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A novel purple sulfur bacterium, strain AX1YPE", was isolated from marine sediments sampled
at 47 m depth in Callao Bay, Peru. Strain AX1YPE grew anaerobically, synthesizing
bacteriochlorophyll a and carotenoid pigments of the spirilloxanthin series. Cells were Gram-
stain-negative rods and actively motile by a polar flagellum. Strain AX1YPE was able to grow
photolithoautotrophically with sulfide and thiosulfate as electron donors. This new phototrophic
organism utilized ammonium salt, No, urea and glutamate as nitrogen sources. Strain AX1YPE
had a DNA base composition of 3.9 mol% G + C. Analysis of the 16S rRNA gene sequence
indicated that strain AX1YPE clusters in a separate branch within the genus Allochromatium of
the family Chromatiaceae. Strain AX1YPE showed 16S rRNA gene sequence similarities of
98.2 % with Allochromatium vinosum DSM 180" and Allochromatium minutissimum DSM
1376", 98.1 % with Allochromatium phaeobacterium JA1 447, 97.3% with Allochromatium
renukae DSM 18713 and 96.8 % with Allochromatium warmingiiDSM 173". DNA-DNA
hybridization values to the type strains of its closest relatives, A. vinosum and A. minutissimum,
were 59 and 64 %, respectively. The predominant fatty acid of strain AX1YPET was C,g. ®;7¢
and it notably possessed Cog.1 as a minor component. PCR-based molecular typing (Box A1R

and randomly amplified polymorphic DNA) produced a unique banding pattern for strain
AX1YPE in comparison with the type strains of A. vinosum and A. minutissimum. Based on
data from this polyphasic taxonomic study, which also includes average nucleotide identity
comparison of five concatenated housekeeping genes, strain AX1YPE' is considered to
represent a novel species of the genus Allochromatium for which the name Allochromatium
humboldtianum sp. nov. is proposed. The type strain is AX1 YPE' (=DSM 21881"=KCTC

15448").

tPresent address: Bregau GmbH & Co.KG, Mary-Astell-Str. 10, D-
28359 Bremen, Germany.

This paper is dedicated to the memory of the famous German
microbiologist Hans G. Schlegel, who passed away in March 2013 and
who has influenced significantly the development of microbiology in
Germany.

Abbreviations: ANI, average nucleotide identity; DDH, DNA-
DNA hybridization; PSB, purple sulfur bacteria; RAPD, randomly
amplified polymorphic DNA.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA
gene sequence of Allochromatium humboldtianum AX1YPET is
EU442182.

Two supplementary figures and two supplementary tables are
available with the online Supplementary Material.

Purple sulfur bacteria (PSB) are anoxygenic photosynthetic
prokaryotes which grow anaerobically in the presence of
light and use H,S as an electron donor (Pfennig &
Triper, 1992). The class Gammaproteobacteria includes
the two families Chromatiaceae and Ectothiorhodospiraceae
as representative phylogenetic branches of PSB (Imhoff
et al., 1998). A common feature of the Chromatiaceae is
the intracellular storage of sulfur globules while the mem-
bers of the other family deposit them outside the cell.

Current phylogenetic reconstructions within the family Chro-
matiaceae are based on comparative 16S rRNA gene sequence
analysis, DNA-DNA hybridization and the presence of discri-
minatory phenotypic properties (Anil Kumar et al, 2008;
Imhoff et al., 1998;). The genus Allochromatium comprises,
at the time of writing, five recognized species, namely
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Allochromatium vinosum, Allochromatium minutissimum,
Allochromatium warmingii (see Imhoff et al., 1998), Allochro-
matium renukae (Anil Kumar et al., 2008) and Allochroma-
tium phaeobacterium (Srinivas et al., 2009).

In this report, a new PSB, strain AX1YPE?, isolated from
soft marine sediments retrieved from shallow depth in
Callao Bay, Peru, is described using a polyphasic taxo-
nomic study, which also includes DNA-DNA hybridization
(DDH) comparison and multilocus sequence analysis.
To our knowledge, strain AX1YPET is the first marine
representative of the genus Allochromatium.

Sediment samples were collected during a cruise of IMARPE
R/V Jose Olaya along the central coast of Peru in April 2005
from the nearshore station 1 (12° 02’ S 72° 13’ W) at 47 m
depth. Undisturbed sediment samples were obtained with a
plexiglas multicorer sampler. Aliquots of the top surface sedi-
ments, which also contained Thioploca mats, were used for
first enrichment cultures. Aliquots were inoculated in 50 ml
screw capped bottles filled with anoxic basal medium as
described by Pfennig & Triiper (1981) containing 3 % NaClL
The medium was supplemented with sulfide (4 mM, final
concentration), thiosulfate (2 mM) and acetate (2 mM).
Initial incubation on board was done at room temperature
under continuous illumination ofa 40 W tungsten lamp. Sub-
sequently, a pure culture was obtained by successive repurifi-
cation steps using both liquid cultures and deep agar shake
dilution series. The agar shake method was also used to test
oxygen requirements. Optimal salinity, carbon substrate
assimilation and utilization of different electron donors
were tested using anoxic basal medium prepared as men-
tioned above. Tests for assimilation of several carbon sources
were carried out in the presence or absence of NaHCOs.
Nitrogen source utilization was tested by replacing
ammonium chloride from the basal medium by N, urea or
glutamate. Diazotrophy was tested by cultivating the organ-
ism under N, atmosphere and was confirmed by repeated sub-
culturing (three times). All experiments were performed using
completely filled 15 ml Hungate tubes and screw cap bottles
under continuous light of 100 pmol photons m ™2 s~ ' at
30 °C. Growth was measured turbidometrically at 650 nm
in a Novaspec II (Pharmacia Biotech) UV spectrophotometer.

Cell morphology and motility were observed under a Zeiss
phase-contrast microscope. Intra-cytoplasmic structures
and flagella were documented by transmission electron
microscopy (Zeiss EM 902A). The in vivo absorption spec-
tra of cells in a sucrose suspension were measured with a
Beckman DU 640 model UV spectrophotometer according
to Pfennig & Triiper (1992).

For analysis of cellular fatty acids, strain AX1YPE" was grown
in liquid medium according to Pfennig & Triiper (1981) with
3 % NaCl, while its closest relatives A. vinosum DSM 180" and
A. minutissimum DSM 1376" were grown in the same
medium but without NaCl. The strains were incubated at
30 °C in all cases. Cells were harvested at the beginning of
the stationary growth phase and stored lyophilized for further
analysis. Analysis was carried out by the identification service

of the Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen, Braunschweig, Germany.

Genomic DNA was extracted according to Marmur (1961).
Purity of the extracted genomic DNA was checked spectro-
photometrically and by gel electrophoresis. Determination
of the DNA G+ C content was made by the thermal dena-
turation method according to Marmur & Doty (1962).
DNA-DNA hybridization was performed following the
renaturation kinetic method according to De Ley et al
(1970) and as reported by Serrano et al. (2009).

PCR amplification of the 165 rRNA gene of strain AX1YPE"
was done according to Muyzer et al. (1993). Sequence
alignment and phylogenetic tree reconstruction were carried
out as described by Serrano et al. (2009). The final phylogentic
tree was reconstructed by the maximum-likelihood method
using the program Phy-ML (Guindon & Gascuel, 2003). Pri-
mers and conditions for amplification and sequencing of five
protein-coding genes, soxB (507 bp), cbbL (492 bp), groES
(729 bp), fusA (555 bp), mfd (222 bp), and the intergenic-
transcriber spacer (ITS, 420 bp) sequences have been reported
previously (Serrano et al., 2011). Average nucleotide identity
(ANI) analyses on the concatenated sequences (in total
2925 bp) were calculated according to Goris et al. (2007),
using the ANI calculator (http://enve-omics.ce.gatech.edu/
ani/index). In addition, PCR-based fingerprinting methods
were also employed to study the banding pattern differences
between strain AX1YPE' and A. vinosum DSM 180" and
A. minutissimum DSM 1376". Randomly amplified poly-
morphic DNA (RAPD) and BOX AlR analyses were per-
formed according to Serrano et al. (2009).

Morphological features are shown in Fig. 1. Cells of strain
AX1YPET were rod-shaped, of 2 x3 um in size with one
polar flagellum (Fig. 1la). Analysis of the ultrastructure

(@

Fig. 1. Electron micrographs of a negative stained cell of strain
AX1YPE" showing a polar flagellum (a) and an ultrathin-section
exhibiting the vesicular type photosynthetic membrane system (b).
Bars, 2 um (a), 0.5 um (b).
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revealed the presence of an internal membrane system of
the vesicular type (Fig. 1b). The colour of the cell suspen-
sion was brownish red and the presence of bacteriochloro-
phyll a was evidenced by peaks of absorption maxima at
372, 592, 799 and 862 nm, while carotenoid pigments
seem to be of the spirilloxanthin series with absorption
peaks at 472 and 504 nm (Fig. S1, available in the online
Supplementary Material).

Strain AX1YPE' was strictly anaerobic and was able to
grow photolithoautotrophically with sulfide as an electron
donor and CO,. However, growth was faster when the
organism grew photolithoheterotrophically with sulfide
or thiosulfate as electron donors and pyruvate or acetate
as carbon sources. The complete morphological, physio-
logical and molecular characteristics are summarized in
Table 1. Sulfide was essential for growth of strain
AX1YPE" under all growth conditions tested, while sulfite,
cysteine and hydrogen did not support growth. Although
strain AX1YPE' was isolated from a marine environment,
the organism was able to grow without NaCl, but tolerated
up to 5% NaCl (optimum 3 %). The pH for growth
ranged from 6.5 to 8.5, with an optimum at pH 6.9-8.0.
Good growth was observed at 25-35 °C (optimum 30 °C).
Strain AX1YPE! did not require vitamin By, for growth.
It is remarkable that strain AXIYPE" was able to use differ-
ent nitrogen sources such as ammonium, glutamate, N, or
urea. The use of glutamate and urea has not previously
been reported for other Allochromatium strains (Table 1).

The fatty acid profile of strain AX1YPE" was different from
those of the closest relatives A. vinosum DSM 180" and
A. minutissimum DSM 13767 (Table S1). The predominant
component was the unsaturated fatty acid Cig.im;7¢
(44.6 % of the total). This fatty acid was also found in
the type strains of both A. vinosum and A. minutissimum
but in lower amounts (28.8 and 27.9 %, respectively).
Ci5.0 3-OH and iso-Ci6.¢ 3-OH were found in the type
strains of A. vinosum and A. minutissimum but not in
strain AX1YPET, whereas the unsaturated eicosanoic
long-chain fatty acid C,g., was characteristic of strain
AXIYPE" (0.6 %).

The DNA base composition of strain AX1YPE" was
63.9 mol% G+ C, which is within the range reported for
the genus Allochromatium (Table 1). As strain AX1YPET
shows 16S rRNA gene sequence similarity of 98.2% to
its closest relatives, the type strains of A. vinosum and
A. minutissimum (Fig. 2), species differentiation was
ensured additionally by using DDH studies as rec-
ommended by Tindall et al. (2010) and Imhoff & Caumette
(2004).

DDH comparison gave values of 59 and 64 % relatedness
between strain AX1YPE' and the type strains of
A. vinosum and A. minutissimum, respectively. DDH studies
clearly revealed that strain AX1YPE" showed values below
70 % to the type strains of all species compared (Table 1).
DDH values were lower yet close to the accepted threshold

for species delineation of 70 % suggested by Wayne et al.
(1987).

The final phylogenetic tree was reconstructed using high-
quality sequences as recommended by Tindall et al. (2010).
In the present work we incorporated into the reconstructed
tree the full 16S rRNA gene sequence from the complete
genome sequence of A. vinosum DSM 180" (Weissgerber
etal., 2011). Strain AX1YPE" clustered with the type strains
of A. phaeobacterium and A. warmingii (99 % bootstrap sup-
port), and with that of A. renukae, well separated from
A. vinosum DSM 180" and A. minutissimum DSM 1376
(Fig. 2). In a previous study, multilocus sequence analysis
of all available Allochromatium strains including strain
AX1YPE" showed a comparable tree topology (Serrano
et al., 2011). In both cases, A. vinosum strains and
A. minutissimum DSM 1376" showed a trend of forming
an independent cluster in the phylogenetic trees, suggesting
a close relationship among them (see Serrano et al., 2011).
In fact, an ANI-predicting study based on the concatenation
of five housekeeping protein-coding genes plus intergenic-
transcribed spacer (ITS) sequences (2925 bp) performed in
this study confirmed this close relationship between
A. vinosum DSM 180" and A. minutissimum DSM 1376T,
with an ANI value of 97.37 % (Table S2). This value fell
into the ANI category of >96 % according to Kim et al.
(2014), which is above the accepted threshold for species
determination based on ANI (Konstantinidis et al., 2006;
Richter & Rossello-Mora, 2009). By contrast, when strain
AXIYPE" was compared with A. vinosum DSM 180",
A. minutissimum DSM 1376" and A. renukae DSM 18713
it exhibited ANI values of 94.95, 94.63 and 93.52 %, respect-
ively. All these values are below 95 %, an accepted boundary
limit of species demarcation using ANI (Kim et al., 2014;
Konstantinidis et al., 2006; Richter & Rosselld-Mora,
2009). Besides, PCR fingerprinting patterns obtained by
the use of the primer sets BOX AIR and RAPD (SMO3)
have shown that the banding profile of strain AX1YPE"
clearly differentiates it from A. vinosum DSM180" and
A. minutissimum DSM 1376" (Fig. S2).

Strain AX1YPE" could clearly be differentiated from other
species of the genus Allochromatium based on its ability to
use a variety of nitrogen sources. We conclude that strain
AXI1YPE is sufficiently distinct in its phenotype, genotype
and phylogeny to represent a novel species in the genus
Allochromatium, for which the name Allochromatium hum-
boldtianum sp. nov. is proposed.

Description of Allochromatium humboldtianum
Sp. nov.

Allochromatium humboldtianum (hum.boldt.i.a’num. N.L.
neut. adj. humboldtianum named after the famous German
naturalist Alexander von Humboldt).

Cells are Gram-stain-negative rods, measuring about 2 X 3 um
in size and are motile by a polar flagellum. Culture suspension
is brownish red. Pigments include bacteriochorophyll a and
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Table 1. Characteristics of strain AX1YPE' and species of the genus Allochromatium

Strains: 1, AX1YPEY; 2, A. vinosum DSM 180"; 3, A. minutissimum DSM 1376"; 4, A. renukae JA136"; 5, A. phaeobacterium JA 144%; 6, A. warmingii DSM 173". Data for taxa 1-3 were obtained in
this study; data for taxa 4-6 were obtained from Pfennig & Triiper (1992), Anil Kumar et al. (2008) and Srinivas et al. (2009), except where indicated. All organic substrates and nitrogen sources

were tested during photolithoheterotrophic growth with Na,S.9H,O (4 mM). Na, Not applicable; NR, not reported

Nitrogen source(s) utilized
Organic substrates utilized:

Formate

Acetate

Fumarate

Malate

Pyruvate

Glycolate

Fructose

Glucose
Molecular features
DDH relatedness (%)*
16S rRNA similarity (%)*
DNA G+ C content (mol %)

Ammonium salts, N, urea, glutamate

++ 4+ + +

+

100
100
63.9 (Ty)

Ammonium salts

++ 4+ + +

59 +5.44
98.2
64.3 (Tyn)

Ammonium salts

++ 4+ + +

6442.38
98.2
63.7 (T)

Armonium salts, N,

++ 4+ +

NR
+

61+3.59
97.3
63.3 (HPLC)

Ammonium salts

NA
98.1
59.8 (HPLC)

Characteristic 1 2 3 4 5 6

Cell shape Ovoid to rod Rod Rod Avoid to rod Rod Rod
Cell size (width x length; pm) 2.0x3.0 2.0 x2.5-6.0 1.0-1.2x2.0 2.0-2.5x3.0-5.0 1.0-1.5 x 2.0-4.0 3.5-4.0 x 5.0-11.0
Flagellation Single polar Single polar Single polar NR NR NR
Colour of cell suspension Brown-red Brown-red Brown-red Purple—violet Brown Purple—violet
Carotenoids Spirilloxanthin Spirilloxanthin Spirilloxanthin Lycopene Rhodopinal Rhodopinal
NaCl optimum (%) 3 0-1 0-1 None None NR
Vitamin B;, requirement - - - - - +
Optimum temperature (°C) 25-35 25-35 25-35 28-32 30 25-30
Optimum pH (range) 6.9-8.0 (6.5-8.5) 7.0-7.3 (6.5-7.6) 7.0-7.3 (6.5-7.6) 7.2-8.0 (6.8-8.5) 7.5 (7.0-8.0) 7.0 (6.5-7.3)
Photolithoautotrophy + + + + + +
Photoheterotrophy + + + + + +

Ammonium salts

NR
NR
NA

96.8
55.1-60.2 (Ty,)

*Data were obtained in this study.
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— 70 | Allochromatium vinosum DSM 180T (NR-074584)

0.02

92

93
98

100 Allochromatium minutissimum DSM 13767 (NR-036975)
Allochromatium renukae DSM 187137 (AM399029)
Allochromatium humboldtianum strain AX1YPET (EU442182)
Allochromatium phaeobacterium JA144T (AM712619)
Allochromatium warmingii DSM 1 73T (Y12365)
84 [ Marichromatium purpuratum DSM 15917 (EU850807)
Marichromatium gracile DSM 203 (EU850806)
Marichromatium indicum JA1007 (AJ543328)
Marichromatium bheemlicum JA124T (AM180952)
—— Thiorhodococcus bheemlicus DSM 18805T (AM282559)
I:Ectothiorhodospira shaposhnikovii DSM 2437 (M59151)
100 Ectothiorhodospira mobilis DSM 237 (X93481)

Escherichia coli K-12 (JO1695)

Fig. 2. 16S rRNA-based tree reflecting the phylogenetic relationship between strain AX1YPE' and reference species in the
family Chromatiaceae. The tree was reconstructed with the maximum-likelihood method using the program PhyML of nearly
full-length 16S rRNA gene sequences. Accession numbers of the reference sequences are given in parentheses. Escherichia
coli K-12 was used as outgroup. Bar, 2 % estimated sequence divergence.

carotenoids of the spirilloxanthin series, and the photosyn-
thetic membrane system is of the vesicular type. No addition
of vitamin By, is required for growth. Growth modes of
this strictly anaerobic bacterium are photolithoautotrophy,
photolithoheterotrophy and chemomixotrophy. Sulfide and
thiosulfate serve as electron donors and elemental sulfur
formed as an intermediate oxidation product is stored
inside the cells. Organic substrates such as formate, lactate,
fumarate, malate, pyruvate, glycolate and glucose are photo-
assimilated in the presence of sulfide and absence of carbon-
ate. The organism is able to use the nitrogen compounds
ammonium, urea and glutamate. Diazotrophic growth is
also possible. Grows with 0-5 % NaCl (optimum 3 %), at
25-35°C (optimum 30 °C) and at pH 6.5-8.5 (optimum
pH 6.9-8.0). Tolerates up to 8 mM sulfide.

The type strain is AX1YPE" (=DSM 218817 =KCTC 15448),
which was isolated from marine coastal sediments at 47 m
depth in Callao Bay, Peru. The DNA G+ C content of the
type strain is 63.9 mol% (T,).
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