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Abstract: To reveal the intraspecific evolution of Leptospirillum ferriphilum isolates which thrived in industrial
bioleaching ecosystems and acid mine drainages, genome sequences of L. ferriphilum YSK, L. ferriphilum DX and L.
Sferriphilum ZJ were determined to compare with complete genome of L. ferriphilum ML-04. The genome comparisons
reveal that extensive intraspecific variation occurs in their genomes, and that the loss and insertion of novel gene blocks
of probable phage origin may mostly contribute to heterogeneity of gene content among L. ferriphilum genomes.
Surprisingly, a nif gene cluster is identified in L. ferriphilum YSK and L. ferriphilum ZJ genomes. Intensive analysis
and further experiments indicate that the nif gene cluster in L. ferriphilum YSK inherits from ancestor rather than lateral
gene transfer. Overall, results suggest that the population of L. ferriphilum undergoes frequent genetic recombination,
resulting in many closely related genome types in recent evolution. The combinatorial processes profoundly shape their
physiologies and provide the basis for adaptation to different niches.
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environment remain poorly understood [1,5-7].
Recently, comparative genome
individual species and metagenomic studies provide
a first glimpse of genetic variation and population
evolution of acidophiles that make these organisms
survive in the extremely acidic niche [1]. Genome
sequencing of eight strains of Thiomonas was

1 Introduction analysis  of

Most chemolithotrophic iron- and sulfur-
oxidizing bacteria and archaea can sustain by the
oxidation of sulfide minerals, fixation of CO, and

N, derived from air at extremely acidic

environments (typically pH<3.0) such as acid mine
drainage (AMD) [1,2]. These acidophiles are also
widely used to recover metals, principally copper
and gold, from low-grade ores
concentrates via a process known as bioleaching or
biomining [3,4]. However, variation and evolution
of these microorganisms in extremely acidic

and mineral

carried out to evaluate genome variation, suggesting
that the Thiomonas genome has evolved through the
gain or loss of genomic islands and that the
evolution is affected by the specific niches [8].
Metagenomic analysis of Leptospirillum dominated
community in AMD demonstrated that significant
intrapopulation sequence variation occurs due to
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recombination and mutation and to the acquisition
or loss of gene features by phage, plasmid, or
transposon insertion/deletion [6]. A comparison of
the genome sequences of A. ferrooxidans ATCC
23270 and ATCC 53993 revealed that they exhibit
16% difference in gene content, although they are
100% 1identical at the ribosomal DNA level, and
that these differences mainly result from lateral
gene transfer [9]. However, little is known about the
intraspecific genome variation and evolution of
other extreme acidophiles.

As  reported  previously, the  genus
Leptospirillum, which is considered as dominant,
moderately  thermophilic  microorganisms in
industrial  bioleaching ecosystems and acid
mine drainages, can be divided into three groups, I,
II and III, on the basis of 16S rRNA gene
phylogeny [10,11]. L. ferrooxidans, L. ferriphilum
and L. ferrodiazotrophum are the representatives of
group I, II and III, respectively, and their genome
sequences have been studied previously [12—15]. A
whole nif gene cluster was found in the genomes of
L. ferrooxidans and L. ferrodiazotrophum, but no
nitrogenase genes were found in the genome of
L. ferriphilum ML-04 and L. rubarum, two
members of Leptospirillum group I, indicating that
they cannot fix nitrogen [15]. Thus, it is inferred
that Leptospirillum group 1II population lost
nitrogen fixation ability after the speciation of
Leptospirillum [12]. Because nitrogen resources
(for example, ammonium, nitrate, and nitrite) are
very limited in almost all AMD ecosystems [2,16],
the loss of nitrogen fixation ability profoundly
shaped the ecological niche differentiation of
Leptospirillum group II population. The knowledge
of intraspecific genome variation and evolution of
Leptospirillum group II populations is critical to
understand their ecological niche differentiation in
these extremely acidic ecosystems.

In this study, we determined the complete
genome sequence of L. ferriphilum YSK and draft
genome sequences (100x sequence coverage) of
L. ferriphilum DX and L. ferriphilum ZJ, and
comparative genome analysis between the three
newly sequenced genomes and L. ferriphilum
ML-04 genome was done. Surprisingly, a nif gene
cluster was identified in both L. ferriphilum YSK
and L. ferriphilum 7ZJ genomes, which was
confirmed by physiological experiment and real-
time quantitative polymerase chain reaction (PCR).

Thus, further analysis on the origination of nif gene
cluster in L. ferriphilum YSK was conducted.

2 Experimental

2.1 Growth of L. ferriphilum strains and DNA

isolation

L. ferriphilum YSK was isolated from acid
mine drainage of Dexing Copper Mine, China in
2007 and deposited in Central South University
(Changsha, China) [17]. L. ferriphilum DX was
isolated from chalcopyrite tailings of Dexing
Copper Mine, China in 2013, and L. ferriphilum 7]
was isolated from chalcopyrite tailings of
Zijinshang, southeast China in 2013. They were
grown at 40 °C aerobically in 9K basal salt
medium [18] with 4.5% (w/v) ferrous sulfate,
separately. The 9K basal salt medium contained
3 g/L (NH4),SO4, 0.1 g/lL KCI, 0.5 g/L K,HPO,,
0.5 g/L MgSO,4-7H,0 and 0.01 g/LL Ca(NO;),. The
pH of medium was adjusted to be 1.6, and then the
medium was autoclaved for 25 min at 121 °C.
Microbial cells were harvested by centrifugation
(15000g) for 10 min at 4 °C. Genomic DNA was
extracted from the collected cells using TIANamp
Bacteria DNA kit (TIANGEN, China) according to
the manufacturer’s instruction and finally
suspended in MilliQ water and stored at —80 °C
until used for genome sequencing.

2.2 Genome
annotation
Genomic library construction, sequencing, and
assembly of L. ferriphilum YSK, L. ferriphilum Z7.J
and L. ferriphilum DX were performed at the
Beijing Genomics Institute (BGI; Shenzhen, China)
by using SOAPdenovo package [19,20]. To obtain
the complete genome sequence of L. ferriphilum
YSK, sequencing was further assembled by using
the Ion Torrent PGM platform, Newbler assembler
and sequencing gap-spanning PCR [21]. Manual
editing of genome sequence was done using the
DNAstar software package (Madison, WI). All
coding sequences (CDSs) were predicted by
using Glimmer 3.02 [22], and manually curated
and verified by using the annotation software
BLAST [23-26]. The unassigned CDSs were
further annotated using the hmmpfam program of
the HMMER package [27]. Furthermore,
transporter gene annotations were performed by

sequencing, assembly and
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additionally taking into account the information of
transporter classification database [28]. Transfer
RNA (tRNA) genes were predicted by using
tRNAscan-SE [29], and the ribosomal RNA (rRNA)
genes were identified by RNAmmer program [30].
The insertion sequences (IS) were searched by
using the IS Finder (https://www-is.biotoul.fr/), and
the annotated transposons were searched against
NCBI nucleotide sequence databases to find IS
elements. The genomic sequences reported in
this work have been deposited in the NCBI
GenBank database under accession numbers
PRINA232614 (YSK), PRINA244732 (DX),
PRINA244731 (ZJ).

2.3 Comparative genome analysis

The genome sequences of L. ferriphilum YSK
and L. ferriphilum ML-04 were compared pairwise
using the Artemis Comparison Tool (ACT) [31].
Orthologous gene sets
identified by reciprocal FASTA searches. Only
those pairs of homologous gene were selected for
further analysis where the amino acid identity
>50% over 80% of the protein length. These genes
were subject to manual curation using gene synteny
to increase the accuracy. Laterally transferred
genomic regions were identified by using
Alien_hunter [32]. Visualization of genome was
performed with Circos [33]. Furthermore, the
GGDC-Genome-to-Genome Distance Calculator
was used to estimate the overall similarity among
these isolate genomes [34]. The system calculates
the distances by comparing the genomes to obtain
HSPs (high-scoring segment pairs) and interfering
distances from three formulae (HSP length/
total length; identities/HSP length; identities/total
length) [35]. The inferred digital DNA—-DNA
hybridization values were calculated.

between them were

2.4 Phylogenetic analysis

Phylogenetic analysis of 16S rRNA and nifH
genes was performed on sequences from
L. ferriphilum isolate genomes and reference
sequences in the NCBI GenBank database. These
16S rRNA gene sequences were aligned with the
multiple sequence alignment tool ClustalW 2.0 [36],
and phylogenetic trees were constructed by using
MEGA, version 4.0 [37]. Deduced amino acid
sequences for nifH genes of L. ferriphilum isolate
genomes were aligned with known nifH sequences

from the NCBI GenBank database with ClustalW
2.0.

2.5 Nitrogen-free growth and RNA extraction
The nitrogen-free 9K medium was modified
by removal of Ca(NOs), and (NH4),SO, the
sources of nitrogen in the medium. L. ferriphilum
YSK was grown in nitrogen-free 9K medium and
standard 9K medium at 40 °C with FeSO,-7H,0 as
the primary energy source. Microbial cells were
harvested and total RNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, USA), treated
with RNase-free DNase I (Qiagen, Valencia, USA)
and purified with an RNeasy kit (Qiagen, Valencia,
USA). RNA concentration and purity were
measured with a NanoDrop 2000 spectrophoto-
meter (ThermoScientific), and then stored at —80 °C
until used for real-time quantitative PCR analysis.

2.6 Real-time quantitative PCR

The specific primers were designed for nif4,
nifH, nirK, nird, amtB and 16S rRNA genes by
Primer Premier 5.0 (Table 1).

Table 1 Specific primers used in real-time quantitative
PCR

Gene  Primer Sequence
nifd Forward  TTATCGCGGCGACGAACC
Reverse = CGCAATGGCGGCAAGTAG
‘ Forward CGGTGAAATGATGGCGATGT
nifH Reverse = CGGTCGGTCTTCCGTTCGT
) Forward AAAAGAATTATCCCGCTACATCG
nird Reverse TCAGGCGTAAGCCCTCCCT
ik Forward CAGGGAGACACGGTTGATTT
Reverse CTGGTTCCTGGCTTGATTGG
Forward TCGGGCGAATGAGCTTCAA
amtB Reverse CCACCAGACCGGCAAATCC
16S Forward GTCTGAGAGGACAACCAGCC
RNA  Reverse TCCCGGGCAAAAGTGGTTTA

Purified RNA was used for single-stranded
cDNA synthesis with the ReverTra Ace qPCR RT
Kit (TOYOBO). Real-time quantitative PCR in
three duplicates was performed with iCycler iQ
Real-Time PCR detection system (Bio-Rad
Laboratories Inc., Hercules, USA). 25 pL reaction
mixture contained 12.5 uL SYBROR Green Real-
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Time PCR Master Mix (Toyobo Co., Ltd., Osaka,
Japan), 0.5 uL template single-stranded cDNA, and
1 uL each of 10 umol/L forward and reverse
primers, and 10 pL deionized water. The specific
amplification protocol was as follows: 95 °C for
5 min, then 40 cycles of 95 °C for 20 s, 55 °C for
15s, and 72 °C for 15s and final incubation of
72 °C for 10 min. 16S rRNA gene was used as the
reference gene for normalization. The relative
expression of target genes was calculated using
comparative DDCT method [38].

3 Results and discussion

3.1 General features of genomes of L. ferriphilum

isolates

The draft genomes of L. ferriphilum YSK,
L. ferriphilum DX and L. ferriphilum ZJ were
sequenced and annotated. Furthermore, the
complete genome sequence of L. ferriphilum YSK
was determined by finishing the gaps between
contigs. The general genome features of
L. ferriphilum YSK, L. ferriphilum DX and
L. ferriphilum ZJ are shown in Table 2.

Compared to the complete genome of
L. ferriphilum ML-04 [13], three newly-sequenced
genomes of L. ferriphilum isolates have smaller
sizes and the similar GC content (approximately
54%) (Table 2). The GGDC-Genome-to-Genome
Distance Calculator revealed that the pairwise
genome similarity of three newly-sequenced
isolates and L. ferriphilum ML-04 is more than
90%, suggesting that the similarity and synteny of
core regions are still predominant among

Table 2 General features of L. ferriphilum isolate genomes
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L. ferriphilum isolate genomes. Furthermore, 16s
rRNA gene sequences of four L. ferriphilum
isolates share more than 99% nucleotide identity
and a monophyletic group clustering forms within
other Leptospirillum species in phylogenetic tree
(Fig. 1).

However, many different features are found in
the genomes of the four L. ferriphilum isolates. The
most striking feature is numerous genes coding
for transposases/integrase scattered across all
L. ferriphilum isolate genomes (Table 2). Among
the four isolate genomes, L. ferriphilum ML-04 and
L. ferriphilum DX have rather more transposases/
integrase genes and tandem repeats than
L. ferriphilum YSK and L. ferriphilum ZJ. These
characteristics of L. ferriphilum isolate may provide
clues of genomic heterogeneity [39]. Previous
metagenomic analysis of Leptospirillum dominated
community in AMD also revealed that
intrapopulation sequence variation occurring in
Leptospirillum  genera mainly results from
recombination, mutation and the acquisition or loss
of gene features by phage, plasmid, or transposon
insertion/deletion [6]. In addition, two 5S-16S-23S
rRNA operons are identified in the complete
genomes of L. ferriphilum YSK and L. ferriphilum
ML-04, but only one 5S-16S-23S rRNA operon is
found in the draft genomes of L. ferriphilum DX
and L. ferriphilum ZJ, which may lose the other
5S-16S-23S rRNA operon in the assembly of draft
genomes (Table 2). The genome heterogeneity
among islolates of L. ferriphilum results in
differential gene contents including some physiolo-
gically important genes. For example, comparative

General feature

L. ferriphilum YSK L. ferriphilum ML-04 L. ferriphilum DX

L. ferriphilum 7]

Genome size in bp (contig)* 2330585 (1) 2406157 (1) 2367678 (51) 2344329 (127)
GC content/% 54.45 54.55 54.44 54.67
No. of CDS 2260 2471 2328 2359
Coding density/% 87.8 89.9 88.9 89.4
Average gene size 917 898 906 890
nif gene cluster Yes No No Yes
Transposase/integrase 38 53 41 34
rRNA operons 2 2 1 1
Tandem repeat 28 44 49 31
tRNA 47 48 46 45

"The complete genome sequences of L. ferriphilum YSK and L. ferriphilum ML-04 were finished, but only draft genomes of L. ferriphilum

ZJ and L. ferriphilum DX were obtained
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Fig. 1 Phylogenetic analysis result of 16S rRNA genes

genome analysis highlights an important hetero-
geneous region including a nif gene cluster among
these genomes. A nif gene cluster including
structural subunit genes nifH, nifD, nifK and various
additional subunit genes is found in L. ferriphilum
YSK and L. ferriphilum ZJ, while no nif gene
cluster is identified in L. ferriphilum DX and
L. ferriphilum ML-04 (Table 2).

3.2 Whole genome comparison of isolate YSK

and ML-04

To obtain more insights  into
intraspecific genome variation and evolution of
L. ferriphilum isolates, genome of L. ferriphilum
YSK was compared with the genome of
L. ferriphilum ML-04, a well-characterized and
fully-sequenced L. ferriphilum isolate [13]. An
alignment of the genome of L. ferriphilum YSK
with that of L. ferriphilum ML-04 reveals numerous
deletion and/or insertion genomic blocks (Fig. 2).

In Fig. 2, from the outside in, the outer Circle
1 marks the size in base pairs. Circles 2 and 3 show
the position of CDSs transcribed in a clockwise and
anti-clockwise direction, respectively. Circles 4

accurate

and 5 show the positions of genomic regions of

| Halothiobacillus neapolitanus strain Parker (NR_104929)

2 =
o 3
& 5
Fig. 2 Circular representation of L. ferriphilum YSK
genome

L. ferriphilum YSK that lacks orthologs in
L. ferriphilum ML-04 and the positions of genomic
regions of L. ferriphilum ML-04 that lacks
orthologs in L. ferriphilum YSK, respectively.
Circles 6 and 7 show unique ortholog genes in
L. ferriphilum YSK and L. ferriphilum ML-04,
respectively. Circles 8 and 9 show the positions of
transposase genes in L. ferriphilum YSK and
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L. ferriphilum ML-04, respectively. Circle 10 shows
a plot of GC skew ([G—CJ/[G+C]), in a 1 kb
window). Genes in Circles 2 and 3 are color-coded
according to the function of their gene products:
dark green, membrane or surface structures; yellow,
central or intermediary metabolism; cyan,
degradation of macromolecules; red, information
transfer/cell division; cerise, degradation of small
molecules; pale blue, regulators; salmon pink,
pathogenicity or adaptation; black, energy
metabolism; orange, conserved hypothetical; pale
green, unknown; and brown, pseudogenes.

Although the two isolate genomes share 2012
CDSs with >90% average nucleotide identity, the
genes that are only present either in L. ferriphilum
YSK or L. ferriphilum ML-04 form 10.97% and
18.58% of their respective genomes (Fig. 2 and
Fig. 3).

0.08

= [ ferriphilum YSK
0.071 = L. ferriphilum ML-04

0.06
0.05F
0.04}

Proportion

0.03F
0.02
0.01F

0
ABCDEFGHIJKLMNOPQRSTUV
COQG category

Fig. 3 Comparison of proportions of functional
categories in genomes of L. ferriphilum YSK and
L. ferriphilum ML-04 (A—-RNA processing and
modification; B—Chromatin structure and dynamics;
C—Energy production and conversion, D—Cell division
and chromosome partitioning; E—Amino acid transport

and metabolism; F—Nucleotide transport and metabolism;

G—Carbohydrate transport and metabolism;
H—Coenzyme  metabolism; I-Lipid metabolism;
J-Translation, ribosomal structure and biogenesis;

K-Transcription; L—-DNA replication, recombination
and repair; M—Cell envelope biogenesis, outer membrane;
N—Cell motility and secretion, O—Posttranslational
modification, protein turnover, chaperones; P—Inorganic

ion transport and metabolism; Q—Secondary metabolite

biosynthesis, transport and catabolism; R—General
function prediction only; S—Function unknown;
T—Signal transduction mechanisms; U-Intracellular

trafficking and secretion; V—Defense mechanisms)

Interestingly, most of unique CDSs in
L. ferriphilum YSK and L. ferriphilum ML-04 are
in clusters from >3 kb up to >39 kb in deletion
and/or insertion of genomic blocks, and there are
few indels of <3 kb (Fig. 2). Furthermore, these
variant genomic blocks predominantly encode
hypothetical proteins, as well as transposases,
integrases, or proteins involved in plasmid
replication and/or transmission (Fig. 2). The results
indicate that these variant genomic blocks may be
mediated by integrated elements of putative phage,
plasmid, or transposon origin. Interestingly, some
distinct genomic blocks encode physiologically
important genes involved in core energy
metabolism, cofactor biosynthesis and transcription.
For example, a gene encoding sulfate
adenylyltransferase in an insertion of genomic
block is identified in L. ferriphilum YSK. Sulfate
adenylyltransferase is a key enzyme in sulfur
metabolism, which is required for PAPS
(phosphoadenosine—phosphosulfate) synthesis from
inorganic sulfate [40]. Comparative COG analysis
also reveals that the majority of L. ferriphilum YSK
unique CDSs belong to the COGs categories of
energy production and conversion, amino acid
transport and metabolism, and
metabolism (Fig. 3).

Genomic heterogeneity between L. ferriphilum
YSK and L. ferriphilum ML-04 arises from
localized variation in gene content, typically
focused in the integrated plasmid/phage-like
regions. Movement of insertion sequence (IS)
elements can give rise to strain-level differences. In
both L. ferriphilum YSK and L. ferriphilum ML-04,
distinct genomic regions are often associated with
transposase or phage-type integrase genes (Fig. 2).
There are 38 transposase/integrase insertions in
L. ferriphilum YSK and 53 in L. ferriphilum ML-04.
However, more than 90% transposase/integrase
genes are found in different genomic regions
between the genomes of L. ferriphilum YSK and
L. ferriphilum ML-04 (Fig. 2). There are very few
transposases occurring in the same location of
L. ferriphilum YSK and L. ferriphilum ML-04
genomes (Fig. 2). These results indicate that
transposon movement and the loss and insertions of
gene blocks of probable phage origin may mostly
contribute  to  genomic  heterogeneity  of
L. ferriphilum isolates.

coenzyme
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3.3 nif gene cluster in L. ferriphillum YSK

A complete nif operon including nifH, nifD
and nifK was identified in a 31-kbp insertion
of genomic block in L. ferriphillum YSK genome
(Fig. 4).

In Fig. 4, a nif gene cluster is only present in
YSK and distinct from the comparable region in
ML-04. The 40-gene insertion in YSK (shown in
red) includes nitrogenase structural subunits
nifHDK, numerous additional subunits, nitrogen
regulator, molybdenum transporter and numerous
conserved hypothetical proteins. These genes are
also shown in Table 2.

L. ferriphilum YSK
nifH nifD nifK  nifE

The nifH, nifD and nifK genes, coding for a
structural subunit of dinitrogenase reductase and
two Fe—Mo subunits of dinitrogenase, respectively,
are required for the functional nitrogenase in
almost all diazotrophs [2]. In many nitrogen-fixing
microorganisms such as Azotobacter vinelandii,
Herbaspirillum speropedicae and Bradyrhizobium
japonicum, these nitrogenases have similar
sequences and common structures [41—43].
Phylogenetic analysis of nifH proteins indicates that
for L. ferriphillum YSK a monophyletic group
clustering forms within other Leptospirillum species

(Fig. 5).

31 genes

nifN nifX nifB —*—CHP

W (e | [ ) || [Cfpl e | | —

0] ] I | Il

L. ferriphilum ML-04

CHP

Fig. 4 Heteromorphic genomic region between L. ferriphilum YSK and L. ferriphilum ML-04

Burkholderia sp. WSM4176 (WP_018423167)
Burkholderia sprentiae (WP_027196572)
Burkholderia dilworthii (WP_027802855)
Burkholderia xenovorans LB400 (YP_553849)
Burkholderia sp. Ch1-1 (WP_007177230)
Burkholderia ferrariae (WP 028226428)
Burkholderia sp. 1lig30 (KDB07444)
Cupriavidus sp. WS (WP_020202091)
Leptothrix cholodnii SP-6 (ACB33698)
Sphaerotilus natans subsp. Natans DSM_ 6575 (KDB51755)
Burkholderiales bacterium JOSHI 001 (WP_009549047)
—  Methyloversatilis universalis (WP 029143855)
Azohydromonas australica (WP_029001236)
i Methylocystis parvus (WP_016919583)
Xanthobacter sp. 91 (WP 029555901)
— Methylosinus sp. LW4 (WP_026191650)

Bradyrhizobium sp. Tv2a-2 (WP_024519957)

Acidithiobacillus ferrooxidans ATCC 23270 (YP 002425950)
Acidithiobacillus ferrivorans SS3 (YP_004784109)

4{

—
0.02

Fig. 5 Phylogenetic tree inferred from nifH proteins

Rubrivivax gelatinosus 11.144 (BAL97624)
L Rubrivivax benzoatilyticus JA2 (EGJ10941)
Leptospirillum sp. Group IV UBA BS (EQD24965)

Leptospirillum ferrodiazotrophum (AFD97520)
{— Leptospirillum ferrooxidans C2-3 (WP_014450550)

Leptospirillum ferriphilum 7.J
Leptospirillum ferriphilum YSK
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Furthermore, numerous additional nif subunit

genes including nifE, nifN, nifX, nifB, nifS, nifZ,
nifT and nifW are also identified in this nif gene
cluster (Fig. 4 and Table 3), which play important

Table 3 Gene products in heteromorphic genomic region

roles in the regulation of nif genes and maturation
processes of inactive products, such as electron
transport and FeMo-cofactor biosynthesis and
assembly [42]. And these additional nif subunits are

Gene Function Organisms with closest match® Identity®/%
nifH Nitrogenase iron protein L. ferrooxidans 95
nifD Nitrogenase Fe—Mo protein alpha subunit L. ferrodiazotrophum 94
nifK Nitrogenase Fe—Mo protein beta subunit L. ferrooxidans 88
nifEl Nitrogenase Fe—Mo cofactor synthesis L. ferrodiazotrophum 86
nifN Fe—Mo cofactor synthesis L. ferrodiazotrophum 75
nifX Fe—Mo cofactor synthesis L. ferrodiazotrophum 80
CHP Conserved hypothetical protein L. ferrooxidans 85
nifB Fe—Mo cofactor synthesis L. ferrooxidans 87
fdxB Ferredoxin, 4Fe—4S L. ferrodiazotrophum 79
iscN Iron-sulfur cluster assembly accessory L. ferrodiazotrophum 85
CHP Conserved hypothetical protein L. ferrooxidans 65
Irv 4Fe—4S cluster protein L. ferrodiazotrophum 61
nifS Cysteine desulfurase L. ferrodiazotrophum 66
degT Aminotransferase L. ferrooxidans 65
CHP Conserved hypothetical protein L. ferrooxidans 60
nifZ Activation and maturation L. ferrodiazotrophum 79
CHP Conserved hypothetical protein L. ferrooxidans 60
nifT Nitrogen fixation protein L. ferrooxidans C2-3 78
CHP Conserved hypothetical protein L. ferrooxidans 55
CHP Conserved hypothetical protein L. ferrooxidans 61
fdx Ferredoxin I1I L. ferrodiazotrophum 76
nifW  Protection of Fe—Mo protein; Maturation and activation L. ferrodiazotrophum 69
ginBI Nitrogen regulatory protein PII 1 L. ferrodiazotrophum 85
glnB2 Nitrogen regulatory protein PII 2 L. ferrodiazotrophum 76
nasT Response regulator L. ferrodiazotrophum 77
CHP Conserved hypothetical protein L. ferrooxidans 85
nifV Homocitrate synthase L. ferrooxidans 70
thiF Sulf transfer protein L. ferrooxidans 68
modA Molybdate transport system substrate binding protein L. ferrodiazotrophum 57
modB Molybdate transport system permease protein L. ferrooxidans 71
modC Molybdate transport system ATP-binding protein L. ferrooxidans 43
CHP Conserved hypothetical protein L. ferrodiazotrophum 57
CHP Conserved hypothetical protein L. ferrodiazotrophum 56
CHP Conserved hypothetical protein L. ferrooxidans 85
CHP Conserved hypothetical protein L. ferrooxidans 59
CHP Conserved hypothetical protein L. ferrodiazotrophum 42
CHP Conserved hypothetical protein L. rubarum 43
CHP Conserved hypothetical protein L. ferrodiazotrophum 41
lacB Beta-lactamase L. rubarum 80
mep Methyl-accepting chemotaxis protein L. rubarum 65

A nif gene cluster that is only present in L. ferriphilum YSK, but not in L. ferriphilum 1-04 is included. * Organisms in which the gene
product most similar with that of the nif cluster is found; Organism: Leptospirillum ferrooxidans, Leptospirillum ferrodiazotrophum and
Leptospirillum rubarum. ° Identity of the deduced anomic acid sequence of gene product to the gene product of the organism to which it is

most related
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most similar with the gene products of either L.
ferrooxidans or L. ferrodiazotrophum (Table 3).
These results indicate that the nif gene cluster of L.
ferriphillum YSK has a high level of phylogenetic
homology with members of Leptospirillum groups |
and III. Therefore, it is inferred that the nif gene
cluster in L. ferriphilum YSK is obtained via
inheritance from ancestor rather than lateral gene
transfer.

Comparative genome analysis reveals that
although no nif gene cluster is found in the
complete genome of L. ferriphillum ML-04 [13],
the surrounding genomic context of the nif gene
cluster in L. ferriphillum YSK displays sequence
similarities and synteny with that of L. ferriphillum
ML-04 (Fig.4). Furthermore, a very similar nif
gene cluster is identified in L. ferriphillum ZJ but
not in L. ferriphillum DX (Table 2). These results
indicate that not all strains of Leptospirillum group
II have lost the nif gene cluster, suggesting that the
loss of nif gene cluster may occur in the very recent
evolutionary period of Leptospirillum group 11
rather than speciation.
Interestingly, the genomes of L. ferriphillum ML-04
and L. ferriphillum DX that have lost the nif gene
cluster have more transposons and tandem repeats
than the genomes of L. ferriphillum YSK and
L. ferriphillum 7ZJ that have a nif gene cluster
(Table 2). Normally, inter-specific and intra-specific
transposon movements can significantly increase
the heterogeneity of genomes [6,44]. It is highly
possible that some of Leptospirillum group 11
members lose the nif gene cluster through
transposon movements.

in the Leptospirillum

3.4 Quantitative N-cycling gene expression

To determine the nitrogen fixation ability of
L. ferriphilum YSK, L. ferriphilum YSK was grown
in 9K medium both in the presence and in the
absence of fixed nitrogen. The results of
physiological experiment show that the medium
changes from pale green to a deep-red color more
quickly in the nitrogen-free media, indicating faster
iron oxidation, possibly due to the increased need
for energy for nitrogen fixation, and the similar
results have been observed in the culture of
L. ferrooxidans in the nitrogen-free media in a
previous study [12]. The key gene expressions of
nitrogen metabolism in L. ferriphilum YSK in the
nitrogen-free media were determined by using

real-time quantitative PCR (qRT-PCR) (Fig. 6).

The expressions of these nitrogen-related
genes [45] show remarkable up-regulations in the
nitrogen-free media. The obvious up-regulation of
nifA gene is observed in the nitrogen-free media,
indicating that the transcription of nif gene operon
in L. ferriphilum YSK may be up-regulated.
Consistently, the key nitrogen-fixing gene, nifH, has
a 2-fold higher expression level in the nitrogen-free
media than in control media, indicating that the nif
gene operon in L. ferriphilum YSK is indeed
activated and that the nitrogen fixation is
significantly enhanced in the nitrogen-free media.
Furthermore, nirK coding for nitrite reductase and
amtB coding for ammonium transporter, which
play important roles in denitrification and
ammonium transportation, respectively, also exhibit
up-regulated expression levels in the nitrogen-free
media (Fig. 6). These results indicate that not only
nitrogen fixation but also some of other nitrogen
cycling processes in L. ferriphilum YSK are
significantly enhanced to respond to the lack of
fixed nitrogen.

35
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20 1 L
1.5F
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Number of fold increase
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nifA nifH nirA nirK amtB

Gene
Fig. 6 Expression changes of key nitrogen cycling genes
in nitrogen-free media (Genes that meet criterion of fold
change >1.5 and <0.667 are significantly up-regulated
and down-regulated, respectively)

4 Conclusions

(1) Comparative genome analysis of the three
newly-sequenced genomes and L. ferriphilum
ML-04 genome shows that extensive intraspecific
variations occur in these L. ferriphilum isolate
genomes, and that transposon movements and the
loss and insertion of gene blocks of probable phage
origin may mostly contribute to the genome



1644 Hong-wei LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1635—1646

heterogeneity among L. ferriphilum isolates.

(2) A whole nif gene cluster is identified in
both L. ferriphilum YSK and L. ferriphilum Z7J
genomes, indicating that the nif gene cluster is
obtained via inheritance from ancestor rather than
lateral gene transfer, and that the loss of nif gene
cluster may occur in the very recent evolutionary
period of Leptospirillum group II rather than in the
Leptospirillum speciation.

(3) Physiological experiment and real-time
quantitative PCR further confirm that L. ferriphilum
YSK indeed has the nitrogen fixation ability. It is
suggested that intraspecific genome variations
among L. ferriphilum genomes profoundly shape
their physiologies and provide the basis for
adaptation to different niches.

References

[1] CARDENAS JP, VALDES J, QUATRINI R, DUARTE F,
HOLMES DS. Lessons from the genomes of extremely
acidophilic bacteria and archaea with special emphasis on
bioleaching microorganisms [J]. Applied Microbiology and
Biotechnology, 2010, 88: 605—620.

[2] BAKER B J, BANFIELD J F. Microbial communities in acid
mine drainage [J]. FEMS Microbiology Ecology, 2003, 44:
139-152.

[31 RAWLINGS D E, JOHNSON D B. The microbiology of
biomining: Development and optimization of mineral-
oxidizing microbial consortia [J]. Microbiology, 2007, 153:
315-324.

[4] ZHU Ping, LIU Xue-duan, CHEN Ai-jia, LIU Hong-wei,
YIN Hua-qun, QIU Guan-zhou, HAO Xiao-dong, LIANG
Yi-li. Comparative study on chalcopyrite bioleaching with
assistance of different carbon materials by mixed moderate
thermophiles [J]. Transactions of Nonferrous Metals Society
of China, 2019, 29: 1294-1303.

[5] HAO Xiao-dong, LIU Xue-duan, YANG Qin, LIU Hong-wei,
YIN Hua-qun, QIU Guan-zhou, LIANG Yi-li. Comparative
study on bioleaching of two different types of low-grade
copper tailings by mixed moderate thermophiles [J].
Transactions of Nonferrous Metals Society of China, 2018,
28:1847-1853.

[6] SIMMONS S L, DIBARTOLO G, DENEF V J,
GOLTSMAN D S A, THELEN M P, BANFIELD J F.
Population genomic analysis of strain variation in
Leptospirillum Group II bacteria involved in acid mine
drainage formation [J]. PLOS Biology, 2008, 6: ¢177. DOI:
10.1371/journal.pbio.0060177.

[7] VALDES J, CARDENAS J P, QUATRINI R, ESPARZA M,
OSORIO H, DUARTE F, LEFIMIL C, SEPULVEDA R,
JEDLICKI E, HOLMES D S. Comparative genomics begins
to unravel the ecophysiology of bioleaching [J].
Hydrometallurgy, 2010, 104: 471-476.

[8] ARSENE-PLOETZE F, KOECHLER S, MARCHAL M,
COPPEE J Y, CHANDLER M, BONNEFOY V,
BROCHIER-ARMANET C, BARAKAT M, BARBE YV,
BATTAGLIA-BRUNET F. Structure, function, and evolution
of the Thiomonas spp. genome [J]. PLoS Genet, 2010, 6:
¢1000859—e1000859.

[91 LEVICAN G, KATZ A, VALDES J H, QUATRINI R,
HOLMES D S, ORELLANA O. A 300 kpb genome segment,
including a complete set of tRNA genes, is dispensable for
Acidithiobacillus ferrooxidans [M]. Switzerland: Trans Tech
Publ. 2006, 187-190.

[10] HIPPE H. Leptospirillum gen. nov. (ex Markosyan 1972),
nom. rev., including Leptospirillum ferrooxidans sp. nov. (ex
Markosyan 1972), nom. rev. and Leptospirillum
thermoferrooxidans sp. nov. (Golovacheva et al. 1992) [J].
International Journal of Systematic and Evolutionary
Microbiology, 2000, 50: 501-503.

[11] PENG Tang-jian, ZHOU Dan, LIU Ya-nan, YU Run-lan,
QIU Guan-zhou, ZENG Wei-min. Effects of pH value on the
expression of key iron/sulfur oxidation genes during
bioleaching of chalcopyrite on thermophilic condition [J].
Annals of Microbiology, 2019, 69: 627-635. https://doi.
org/10.1007/ s13213-019-01453-y.

[12] TYSON G W, LO I, BAKER B J, ALLEN E E,
HUGENHOLTZ P, BANFIELD J F. Genome-directed
isolation of the key nitrogen fixer Leptospirillum
ferrodiazotrophum sp. nov. from an acidophilic microbial
community [J]. Applied and Environmental Microbiology,
2005, 71: 6319-6324.

[13] MI S, SONG J, LIN J, CHE Y, ZHENG H, LIN J. Complete
genome of Leptospirillum ferriphilum ML-04 provides
insight into its physiology and environmental adaptation [J].
The Journal of Microbiology, 2011, 49: 890—901.

[14] FUJIMURA R, SATO Y, NISHIZAWA T, OSHIMA K, KIM
S W, HATTORI M, KAMIJO T, OHTA H. Complete genome
sequence of Leptospirillum ferrooxidans strain C2-3, isolated
from a fresh volcanic ash deposit on the island of Miyake,
Japan [J]. Journal of Bacteriology, 2012, 194: 4122—-4123.

[15] GOLTSMAN D S A, DENEF V J, SINGER S W,
VERBERKMOES N C, LEFSRUD M, MUELLER R S,
DICK G J, SUN C L, WHEELER K E, ZEMLA A.
Community genomic and proteomic analyses of
chemoautotrophic iron-oxidizing “Leptospirillum rubarum”
(Group II) and “Leptospirillum ferrodiazotrophum” (Group
IIT) bacteria in acid mine drainage biofilms [J]. Applied and
Environmental Microbiology, 2009, 75: 4599-4615.

[16] CHEN L X, HU M, HUANG L N, HUA Z S, KUANG J L,
LI S J, SHU W S. Comparative metagenomic and
metatranscriptomic analyses of microbial communities in
acid mine drainage [J]. ISME Journal, 2015, 9: 1579-1592.

[17] GAO J, ZHANG C G, WU X L, WANG H H, QIU G Z.
Isolation and identification of a strain ofLeptospirillum
ferriphilum from an extreme acid mine drainage site [J].
Annals of Microbiology, 2007, 57: 171-176.

[18] SILVERMAN M P, LUNDGREN D G Studies on the



[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

Hong-wei LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1635—1646

chemoautotrophic iron bacterium Ferrobacillus ferrooxidans
I: An improved medium and a harvesting procedure for
securing high cell yields [J]. Journal of Bacteriology, 1959,
77: 642—647.

MINOCHE A E, DOHM J C, HIMMELBAUER H.
Evaluation of genomic high-throughput sequencing data
generated on Illumina HiSeq and genome analyzer systems
[J]. Genome Biology, 2011, 12: R112. URL: https://link.
springer.com/article/10.1186/gb-2011-12-11-r112.

LUOR, LIU B, XIE Y, LI Z, HUANG W, YUAN J, HE G,
CHEN Y, PAN Q, LIU Y. SOAP denovo2: An empirically
improved memory-efficient short-read de novo assembler
[M]. Oxford: Gigascience, 2012: 18. https:/link.springer.
com/article/10.1186/2047-217X-1-18.

CHAISSON M J, PEVZNER P A. Short read fragment
assembly of bacterial genomes [J]. Genome Research, 2008,
18: 324-330.

DELCHER A L, BRATKE K A, POWERS E C, SALZBERG
S L. Identifying bacterial genes and endosymbiont DNA with
Glimmer [J]. Bioinformatics, 2007, 23: 673—679.

SAYERS E W, BARRETT T, BENSON D A, BOLTON E,
BRYANT S H, CANESE K, CHETVERNIN V, CHURCH D
M, DICUCCIO M, FEDERHEN S. Database resources of
the national center for biotechnology information [J].
Nucleic Acids Research, 2011, 39: D38-D51.

KANEHISA M, GOTO S. KEGG: kyoto encyclopedia of
genes and genomes [J]. Nucleic Acids Research, 2000, 28:
27-30.

TATUSOV R L, FEDOROVA N D, JACKSON J D,
JACOBS AR, KIRYUTIN B, KOONIN E V, KRYLOV D M,
MAZUMDER R, MEKHEDOV S L, NIKOLSKAYA A N.
The COG database: An updated version includes eukaryotes
[J]. BMC Bioinformatics, 2003, 4: 41-55.

JOHNSON M, ZARETSKAYA I, RAYTSELIS Y,
MEREZHUK Y, MCGINNIS S, MADDEN T L. NCBI
BLAST: A better web interface [J]. Nucleic Acids Research,
2008, 36: W5—W9.

PUNTA M, COGGILL PC, EBERHARDT RY, MISTRY J,
TATE J, BOURSNELL C, PANG N, FORSLUND K, CERIC
G, CLEMENTS J. The Pfam protein families database [J].
Nucleic Acids Research, 2012, 40: D290-D301.

SAIER M H, TRAN C V, BARABOTE R D. TCDB: The
transporter classification database for membrane transport
protein analyses and information [J]. Nucleic Acids Research,
2006, 34: D181-D186.

LOWE T M, EDDY S R. tRNAscan-SE: A program for
improved detection of transfer RNA genes in genomic
sequence [J]. Nucleic Acids Research, 1997, 25: 955-964.
LAGESEN K, HALLIN P, RODLAND E A, STARFELDT
H H, ROGNES T, USSERY D W. RNAmmer: Consistent
and rapid annotation of ribosomal RNA genes [J]. Nucleic
Acids Research, 2007, 35: 3100—3108.

CARVER T J, RUTHERFORD K M, BERRIMAN M,
RAJANDREAM M-A, BARRELL B G, PARKHILL J. ACT:
The Artemis comparison tool [J]. Bioinformatics, 2005, 21:
3422-3423.

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

1645

VERNIKOS G S, PARKHILL J. Interpolated variable order
motifs for identification of horizontally acquired DNA:
Revisiting the Salmonella pathogenicity islands [J].
Bioinformatics, 2006, 22: 2196—2203.

KRZYWINSKI M, SCHEIN J, BIROL I, CONNORS J,
GASCOYNE R, HORSMAN D, JONES S J, MARRA M A.
Circos: An information aesthetic for comparative genomics
[J]. Genome Research, 2009, 19:1639—1645.
MEIER-KOLTHOFF J P, AUCH A F, KLENK H P, GOKER
M. Genome sequence-based species delimitation with
confidence intervals and improved distance functions [J].
BMC Bioinformatics, 2013, 14: 60—74.

AUCH AF, VON JAN M, KLENK H P, GOKER M. Digital
DNA-DNA hybridization for microbial species delineation
by means of genome-to-genome sequence comparison [J].
Standards in Genomic Sciences, 2010, 2: 117—134.
THOMPSON J D, GIBSON T, HIGGINS D G. Multiple
sequence alignment using ClustalW and ClustalX [M].
Hoboken: Current Protocols in Bioinformatics, 2002: 2.3.
1-2.3.22.

TAMURA K, DUDLEY J, NEI M, KUMAR S. MEGA4:
molecular evolutionary genetics analysis (MEGA) software
version 4.0 [J]. Molecular Biology and Evolution, 2007, 24:
1596—1599.

CIKOS S, BUKOVSKA A, KOPPEL I.
quantification of mRNA: Comparison of methods currently
used for real-time PCR data analysisv [J]. BMC Molecular
Biology, 2007, 8: 113—127.

KAZAZIAN H H. Mobile elements: Drivers of genome
evolution [J]. Science, 2004, 303: 1626—1632.

KURIMA K, WARMAN M L, KRISHNAN S, DOMOWICZ
M, KRUEGER R C, DEYRUP A, SCHWARTZ N B. A
member of a family of sulfate-activating enzymes causes

Relative

murine brachymorphism [J]. Proceedings of the National
Academy of Sciences, 1998, 95: 8681-8685.

BOND P L, SMRIGA S P, BANFIELD J F. Phylogeny of
microorganisms populating a thick, subaerial, predominantly
lithotrophic biofilm at an extreme acid mine drainage site [J].
Applied and Environmental 2000, 66:
3842-3849.

DAIZ M, GUO X, YINH Q, LIANG Y L, CONG J, LIU X

D. Identification of nitrogen-fixing genes and gene clusters

Microbiology,

from metagenomic library of acid mine drainage [J]. PLOS
ONE, 2014, 9: e87976. https://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0087976.

KALLAS T, COURSIN T, RIPPKA R. Different
organization of nif genes in nonheterocystous and
heterocystous cyanobacteria [J]. Plant Molecular Biology,
1985, 5: 321-329.

ALLEN E E, TYSON G W, WHITAKER R J, DETTER J C,
RICHARDSON P M, BANFIELD J F. Genome dynamics in
a natural archaeal population [J]. Proceedings of the National
Academy of Sciences, 2007, 104: 1883—1888.

LEIGH J A, DODSWORTH J A. Nitrogen regulation in
bacteria and archaea [J]. Annual Review of Microbiology,

2007, 61: 349-377.



1646

Hong-wei LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1635—1646

FEEX £ um AR HE B AR P R FE L FIE R AV EL Ssc B E 4R 47 4
X F 4 1,2, e AR, 1,2’ i 1,2,3, %%%4’ EE 1,2’ AP 1,2, §3-ila_§$l,2’ 2 K12

1. R RS WIEN LS5 TSR, Kb 410083;
2. TEIRY VRSB EWEASRE, Kb 410083;

3. JERT HEEE R, PRI i e il [ KR A SeEe R, dbat 100084;
4. B RN RERE R AR T, KD 410125

W E: NEREEMG S TS REMBYED WK RS0 o5 32 5 1AL 0 24 i 2 € 18 (Leptospirillum
ferriphilum)FF N BEAEALE, CAREERE AR FEBE AR L. ferriphilum YSK. L. ferriphilum DX 1 L. ferriphilum ZJ ()45
HAFFFI N %, Bl EEENFFSEHM L ferriphilum ML-04 B ik 436K 4 7 51301 T LB 38 (R 41 24 4t
Fo GERRW, WGBSR NE B R AT I R AR SR, PTRE SRR T R A4 R BT 2 R B R R e S AN S Bk
) i MR T TR AR DR A PR AR S I R RN . S Ah, A MR T K A i MR NE B AR L. ferriphilum YSK Fl
L. ferriphilum ZJ WHEFA P AR R EEF L RN — D SRWAE L&Ak L. ferriphilum Y SK 1) [ 52 B 7%
gk B H RGeS ARIR A R R . 4RG BIRTE LA RN, WK i IR e B R IEAEAE IR & R A
DI E IE R B2, FET B iR e ARV 2 R A O R S R A 2R s[RI, 0 4k e vy R e T 1) B 2L FR VR %)
IRNE H A B, I HOE A [R] ) A A A7 B4 58 J At
KRR R IR N s LR AL [ RPN AR REEEA

(Edited by Bing YANG)



