroquinolones, sulfonamides, 
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tetracyclines. This finding was in accordance 
with the previous result of our global screening 
on MDR strain carriers that none of those 10 
MDR strains investigated contained carbape-
nem-resistance genes. This result was unex-
pected, as the Chinese clinical data indicate 
that ST11 carbapenem-resistant K. pneumoniae 
(CRKp) has been a prevalent AMR 
K. pneumoniae clone in Chinese hospitals. This 
discrepancy suggests that the human gut may 
function as a reservoir of hvKp rather than car-
bapenem-resistant clones in the community. 
Notably, most MDR K. pneumoniae isolates 
were collected in urban areas, while hyperviru-
lence exhibited no regional specificity, which 
might be associated with more frequent antimi-
crobial application in urban areas (Table S4).

The dataset above included the distribution 
patterns of hvKp strains in the gut of healthy 
individuals from different provinces of China. 
We also screened healthy populations for gut 
hvKp strains in two rural locales. We collected 
samples from two villages 15 km apart (referred 
as A and B) in Wuxi, Jiangsu, China in 2017 
(Table 1). In village A, 87 stool samples were 
collected from 87 healthy villagers from 45 
families. Twelve Kp strains were isolated, two 
of which being subsequently identified as hvKp. 
Thus, the proportion of hvKp in all 
K. pneumoniae isolates was approximately 
16.67% and the hvKp detection rate in this 
population was 2.3%. In village B, 88 stool sam-
ples were collected from 88 healthy villagers 
from 43 families. Eighteen Kp strains were iso-
lated and five of them were identified as hvKp. 
The proportion of hvKp in all K. pneumoniae 
isolates was thus about 27.78% and the hvKp 
detection rate in this population was 5.68%. 
There was no significant difference between 
these two villages in the distribution of hvKp, 
both in strains and population. The identified 
hvKp varied in their STs and serotypes. The 
STs and serotypes included ST36, ST23, 
ST2165, ST375, ST 660 and KL62, KL1, KL2, 
KL16. No cases had been found wherein more 
than one member of the same family carried 
hvKp simultaneously.

The genomic analysis reveals that hvKp strains in 
the gut are phylogenetically closely related to 
strains known to be implicated in clinical infections

With potentially infectious pathogens in human 
gut, determining the degree to which gut coloniza-
tion hvKp in healthy people may develop into 
infection is an urgent task. We first downloaded 
nearly all (11,568) K. pneumoniae genome assem-
blies from the National Center for Biotechnology 
Information (NCBI), which are derived from var-
ious isolation sources and geographic locations. 
A huge phylogenetic tree was constructed from 
the core genomes of the 22 hv/MDR Kp MAGs 
identified from the global gut K. pneumoniae data-
base, 95 isolates from healthy Chinese population 
gut in our collection, and more than 10,000 gen-
omes recorded in NCBI. Our focus was on strains 
phylogenetically close to K. pneumoniae in healthy 
human gut; therefore, we ignored all other irrele-
vant branches and retained only the minimum set 
of branches (branch length < 0.003) containing our 
defined gut K. pneumoniae strains. As shown in 
Figure S2, each small branch represented one spe-
cific consistent ST that clustered phylogenetically 
close genomes. Most of the gut K. pneumoniae 
strains (97/117) had relatives in the NCBI database, 
which allowed us to further investigate their genetic 
backgrounds and relationships with clinical strains. 
It was calculated that the number of SNPs between 
defined gut hvKp and those clinical strains was 
mostly under 1000 (71.64%) and characterized 
with the number between 118 and 520. First, all 8 
hvKp isolates in our collection found their relatives 
which were mainly associated with clinical infec-
tion diseases, such as bloodstream infections, liver 
abscess, respiratory tract infections, urinary tract 
infections, and wound infections. 12 out of 13 
hvKp genomes in MAGs also found their relatives 
which were isolates from various infections. 
However, the non-hvKp in human gut was found 
less connection with clinical infections. Three out 
of the seven MDR strains isolated could not find 
their relatives. Among the 80 strains without viru-
lence factors or resistance genes, 15 could not find 
their relatives while 20 had relatives irrelevant to 
clinical infections.
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In general, nearly every gut hvKp MAG or isolate 
in our research was associated with clinical coun-
terparts either in China or overseas. The similar 
genetic backgrounds of gut hvKp and clinical 
strains indicate that roughly the same 
K. pneumoniae strains cause infections in some 
parts of the body while also hiding in the healthy 
human gut.

Discussion

Studies have demonstrated that K. pneumoniae is 
a common component of the human gut micro-
biome and that its carriage rate varies among 
populations. However, data on the reservoirs 
and mechanism of spread of hvKp strains is 
lacking, as hvKp-specific markers have not been 
consistently applied to determine their relative 
proportion among K. pneumoniae. In this study, 
we analyzed data available from public databases 
and found that hvKp can colonize the guts of 
Chinese people. Then, we collected 
K. pneumoniae from healthy Chinese people’s 
guts, which included hvKp. This result was con-
sistent with the results obtained from public 
databases, but with a higher carriage rate. 
Colonization of the gut by hvKp has also been 
observed in other countries. A recent study 
reported the presence of hvKp in the guts of 
pregnant women in Madagascar and Cambodia, 
but the rate of strains co-carrying siderophores 
and capsule regulators was very low.7 In addi-
tion, 5 K. pneumoniae strains were defined as 
hypervirulent among 484 K. pneumoniae strains 
isolated from fecal samples from an adult popu-
lation in Norway.9 Our findings indicate that the 
human gut, in particular in the Chinese popula-
tion, can serve as a major reservoir of hvKp. 
Understanding the reservoirs of hvKp is essential 
to preventing and controlling the dissemination 
of this dangerous pathogen.

Infection with hvKp can lead to liver abscess. 
A study of patients with liver abscesses in 
Taiwan demonstrated a strong relationship 
between gastrointestinal carriage of hvKp and 
liver abscesses.10 Infections caused by hvKp 
have been frequently reported in Asia, espe-
cially in China, and the prevalence of hvKp 
isolates in the gut may be related to the 

prevalence of hvKp infections in China. 
Furthermore, all STs with specific serotype 
found in the healthy gut had been reported to 
cause CAIs (Table S8). ST23 with serotype KL1 
isolates were found in three samples, belonging 
to the clonal group CG23. CG23 has been 
shown to account for the majority of 
K. pneumoniae liver abscesses in Asia.11 From 
these results, combined with the close phyloge-
netic relationship between gut and clinical 
hvKp, a linkage between the gut 
K. pneumoniae reservoir in healthy people and 
clinical infections can be inferred. We therefore 
hypothesize that in the healthy human gut, 
hvKp carriage is an unstable factor that may 
develop into invasive infections resulting in 
disease.

CRKp represents a serious public health threat 
worldwide. The most prevalent CRKp clonal 
group is CG258, consisting of three STs: ST258, 
ST11, and ST512.12 ST11 is the predominant 
clone in Asia, especially in China.13 However, 
no CG258 K. pneumoniae strain was detected, 
and no strain was found to harbor carbapenem 
resistance genes in our collection, indicating that 
gastrointestinal carriage is not a major reservoir 
of CRKp in individuals in community. However, 
several studies have shown that the gut isolates 
of CRKp in hospitalized patients are closely 
related to the successive infection,14 suggesting 
that the gut could also be the reservoir of CRKp 
in patients with recent healthcare contact. The 
convergence of carbapenem resistance genes and 
virulence factors on the same or coexisting plas-
mids can result in the development of CR-hvKp, 
which is approaching the worst-case scenario.15 

Carbapenem-resistant hvKp (CR-hvKp) has been 
reported to cause fatal nosocomial infections in 
China.16 However, no strain in our collection 
carries carbapenem resistance genes, suggesting 
that the healthy human gut is not a hot spot of 
convergence for carbapenem-resistance and viru-
lence genes.

A limitation of this study was the small sam-
ple size. Regardless, our results provide insights 
into the carriage rate of hvKp, MDR Kp in the 
heathy population and their reservoirs and 
demonstrate the need for further studies on 
hvKp colonization.
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Methods

Isolation of K. pneumoniae

A total of 154 stool samples from healthy people 
were used for the isolation of K. pneumoniae in 
this study. Volunteer recruitment and sample 
collection were described in detail in a previous 
study.17 We took 2 g of stool sample, enriched it 
with 5 mL of GN broth (Cat: CM218; Beijing 
Land Bridge Tech, Beijing, China) and incubated 
the resulting mixture at 37°C for 18–24 h on 
a shaker (220 rpm). For each enrichment sam-
ple, 1 μL was centrifuged at 12,000 × g for 2 min 
to harvest the pellet, which was then suspended 
in 100 μL of lysis buffer (100 mM NaCl, 10 mM 
Tris–HCl [pH 8.3], 1 mM EDTA [pH 9.0], and 
1% Triton X-100), boiled for 10 min, and cen-
trifuged. The resulting supernatant was used as 
a template to test for the presence of the khe 
gene (specific to the genus Klebsiella) using PCR 
with specific primers (khe-F: 
TGATTGCATTCGCCACTGG; khe-R: 
GGTCAACCCAACGATCCTG; the target pro-
duct length is 428 bp18,19). One loopful (10 μL) 
of each enrichment culture (whether khe-positive 
or not) was directly streaked onto MacConkey 
agar (Cat: CM1169B; Oxoid, Basingstoke, UK). 
After overnight incubation at 37°C, pink, round, 
moist, and mucoid colonies, presumptively of 
Klebsiella spp., were picked and purified to test 
for the presence of the khe gene. In total, 207 
Klebsiella spp. strains were obtained from 93 
samples (khe-positive enrichments: 83). Further 
identification of K. pneumoniae strains was con-
ducted through amplification of the 16S rRNA 
gene (primers: 27 F/1492 R) and rpoB gene.20,21 

The resulting 139 K. pneumoniae strains isolated 
from 69 samples were digested with XbaI and 
separated through pulsed-field gel electrophor-
esis (PFGE) according to the protocol of 
PulseNet.22 Finally, 95 isolates of 
K. pneumoniae were selected according to their 
PFGE gel patterns and sequenced on the 
Illumina platform.

The identification of K. pneumoniae strains iso-
lated from the stool samples collected in village 
A and B were as above. The presence of virulence 
genes – iuc locus, rmpA, and rmpA2–were detected 
by PCR. Those with positive PCR results of iuc 

locus and rmpA/rmpA2 genes were identified as 
hvKp. The primers of the virulence factors were 
presented in Table S7.

Genomic sequencing and bioinformatics analyses

We used the available dataset of the Unified 
Human Gastrointestinal Genome collection recon-
structed by Almeida et al. to identify K. pneumoniae 
in the human gut microbiome.8 A total of 
11,568 K. pneumoniae genomes were downloaded 
from the NCBI Reference Sequence Database 
(https://www.ncbi.nlm.nih.gov/refseq/) on 
September 8, 2021. Data for the isolation sources 
and geographic locations of these genomes were 
extracted from their GenBank files.

The draft genomes of 95 isolates of 
K. pneumoniae and seven hvKp isolates from vil-
lage A and B were obtained on the Illumina 
HiSeqTM 2000 platform. After filtering out low- 
quality reads, the clean data were de novo 
assembled into a number of scaffolds using SOAP 
de novo (http://soap.genomics.org.cn/soapdenovo. 
html). All genomes were annotated with 
GeneMarkS (http://topaz.gatech.edu/). Kleborate 
version 2.0.4 was used to predict genomic features, 
including virulence factors, antibiotic resistance 
loci, STs, and capsular serotypes of the genome 
assemblies.23 Phylogenetic analysis based on the 
core genes was conducted as described 
previously.24 We used Prokka version 1.14.5 to 
annotate the genomes of all strains.25 The General 
Feature Format files produced by Prokka were used 
as inputs for Roary version 3.13.0 with the default 
parameters for core gene alignment.26 The resulting 
alignment was used to infer a maximum likelihood 
phylogeny with FastTree ver. 2.1.10.27 All phyloge-
netic trees were visualized using Interactive Tree Of 
Life software.28 The subtree was extracted with the 
ETE3 toolkit.
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