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Abstract
Background  The genus Acidithiobacillus has been widely concerned due to its superior survival and oxidation ability 
in acid mine drainage (AMD). However, the contribution of insertion sequence (IS) to their biological evolution and 
environmental adaptation is very limited. ISs are the simplest kinds of mobile genetic elements (MGEs), capable 
of interrupting genes, operons, or regulating the expression of genes through transposition activity. ISs could be 
classified into different families with their own members, possessing different copies.

Results  In this study, the distribution and evolution of ISs, as well as the functions of the genes around ISs in 36 
Acidithiobacillus genomes, were analyzed. The results showed that 248 members belonging to 23 IS families with 
a total of 10,652 copies were identified within the target genomes. The IS families and copy numbers among each 
species were significantly different, indicating that the IS distribution of Acidithiobacillus were not even. A. ferrooxidans 
had 166 IS members, which may develop more gene transposition strategies compared with other Acidithiobacillus 
spp. What’s more, A. thiooxidans harbored the most IS copies, suggesting that their ISs were the most active and more 
likely to transpose. The ISs clustered in the phylogenetic tree approximately according to the family, which were 
mostly different from the evolutionary trends of their host genomes. Thus, it was suggested that the recent activity of 
ISs of Acidithiobacillus was not only determined by their genetic characteristics, but related with the environmental 
pressure. In addition, many ISs especially Tn3 and IS110 families were inserted around the regions whose functions 
were As/Hg/Cu/Co/Zn/Cd translocation and sulfur oxidation, implying that ISs could improve the adaptive capacities 
of Acidithiobacillus to the extremely acidic environment by enhancing their resistance to heavy metals and utilization 
of sulfur.

Conclusions  This study provided the genomic evidence for the contribution of IS to evolution and adaptation of 
Acidithiobacillus, opening novel sights into the genome plasticity of those acidophiles.
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Background
Acid mine drainage (AMD) is a unique aquatic habitat 
formed by the interactions between sulfide minerals with 
water, atmosphere and microorganisms in mining area. 
It is typically characterized by low pH, oligotrophy and 
excessive heavy metals such as copper, lead, zinc and cad-
mium as well as sulfate ions [1, 2]. Even in this extremely 
acidic environment, a variety of acidophilic microorgan-
isms still survive and thrive, such as Acidithiobacillus, 
Leptospirillum and Sulfobacillus [3, 4]. Their ecological 
adaptation and evolution based on genome researches 
have attracted much attention in recent years [5–7].

The bacteria in genus Acidithiobacillus serve as the 
representatives for the investigation of microbial survival 
mechanisms and applications in the AMD environment. 
Acidithiobacillus spp. are capable of oxidizing reduced 
sulfur (A. thiooxidans and A. caldus), and some could 
also catalyze the oxidation of ferrous iron (A. ferrooxi-
dans, A. ferrivorans and A. ferridurans) [8, 9]. Compara-
tive genomics reveals that some metal resistance genes of 
Acidithiobacillus spp. are acquired from microbial indi-
viduals who share the same habitat through early hori-
zontal gene transfer (HGT) [10]. Additionally, the HGT 
elements of acidophiles are critical for their adaptive evo-
lution in natural ecosystems, such as insertion sequence 
(IS), genomic island (GI) and prophage [11, 12].

IS has been recognized as the simplest type of mobile 
genetic elements (MGEs) and frequently identified in 
bacterial genomes [13]. Most ISs are between 700 and 
2,500  bp in size and contain one or more open reading 
frames (ORFs) [14]. ISs consist of sequences that encode 
the transposase proteins in the middle and inverted 
repeats (IRs) at both ends. IRs act as recognition and 
cleavage sites for transposases during transposition pro-
cess [15]. They usually generate flanking direct repeats 
(DRs) of the target DNA at the insertion site, and the DR 
length ranges from 2 to 14 bp approximately [16]. Trans-
posase proteins determine the catalytic mechanisms for 
IS transposition. Depending on the catalytic mechanisms, 
ISs could be classified as DDE transposases, DEDD trans-
posases, HUH transposases and serine transposases [17]. 
As the most abundant in bacteria and archaea, DDE 
transposases have three highly conserved acidic amino 
acid residues, namely aspartate (D), D and glutamate 
(E), in the critical catalytic motif [18, 19]. According to 
the overall genetic organization and specific genetic sig-
natures, ISs also could be classified into different families 
(https://www-is.biotoul.fr/). The IS members within a 
family are assumed to employ the same or similar trans-
position mechanism, while the ISs within a family bear 
little sequence divergence [15, 20]. The active transposi-
tion accounts for the proliferation of IS copy and the two 
identical IS members have most likely arisen through 
transposition [14]. Insertion of ISs could interrupt genes 

and promoters, or affect transcriptional signals, thereby 
regulating the expression of surrounding genes. If the ISs 
translocated to the coding region, the mutation or frame-
shift may probably result in gene inactivation [21]. On 
the other hand, the insertion phenomenon may help bac-
teria recruit new metabolic pathways through large-scale 
genetic recombination and rearrangements. IS could also 
serve as a promoter for neighboring genes, driving their 
transcription [22].

Many researchers have focused on the comparative 
analysis of ISs within multiple genomes, emphasizing the 
vital roles of ISs for microbes to accommodate surround-
ing changes [10, 15]. For example, ISs from 262 prokary-
otic genomes, including bacteria and archaea, have been 
surveyed [23]. Most genomes are found to have no more 
than 60 IS elements, while some have over 300 IS ele-
ments [23]. Meantime, the distribution of IS families in 
terms of family members and copy numbers in prokary-
otic genomes is heterogeneous, which highlights their 
significant contribution to genome plasticity [23]. An 
inquiry into the presence, diversity and recent activity of 
ISs in Thermus spp. also reveals their importance for the 
biological adaptation of these thermophilic bacteria [24]. 
Acidiphilium carries various abilities by ISs and other 
MGEs, such as metal resistance and organic compound 
metabolism, facilitating beneficial interactions with other 
cohabitant autotrophs [25]. After analyzing the distribu-
tion and evolutionary dynamics of ISs within Shigella 
genomes, five ISs (IS1, IS2, IS4, IS600 and IS911) are 
found to undergo great expansion in all genomes, impor-
tant for the evolutionary convergence and metabolic 
streamlining [26]. It has been confirmed that IS translo-
cation could influence target sites, uptake determinants 
or the regulatory pathways; hence bacterial resistance to 
antimicrobial/xenobiotic increases [15, 27]. Therefore, 
ISs potentially drive genetic variation and enhance bacte-
rial adaptation when counteracting environmental stress 
[28].

As a model system for the survey of extreme acido-
philes, AMD provides a suitable environment for the 
deep exploration of bacterial ISs. It has been demon-
strated that Acidithiobacillus absorbs and integrates 
additional novel functions through HGT, gene duplica-
tion and natural selection to accommodate the chal-
lenging surroundings [29]. Previous experiments using 
southern hybridization have confirmed the presence of 
ISAfe600, ISAfe1 and IST2 with multiple copies in five A. 
ferrooxidans genomes. Nevertheless, insertion of ISAfe1 
into the resB gene eliminated the ability of A. ferrooxi-
dans to oxidize Fe2+ [30, 31]. In addition, A. ferridurans 
lost its capacity to oxidize iron under high salt condi-
tions, because the IS4 family transposition prevents the 
transcription of related genes but gains the tolerance to 
high salinity. When the bacteria are transferred to normal 
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conditions, the IS66 family transposes, allowing it to oxi-
dize iron again [32]. With the rapid advances in sequenc-
ing technology, more and more genome sequences of 
microorganisms in extremely acidic environment have 
been accessed. In the present study, the distribution 
properties and evolutionary relationships of ISs in 36 
Acidithiobacillus genomes were systematically analyzed. 
The potential functions of the surrounding genes were 
annotated to reveal the possible gene regulation strate-
gies based on ISs. These evidences will provide essential 
information to reveal the genomic plasticity and adaptive 
evolution of Acidithiobacillus in extremely acidic and oli-
gotrophic environment.

Materials and methods
Genomes downloading
The genomes of 36 strains affiliated with the genus Aci-
dithiobacillus were downloaded from the NCBI website 
(http://www.ncbi.nlm.nih.gov). They were A. ferrooxi-
dans (9), A. ferrivorans (6), A. thiooxidans (11), A. caldus 
(7), A. albertensis (1), A. ferridurans (1) and Acidithioba-
cillus sp. ‘AMD consortium’ (1). The information about 
general features of these 36 sequenced genomes were col-
lected for further analysis.

Identification, classification of the ISs and confirmation of 
IRs and DRs
The ISs and transposases within 36 genomes were pre-
dicted and classified based on the ISfinder platform 
(https://www-is.biotoul.fr/) using online BLASTN analy-
sis with an E-value of 1e− 10 and the identity > 78% [33]. 
The ClustalW multiple alignment algorithm and Markov 
Cluster Algorithm (MCL) were employed to validate the 
classification of IS family and subgroup. The information 
about the position, family and length of all the ISs were 
obtained. Then the IS family, family members and copy 
numbers of each strain were calculated.

Both ends of ISs were also identified and defined. The 
DNA of transposases combined with 1000  bp upstream 
and downstream regions were extracted and examined 
manually to decern the IRs and flanking DRs. When 
more than a single IS copy was identified, BLASTN was 
used to define the IS ends. The ends were defined by 
identifying and comparing with empty sites when there 
was only a single copy [33, 34].

Evolutionary analysis of the transposases within selected 
ISs and the host strains
Taking into account the ISs with more family members 
and copy numbers, representative IS families of A. ferro-
oxidans, A. ferrivorans, A. thiooxidans and A. caldus were 
chosen for phylogenetic analysis, respectively. The amino 
acid sequences of DDE transposases within selected 
ISs of each strain were aligned using ClustalW [35]. By 

employing MEGAX software, the phylogenetic trees were 
constructed via maximum likelihood algorithms with a 
bootstrap check of 5,000 replications [36]. Additionally, 
the coding protein sequences of four main species were 
predicted by Prokaryotic Dynamic Programming Gene-
finding Algorithm (Prodigal) [37]. Then the phylogenetic 
trees were constructed by CVTree4 [38] and the K-value 
was set at 6.

Genetic mapping and sequence alignment of the ISs
The genome annotation was performed utilizing the 
Rapid Annotation Subsystem Technology (RAST) 
server (https://rast.nmpdr.org) [39]. The presence and 
components of the proximal regions around ISs were 
also obtained. Functional regions were compared and 
selected to generate physical gene maps, which were 
mainly around Tn3 and IS110. Furthermore, the nucleo-
tide sequences of Tn3 family ISs were visualized using 
WebLogo (http://weblogo.threeplusone.com/) to find 
conserved regions. The amino acid sequences of trans-
posases of IS110 were aligned together with RuvC (acces-
sion no. P24239) to show key residues by Clustal Omega 
[40].

Statistical analysis
Linear regression analysis between the size, GC% of each 
genome and their total number of IS members as well as 
copy number of ISs were carried out using the R pack-
ages ggplot2 (v3.3.5) and ggpubr (v0.4.0).

Results
Overview of the IS family distribution in Acidithiobacillus 
genomes
The main sequencing features (e.g. genome size, GC%) of 
36 Acidithiobacillus strains were summarized (Table S1) 
and their geographical locations were exhibited in Fig. 1. 
In general, they were globally representative and mostly 
isolated from the AMD environments with the optimum 
pH lower than 3.

In all, 248 members belonging to 23 IS families with a 
total of 10,652 copies were identified within Acidithio-
bacillus genomes, which was listed in Table S2 and Table 
S3. Correlation analysis showed that the size and GC% 
of each genome were both not relevant to their total 
number of IS members (Fig. S1a, Fig. S1c). In contrast, 
the former and the latter significantly had a positive and 
negative association with the total copy number of ISs, 
respectively (Fig. S1b, Fig. S1d).

Concretely, A. ferrooxidans possessed the highest, 166 
IS members, yet even there was only one strain within 
A. ferridurans and A. albertensis, they both had nearly 
50 members (Table S3). The top 12 family with at least 
4 families was shown in Fig. 2. The top five families, IS3, 
IS21, IS256, IS5 and IS1595, distributed over 60% of 36 
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Fig. 2  The distribution of IS members (top 12) in each Acidithiobacillus species

 

Fig. 1  Geographical location of the 36 strains within the genus Acidithiobacillus
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genomes. By comparison, IS1380 was merely harbored 
by three strains. Interestingly, IS3, IS1595, IS110 and 
ISL3 presented in all the strains. IS256 and Tn3 were also 
detected in these strains except A. caldus ATCC 51756. 
On the contrary, IS6 with 11 members was exclusive for 
A. ferrooxidans DLC-5. Besides, the IS family distribu-
tion was non-uniform at the species level. For example, 
IS1634 and IS66 had a strong preferential insertion in 
iron and sulfur oxidizers A. ferrooxidans and A. ferriv-
orans, but they were rarely observed in sulfur-oxidizing 
A. caldus. Similarly, IS30 was prevalent in A. thiooxi-
dans, but it was comparatively uncommon within A. 
caldus genomes. In contrast, the number of IS21 family 
members in each A. caldus was over 10, which in most 
A. ferrivorans, A. thiooxidans and A. albertensis was no 
more than 3. IS630 family was commonly detected in A. 
thiooxidans and IS1380 was the peculiar one to A. cal-
dus, which were rarely identified in other species. The 
presence of IS families in A. ferridurans JCM 18981 and 
Acidithiobacillus sp. ‘AMD consortium’ was similar, but 
differently the latter strain was found to maintain the 
IS481.

Evolutionary analysis of ISs in Acidithiobacillus genomes
The number of IS member and their copies in four main 
species were taken into account to pick appropriate ISs 
for phylogenetic analysis. A. thiooxidans genomes owned 
a maximum of 4,902 IS copies, while A. ferrivorans had 
1,057 copies (Fig. S2). In A. ferrooxidans, IS3 with the 
most family members and copies was dominant in each 
strain (Fig. S3a, Fig. S4a). IS3 and Tn3 were predominant 
in A. ferrivorans, while Tn3 was superior with more total 
copy amounts (Fig. S3b, Fig. S4b). Tn3 and IS21 family 
with multiple copies contained the most family mem-
bers in A. thiooxidans (Fig. S3c) and A. caldus (Fig. S3d), 
respectively, though ISL3 obviously maintained the high-
est copy number in each strain (Fig. S4c, S4d). Therefore, 
the representative IS family, which was the IS3 family 
of A. ferrooxidans, Tn3 family of A. ferrivorans and A. 
thiooxidans, and IS21 family of A. caldus, were selected 
for evolutionary analysis. These IS families belonged to 
typical DDE transposases, thus phylogenetic trees were 
constructed by using the amino acid sequences of DDE 
transposases located within ISs.

Phylogenetic analysis of IS3 family in A. ferrooxidans
The phylogenetic tree of 9 A. ferrooxidans genomes 
showed that they were apparently divided into two 
main groups and other clades with one single strain. 
Strains DLC-5, IO-2C and BY0502 were closely related 
to each other, as well as RVS1, CCM 4253, Hel18 and 
YQH-1 (Fig. S5a). Some IS3 family members were pres-
ent in each A. ferrooxidans, such as ISStma17, ISBt3, 
IS1416, IS401, ISMca3 and ISAfe7 (Table S3). They were 

generally grouped respectively according to the classifica-
tion of IS members rather than microbial taxonomy, as 
shown in Fig. 3a. Several ISs from A. ferrooxidans Hel18, 
YQH-1 and CCM 4253 with closer phylogenetic distance, 
were always obviously clustered, which were ISAfe17, 
ISBp1 and ISMxa2, forming different branches based on 
IS members, respectively. Even for closely related strains, 
they differed in copy numbers for the same IS member. 
Strain IO-2C always maintained the highest IS copy 
amounts, such as 12 copies of IS401, 11 copies of ISBt3 
and 9 copies of IS1416, whereas other strains had merely 
1 or 2 copies for the most ISs.

Phylogenetic analysis of Tn3 family in A. ferrivorans
The 6 A. ferrivorans strains were classified into three evo-
lutionary clades (Fig. S5b). Strain 21-59-9 represented a 
distinct clade at the bottom of the tree, while SS3, PQ33 
and PRJEB5721, CF27, YL15 were grouped separately. No 
IS was observed to be shared by these 6 strains simulta-
neously. In most cases, the same ISs were detected within 
3, 4, or 5 genomes. Among them, strains PRJEB5721, 
CF27 and YL15 always possessed the same Tn3 family 
members, e.g., TnEc3, TnAs1, ISPa40, TnShfr1, ISPa38, 
and ISShes11 (Table S3). Their ISShes11 and TnAs3 
from 5 strains except for SS3 were clustered in the same 
branch, showing high degree of homology. The major-
ity of ISs clustered together based on the family member 
classification (Fig.  3b). Additionally, strain YL15 exhib-
ited the most IS copies, such as 8 copies of TnAs3, 8 cop-
ies of TnAs2, 7 copies of TnShfr1 and 7 copies of ISPa406, 
but other strains had no more than 3 copies.

Phylogenetic analysis of Tn3 family in A. thiooxidans
The 11 A. thiooxidans strains were divided into four dis-
tinct clades. Strains GD1-3, DXS-W, CLST, Licanantay, 
ATCC 19377 and A02 were clustered together, so did 
JYC-17, BY-02 and DMC (Fig. S5c). Even from different 
genomes, the same family members were always located 
in a branch of the evolutionary tree (Fig. 3c). It was worth 
noting that ISShes11 of 3 strains and TnAs3 from all 11 
strains were grouped, showing close evolutionary affini-
ties. Highly homologous GD1-3 and DXS-W as well as 
CLST always possessed some specific ISs, e.g., ISArsp6, 
TnEc3, TnAs1, ISPa40, ISAcsp1 and ISPa38, forming 
small clades respectively (Table S3). Additionally, the 
copy number of a few ISs in some strains reached 6, but it 
was no more than 3 at the most time.

Phylogenetic analysis of IS21 family in A. caldus
The 7 strains of A. caldus were classified into three evo-
lutionary clusters. ATCC 51756 was the most distantly 
related one to the other strains, meanwhile, two major 
groups were composed of S1, SM-1, MTH-04 and ZJ, 
ZBY, DX, respectively (Fig. S5d). As shown in Fig.  3d, 
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ISfMsi7, ISSsp4, ISKpn64, ISRme4, ISPa36, and ISPst3 
were held by all strains above, evenly forming differ-
ent IS branches of the evolutionary tree. Highly related 
DX, ZBY and ZJ strains, also had shared IS members, 
e.g., ISCARN4, ISAzo12, and ISAfe12, clustered closely, 
respectively. Notably, several ISs of A. caldus MTH-04 
were clustered into a small clade, which were ISAlisp1, 
ISAav1 and ISPa65. Except that ISAfe12 and ISAzo12 
had 3 copies, the rest ISs only owned 1 or 2 copies in each 
strain (Table S3).

Functional analysis of IS proximity genes in Acidithiobacillus
By causing genome insertions, deletions and inver-
sions, ISs could greatly impact genomic rearrangements 
[41]. After analyzing and comparing the functions of IS 
neighboring genes, the Tn3, IS110 family and other note-
worthy families were chosen to decipher flanking genes 
mainly in type strains. The specific characterization of 
Tn3 and IS110 was listed in Table S4 and Table S5, which 
were mainly classified as DDE transposases and DEDD 
transposases, respectively.

Fig. 3  Evolutionary analysis of different ISs within Acidithiobacillus based on amino acid sequences. Phylogenetic tree of IS3 family within A. ferrooxidans 
strains (a). Phylogenetic tree of Tn3 family within A. ferrivorans strains (b). Phylogenetic analysis of Tn3 family within A. thiooxidans strains (c). Phylogenetic 
analysis of IS21 family within A. caldus strains (d)
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Functional analysis of genes around Tn3 family in 
Acidithiobacillus
The arsBRC clusters encoding arsenic resistance was 
located near Tn3 in A. ferrooxidans ATCC 53993 
(Fig. 4a). The main function of arsBRC genes is to reduce 
As(V) to As(III), and then pump As(III) out of the cell, 
thus A. ferrooxidans strains adapt to high concentra-
tions of As(V) [10]. Many mercury resistant genes were 
identified around Tn3 in A. ferrooxidans ATCC 23270, 
A. ferrivorans SS3, A. thiooxidans DMC and A. caldus 
ZBY (Fig. 4b, c, d and e). The czcD gene coding Co/Zn/
Cd resistance, czcABC cluster coding CzcABC family 
efflux RND transporter and zntA gene coding copper 
resistance were adjacent to Tn3 in A. ferrooxidans ATCC 
23270 and A. ferrivorans PQ33 (Fig. 4f and g). The czcD 
was also close to IS1595 (Fig. S6a) and czcB was near ISL3 
in A. caldus ATCC 51756 (Fig. S6b). Genes zntA, copZ 
and mmcO responsible for copper homeostasis were 
located upstream of IS1595 and Tn3 in A. ferrivorans 
SS3 (Fig. 4h). The zntA encodes the lead, cadmium, zinc, 
and mercury transporting ATPase, which pumps these 
metal ions from the cytoplasm to the periplasmic space 
[42]. The copZ gene encodes copper-translocating P-type 
ATPase that could pump Cu(I) ions from the cytosol to 
the periplasm [43]. mmcO encodes multicopper oxi-
dase, oxidizing Cu(I) to less toxic form Cu(II) [44]. The 
toxin-antitoxin (TA) system was present downstream of 
Tn3 and ISL3 in A. ferrivorans SS3 (Fig.  4i), which was 
also found to be next to IS21 in A. ferrooxidans ATCC 
23270 (Fig. S6c) and near IS3 in A. caldus ATCC 51756 
(Fig. S6d). In A. thiooxidans ATCC 19377, cydAB (cyto-
chrome d ubiquinol oxidase), sqr (sulfide: quinone oxi-
doreductase, SQR) and rafB (glycosyl transferase) genes 

appeared upstream of Tn3 (Fig.  4j). The cytochrome d 
ubiquinol oxidase is allowed for electron transfer as well 
as transmembrane proton pump activity [45]. Transposi-
tion within Tn3 family is often mediated by a large TnpA 
transposase with conversed recognition sequence [46], 
and our results reveled the similar BoxB2, BoxB1 and 
BoxA (Fig. S7a).

Functional analysis of genes around IS110 family in 
Acidithiobacillus
IS110 family had a tetrad D-E-D-D motif, correspond-
ing to the catalytic center in the RuvC Holliday junction 
resolvase (Fig. S7b) [47]. Functional genes in proximity 
to IS110 were various. In A. ferrooxidans ATCC 23270, 
IS110 was present upstream of genes encoding conjuga-
tive transfer (Fig. 5a). These genes as well as the TA sys-
tem were observed to be in the vicinity of IS1634, IS66 
in A. ferrooxidans ATCC 53993 (Fig. S6e) and IS256 in 
A. thiooxidans ATCC 19377 (Fig. S6f ). The conjuga-
tive transfer is an important way of transmitting genes 
between bacteria, for example, transferring plasmids 
and transposons could spread antibiotic resistance 
genes or other plasmid-borne genes to help bacteria to 
resist adverse environments [48, 49]. Meanwhile, genes 
coding type II/IV secretion system arranged upstream 
of IS110 in A. ferrooxidans ATCC 23270 (Fig.  5b) and 
downstream of IS5 in A. caldus SM-1 (Fig. S6g), which 
is undergone to deliver DNA and effector proteins into 
bacteria [50]. In A. ferrivorans SS3, IS110 was located 
upstream genes coding NADH dehydrogenase, sulfite 
reductase (NADPH), adenylyl-sulfate reductase (thiore-
doxin), sulfite dehydrogenase and SQR (Fig. 5c). Besides, 
IS110, IS3 and IS5 appeared upstream of cyoABCD genes 

Fig. 4  Putative laterally transferred regions contain ISs of Tn3 family within Acidithiobacillus. The representative strains in each species were selected as 
follows: (a) A. ferrooxidans ATCC 53993, (b) A. ferrooxidans ATCC 23270, (c) A. ferrivorans SS3, (d) A. thiooxidans DMC, (e) A. caldus ZBY, (f) A. ferrooxidans ATCC 
23270, (g) A. ferrivorans PQ33, (h) A. ferrivorans SS3, (i) A. ferrivorans SS3, (j) A. thiooxidans ATCC 19377

 



Page 8 of 13Huang et al. BMC Genomics          (2023) 24:282 

encoding cytochrome o ubiquinol oxidase were capable 
of helping bacteria efficiently adapt to low oxygen condi-
tions [51] and SQR in A. ferrivorans YL15 (Fig. 5d). In A. 
thiooxidans ATCC 19377, IS110 was present downstream 
of the mntH gene responsible for manganese trans-
port (Fig. 5e) as well as copZ, zntA and czcABC clusters 
(Fig. 5f ). In A. caldus ATCC 51756, kdpABC clusters cod-
ing potassium-transporting ATPase arranged upstream 
of IS110 (Fig.  5g). The cluster could pump potassium 
ions from the cytosol to the periplasm and kdpE controls 
the expression of kdpABC operon in response to potas-
sium limitation or turgor pressure [52]. Additionally, 
genes encoding periplasmic disulfide interchange, cop-
per homeostasis and DNA repair were found upstream 
of IS256 and IS110 (Fig.  5h). The lnt/cutE gene (copper 
homeostasis) was also identified near IS5 (Fig. S6h). The 
cutE acted as a copper storage gene that prevented cop-
per from damaging intracellular constituents through 
free-radical reactions [53]. Besides, an immune system 
target invading DNA elements called type I restriction-
modification (R-M) system coded by hsdMSR clusters 
attracted our attention. It lied downstream of IS21 in 
A. ferrooxidans ATCC 23270 (Fig. S6i), IS481 in A. fer-
rivorans CF27 (Fig. S6j) and A. thiooxidans ATCC 
19377(Fig. S6k), or upstream of IS200/IS605, IS1595 in A. 
caldus ATCC 51756 (Fig. S6l).

Discussion
Some bioinformatic and experimental surveys have 
focused on the presence and function of ISs in some Aci-
dithiobacillus genomes. Previous work has demonstrated 
the presence of high similarity regarding IS families, 
IS1595, IS21 and IS3 in A. ferrooxidans and A. ferridu-
rans [54], which is in accordance with our study. South-
ern blot analyses demonstrated that ISAfe1 belonging 

to ISL3 family exhibits transposition and may have been 
adapted to its host A. ferrooxidans [55]. Comparative 
genomic analyses of six A. caldus strains reveal that A. 
caldus ATCC 51756 and SM-1 acquire IS elements in 
the evolution course, resulting in higher genetic plastic-
ity [56]. A large number of HGT events, for example ISs 
could help to increase the environmental adaptation of 
extremely acidophiles Acidithiobacillus [10].

Genome size is considered as the most relevant fac-
tor to the IS abundance, that is to say, the percentage 
of essential genes is lower in larger genomes, so ISs are 
more likely to result in a neutral or only slightly delete-
rious mutation [12, 23]. Our linear fitting analysis indi-
cated that the larger the Acidithiobacillus genome, the 
more IS elements it would likely to contain. With the 
increase of GC percentage and genomic stability, it may 
be unfavorable for the ISs to replicate. The distribution 
of IS families and copy numbers of different species even 
within the same genus varied considerably, which were 
consistent with the previous study of 438 completely 
sequenced prokaryotic genomes [57], suggesting that the 
Acidithiobacillus species maintained differential genomic 
flexibility.

The evolutionary relationships of ISs within Acidithiobacillus
IS with more copy amounts meant higher activity, other-
wise, it cannot transpose easily [13, 23]. In this study, A. 
thiooxidans strains harbored the most IS copies, suggest-
ing that their ISs were the most active within Acidithio-
bacillus and more likely to transpose. What’s more, A. 
ferrooxidans had the most diverse IS members, indicat-
ing that their genomes had developed more gene trans-
position strategies during the evolution process [23]. In 
Escherichia coli, the transposition activities of several IS 
families, Tn3, IS1, IS30 and IS911 remarkably declined 

Fig. 5  Putative laterally transferred regions contain ISs of IS110 family within Acidithiobacillus. The representative strains in each species were selected 
as follows: (a) A. ferrooxidans ATCC 23270, (b) A. ferrooxidans ATCC 23270, (c) A. ferrivorans SS3, (d) A. ferrivorans YL15, (e) A. thiooxidans ATCC 19377, (f) A. 
thiooxidans ATCC 19377, (g) A. caldus ATCC 51756, (h) A. caldus ATCC 51756
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at 42 ℃ [58]. The sensitivity of transposition to temper-
ature has been regared as an inherent property for each 
transposase. For psychrotolerant A. ferrivorans and mod-
erate thermophilic (45 °C optimum) A. caldus with rela-
tively fewer IS members and copies, temperture of living 
conditions might be largly related to their transposition 
activities.

To discern the evolutionary relationships of ISs within 
Acidithiobacillus, typical IS families were selected from 
each A. ferrooxidans, A. ferrivorans, A. thiooxidans and 
A. caldus species based on IS distribution properties for 
phylogenetic analysis. No obvious clustering of ISs in the 
same strain except for A. caldus MTH-04 was observed, 
while the ISs belonging to the same member showcased 
a high degree of evolutionary relatedness even from dif-
ferent microbial individuals. In addition, ISShes11 and 
TnAs3 affiliated to Tn3 family may possess close affinity. 
ISs within a genome are usually extremely similar to each 
other and clustered in the same branch [59], thus it was 
assumed that the family IS3 from A. ferrooxidans, Tn3 
from A. ferrivorans and A. thiooxidans and IS21 from A. 
caldus may have been in existence before the divergence 
of their host strains, respectively. That is to say, the co-
evolve phenomenon between those ISs and their hosts 
was not witnessed [54, 60]. While for some homologous 
strains in each species, specific ISs were clustered accord-
ing to the phylogeny of their host microbes. Those closely 
related strains may have developed IS-based strategies 
with similar evolutionary trends when facing natural 
stress. The copy numbers fluctuated in different genomes 
for the same IS member, such as A. ferrooxidans IO-2C 
and A. ferrivorans YL15, who exhibited the most copies 
of IS3 and Tn3 respectively, may have more transposition 
activities compared with other strains within their spe-
cies. These results indicated that within Acidithiobacillus 
genomes, the recent activity of ISs was not solely deter-
mined by their own characteristics, but also depended on 
the host environment to a large extent.

The environmental adaptation of Acidithiobacillus based on 
ISs
The extremely harsh acidic environment is often accom-
panied by high concentration of heavy metals and sulfate 
ions, throwing great challenges for the living microor-
ganisms [29]. Acidithiobacillus had developed resistance 
to various metals based on ISs, which activate or silence 
the expression of related genes through transposition [8]. 
Tn3 family is ubiquitous in bacteria, shaping their host 
genomes through the paste-and-copy mechanism. Three 
conserved regions were indicted (Fig. S7a), in which the 
BoxA was relevant with DNA sequence recognition [46]. 
The Tn3 is featured by high degree of variability [61], 
which distributed near many heavy metal resistance 
regions. A schematic distribution of major adaptive 

mechanisms flanking some IS families in Acidithiobacil-
lus were concluded (Fig. 6). For instance, the merA gene 
harbored by four Acidithiobacillus species in this study, 
could reduce Hg(II) to gaseous Hg(0) to decrease the 
local concentration of inorganic Hg(II). In A. thiooxidans, 
there was a unique merT gene encoding a transmem-
brane protein (MerT) that transports Hg(II) to the cyto-
plasm (Fig.  6). Additionally, the membrane efflux pump 
encoded by czcABC cluster is responsible for resistance to 
cadmium, zinc and cobalt in Acidithiobacillus [42]. The 
CzcABC family efflux RND transporter is a chemically 
permeable counter transport protein belonging to the 
RND superfamily [62]. It consists of CzcC (outer mem-
brane protein), CzcB (coupling protein linking CzcC and 
CzcA) and CzcA (cytoplasmic membrane protein), form-
ing a continuous channel linking the cytoplasm to the 
extracellular matrix [63]. There were some copper resis-
tance genes such as zntA, copZ, mmcO in the vicinity of 
not only Tn3 but IS1634, IS1595 and IS5 in different spe-
cies. Thus more than one HGT event may have occurred 
in the acquisition of these heavy metal resistance genes 
[10]. A large number of ISs translocated within functional 
regions regarding the heavy metal resistance of Acidithio-
bacillus, indicating that ISs especially Tn3 family may 
have participated in the expression of these genes and 
contributed to their survival in toxic metal-rich ecosys-
tems [10]. In Cupriavidus metallidurans strains, transpo-
sition of ISRme5 and IS1086 provides promoters driving 
the transcription of cnrCBAT, thereby increasing the effi-
ciency of zinc efflux and enhancing their adaptability to 
heavy metal-rich niches [64]. Additionally, the TA system 
acts on key cellular processes, including translation, rep-
lication, cytoskeleton formation, membrane integrity and 
cell wall biosynthesis, which was found to near Tn3 in A. 
ferrivorans (Fig.  6). When the antitoxin is not available 
under specific growth conditions and is rapidly degraded, 
the toxin is activated and acts on the cellular target site 
[65]. It has been reported that at least six different TA 
gene pairs are related to diverse Tn3 members. The inves-
tigation of the genetic context of TA systems suggests 
that they regulate to ensure stable invasion of Tn3 family 
transposons during transposition [66].

The IS110 is famous for DEDD transposases and is the 
only family defined not by transposase differentiation but 
the nature of IS terminus. The organization of its family 
members differs from that of the typical DDE ISs, which 
are related to the Holiday junction resolvase, RuvC [34]. 
The residues D, E, D, D were located in the catalytic cen-
ter of the RuvC protein (Fig. S7b) [47]. Its insertion is 
not gene-specific but only related to the sequence of the 
insertion site thus the neighboring genes are diverse [19]. 
Acidithiobacillus has evolved multiple mechanisms of 
sulfur oxidation, utilizing sulfur-containing minerals to 
generate energy [67]. Sulfite reductase (NADPH) could 
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catalyze the reduction of sulfite to sulfide [68]. Adenylyl-
sulfate reductase (thioredoxin), using adenylyl-sulfate as 
a substrate and thioredoxin as an electron donor, reduces 
activated sulfate to sulfite [69]. Sulfite dehydrogenase 
catalyzes the oxidation of toxic and mutagenic com-
pounded sulfite to sulfate. In this way, cells are protected 
from the adverse effects associated with sulfite exposure 
[70, 71]. SQR plays a crucial role in sulfide detoxification, 
energy production and sulfide homeostasis by supply-
ing electrons to the respiratory or photosynthetic elec-
tron transport chain [72]. The above functional genes 
were discovered in proximity to IS110 (Fig.  6), which 
might get involved in regulating various sulfur oxida-
tion mechanisms. By southern blot experiments, ISAfe1 
belonging to IS110 family identified in A. ferrooxidans 
TFBk and TFO strains have been proven to exhibit trans-
posable activity in the process of adapting to elemental 
sulfur [31]. What’s more, R-M enzymes are complexes 
that identify specific DNA sequences and modify them, 
usually by adding methyl groups, which serves to pre-
vent the uptake of harmful or lethal DNA, such as lysing 
and killing bacteriophages (Fig. 6) [73]. IS5 and IS21 have 
been proven to facilitate the exchange of R-M gene cas-
settes between Acidithiobacillus and HGT vector [74]. 
Transposition insertional mutagenesis revealed that the 
ISAtc2 specifically inserted into hsdM gene, resulting in 

its inactivation [75]. On the contrast, IS6 family members 
such as Iso-ISS1 elements in Lactococcus Lactis Subsp. 
lactis could drive the expression of a R-M system respon-
sible for phage resistance [76]. Analysis of the surround-
ing genes revealed that ISs had the potential to enhance 
resistance to heavy metals, help bacteria spread favor-
able genes, and increase sulfur oxidation potentials. Dif-
ferent ISs may have been involved in the evolutionary 
activation of functional adaptation of Acidithiobacillus, 
which remained to be demonstrated by manipulative 
experiments.

Conclusions
Our results revealed significant variation in IS copy num-
bers and IS families within Acidithiobacillus genomes, 
suggesting the genomic flexibility. The evolutionary 
relationships of ISs were not consistent with that of 
their host genomes. Highly homologous ISs at the same 
branch on the phylogenetic tree differed in copy numbers 
in different genomes. Thus, the activity of ISs was deter-
mined not only by the characteristics of the IS themselves 
but also by the environmental pressures, which led these 
strains to evolve different IS-based strategies. Within 
Acidithiobacillus genomes, many ISs were located near 
the functional regions such as As/Hg/Cu/Co/Zn/Cd 
translocation, sulfur oxidation, and conjugative transfer, 

Fig. 6  Schematic diagram showing the major metabolic pathways and adaptive mechanisms flanking some IS families in Acidithiobacillus
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suggesting that ISs potentially affected their resistance to 
heavy metals and improved the adaptation of Acidithio-
bacillus to extremely acidic environment. This study has 
contributed to unravelling the evolutionary impact of ISs 
and functional differentiation of flanking genes in Acidi-
thiobacillus, laying the foundation for further investiga-
tion of their genomic plasticity and adaptative evolution.
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