
Introduction

　Alteromonas macleodii is one of the most wide-
spread heterotrophic marine bacteria found in the 
North Sea as well as marine waters in tropical and 
moderate latitudes, inhabiting surface and deep wa-
ters (Garcia-Martinez et al., 2002). In the Ukraine A. 

macleodii was found in the Black Sea (Lopez-Lopez et 
al., 2005). The preferred habitat of the A. macleodii 

cluster is attached to particles but they have also been 
observed free-living (Acinas et al., 1999). The pheno-
typic properties characterize this species as a copi-
otroph that behaves as an r-strategist in the relatively 
nutrient-depleted regions of the world’s oceans (Ivars-
Martinez et al., 2008b).
　Data on the biogeography of A. macleodii showed 
two different ecotypes ― from the surface and deep 
sea waters. For the fi rst time these ecotypes were dis-
covered among strains isolated from the surface wa-
ters and 400 to 3,500 m depths of the Mediterranean 
Sea (Acinas et al., 1999; Sass et al., 2001). The two 
ecotypes were differentiated according to the results 
of molecular-genetic analysis of A. macleodii strains. It 
has been observed that the size of internal transcrib-
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The phenotypic, chemotaxonomic and genetic peculiarities of 5 deep strains of Alteromonas 
macleodii (isolated from Adriatic and Ionian Sea water from a depth of 1,000‒3500 m) and 5 
strains of the same species isolated from the surface layer of Aegean, Andaman, Black Sea and 
Atlantic Ocean water near the British shore have been studied. Electron microscopy has shown 
that the deep strains’ cells were, on average, two times longer (2.1±0.2×0.7±0.1 μm) than the 
surface strains’ (1.1±0.1×0.6±0.1 μm). Using fatty acid analysis (particularly the mono-unsatu-
rated C16:1 and C18:1 fatty acids contents) the deep and surface isolates were clearly separated 
into two clusters. Distinctions between them were also found in different lectin binding capacity, 
which is probably determined by the structure of their extracellular polysaccharide matrix. Anal-
ysis of the results of PCR with primers to repeated nucleotide sequences revealed a higher level 
of genetic polymorphism in surface strains in comparison with the deep isolates. This division 
was confi rmed by the cluster analysis method though it was not as clear as in the fatty acids 
analysis. The described peculiarities are probably refl ective of specifi c conditions in which 
A. macleodii strains live on the surface or in the depth of the world’s oceans. 
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ing spacer (ITS) between genes 16S and 23S of rRNA 
(Lopez-Lopez et al., 2005), and the nucleotide se-
quences of 16S rRNA, gyrB, rpoB genes and several 
other genes were different for the two ecotypes (Ivars-
Martinez et al., 2008a; Lopez-Lopez et al., 2005). The 
complete genome sequence of the deep sea strain A. 

macleodii DSM 17117 (Ivars-Martinez et al., 2008b) re-
vealed the connection genome loci with biochemical 
peculiarities and ecological features of these bacteria.
　In the presented work we researched new pheno-
typic and genetic peculiarities of A. macleodii strains 
isolated from the deep sea and surface waters and at-
tempted to connect marked differences with the ecol-
ogy of these bacteria. Bacterial strains recovered from 
the deep water were studied for their capability to pro-
duce polysaccharides and fatty acids under normal 
conditions and were compared with the strains from 
the surface layers of water. The clear difference be-
tween the deep and surface ecotypes was determined 
by comparing only their fatty acid composition, while 
the polysaccharide composition and level of intraspe-
cies variability provided poor differentiation between 
the two ecotypes. Based on the obtained results we 
concluded that detected peculiarities of A. macleodii 
strains refl ected their deep/surface habitation rather 
than geographical distribution. The fatty acid compo-
sition was the most prominent marker to distinguish 
the deep and surface ecotypes in the current work.

Materials and Methods

　Bacterial strains.　Strains of A. macleodii isolated 
from different parts of the geographical location were 
studied. Five strains were isolated from sea-surface 
water samples and another fi ve were from deep water 
samples: U4, U8 and UM4b were from the Ionian Sea 
(3,500 m), Adriatic1 and Adriatic2 were from the Adri-
atic Sea (1,000 m), D7 and D12 were from the Anda-
man Sea (surface water), MED64 was from the Aegean 
Sea (surface water), 621 was from the Atlantic Ocean 
surface water near the British shore, and 29-06 was 
from surface water of the Black Sea. Strains (except 
29-06) were kindly supplied by Prof. Francisco Rodri-
guez-Valera (Universidad Miguel Hernandez, Spain), 
and strain 29-06 was isolated from surface water of 
the Black Sea by Olga Onyshchenko (Institute of Mi-
crobiology and Virology, Ukraine) (Ivars-Martinez, 
2008a).
　The strains were grown on plates with R2A agar 

(Gibbs and Hayes, 1988) containing 2.5% (w/v) of so-
dium chloride at 26°C for 24 h and in some cases that 
were marked separately, cultivation was done at 18, 37 
and 42°C for 24 h.
　Electron microscopy.　Cell morphology analyses 
were carried out by mounting cells onto 400 mesh 
copper grids, counterstaining with 2% uranyl acetate 
(Tovkach, 2002) and examining in transmission elec-
tron microscopy (TEM) JEM-1400 (JEOL, Ltd., Japan) 
at 80 kV.
　TEM examination of extracellular polysaccharides 
was carried out as described in Hood and Schmidt 
(1996) using lectin-gold complexes (Lectinotest, 
Ukraine) specifi c to α-D-mannose and α-D-glucose 
(Concanavalin A : ConA), N-acetyl-D-glucosamine and 
sialic acid (Wheat germ agglutinin : WGA), D-mannose 
and D-glucose (Lens culinaris agglutinin : LCA).
　Fatty acid analysis.　Fatty acid methyl esters 
(FAMEs) were extracted from aliquots of cell suspen-
sions by acid methanolysis and quantifi ed by GC/MS 
with an Agilent 6890 gas chromatograph and 6890N 
Mass Selective Detector (Palo Alto, CA, USA). Helium 
was used as the carrier gas, the injector temperature 
was 250°C, and the oven programming temperature 
was 150‒250°С with a gradient of 4°С/min. The gas-
chromatography capillary column was a HP-5MS with 
a low polarity liquid phase of (5% phenyl)methylpolysi-
loxane from J&W Scientifi c (Folsom, CA, USA), the 
gas fl ow rate was 1.0 ml/min, and the split ratio 1：100. 
Mass spectra were recorded in electron impact ioniza-
tion at 70 eV in SCAN mode. The transfer line was kept 
at 280°С. Data were processed with Workstation soft-
ware (Agilent Technologies) and compounds were 
identifi ed by relative retention time with standards of 
bacterial FAMEs (Supelco, No. 4708-U, USA) and from 
the comparison of mass spectra in the NIST02 MS li-
brary (Klochko et al., 2008).
　PCR amplifi cation.　Total genomic DNA from A. ma-

cleodii cell suspension was isolated by the DNA-sorb-
B DNA kit (AmpliSens, Russia). The universal primers 
27F and 1492R were used to amplify the 16S rRNA 
gene; PCR was performed as described by Lane 
(1991). Restriction analysis of 16S rDNA with EcoRI, 
TaqI, EcoRV and SmaI (Fermentas, Lithuania) was car-
ried out according to the manufacturer’s recommen-
dations. The amplifi ed product, restriction fragments 
and GeneRuler™ DNA Ladder Mix (Fermentas, Lithu-
ania) were loaded in 1.7% (w/v) agarose gel contain-
ing 0.01% (v/v) ethidium bromide. Results were visual-
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ized in a UV chamber and processed using the 
program Gel Imager (DNA-technology, Russia).
　To evaluate intraspecies variability we used an M13 
primer (5′-GAGGGTGGCGGTTCT-3′) and 4 primers to 
repeated nucleotide sequences: (GACA)4 (Marshall et 
al., 1996), (AG)8G, (AG)8T, and (AG)8TA. The primer 
sequences to dinucleotide repeats were chosen after 
screening the complete genome of Alteromonas ma-

cleodii deep ecotype strain using the program IMEx 
(Mudunuri and Nagarajaram, 2007).The presence of 
the di- and tetramer repeats in the A. macleodii ge-
nome was confi rmed; the minimal copy number for 
2-bp repeats was 7 and for 4-bp repeat was 3.
　DNA was amplifi ed in 25 μl reaction mixtures con-
taining 10× PCR buffer (Promega, USA), 2 mМ 
MgSO4, 2 mМ of each deoxynucleoside triphosphate 
(dNTP), 15 pmol of the primer, 2.5 U Taq-polymerase 
(Promega, USA) and 30 ng of the genomic DNA. The 
reaction mix was overlaid with mineral oil. PCR was 
performed in the thermocycler Tercik (DNA-technolo-
gy, Russia). The amplifi cation profi le with the M13 
primer was 2 min at 94°С initially, then 40 cycles of 1 
min at 94°С, 30 s at 42°С and 2 min at 72°С. The fi nal 
extension of 10 min at 72°С followed before incuba-
tion at 4°С until the products were loaded and ana-
lyzed. The temperature conditions of PCR with primers 
to repeated sequences was 2 min at 94°С and 45 cy-
cles of 30 s at 94°С, 45 s at 52°С and 2 min at 72°С, 
with a fi nal extension of 7 min. Each PCR mix con-
tained only one primer. Patterns of PCR fragments 
were analyzed as described above.
　Statistical analysis.　Statistical signifi cance of the 

difference between samples was tested by using re-
dundancy analysis with Statistica 6.0 software (Stat-
Soft, Inc., 2001) and a p＜0.05 level of statistical sig-
nifi cance was applied. Cluster analysis was carried out 
separately on fatty acids, polysaccharides and genetic 
analysis data sets using methods of clusterization of 
Statistica 6.0 and MEGA 4.0 (Tamura et al., 2007) soft-
ware and Ward’s clustering procedure with squared 
Euclidean distance was chosen as the most appropri-
ate for the current study.

Results and Discussion

　The ability of A. macleodii strains to grow at different 
temperatures (18, 26, 37 and 42°C) was studied under 
decompressed conditions to compare their growth 
rates and morphological features. No strains were able 
to grow at 42°C. The surface strains, in contrast to the 
deep ones, were able to grow at 37°C. The optimal 
growth rate was marked at 26°C for all strains. We 
used the optimal cultivation temperature to check oth-
er studied features. Such an approach let us compare 
all strains under the growth conditions corresponding 
to the highest metabolic activity state.
　We discovered that the cell size of A. macleodii 
strains depended on the depth of their isolation only 
and showed no dependence on the cultivation tem-
perature (data not shown): the deep strain cells were 
two times longer (2.1±0.2×0.7±0.1 μm) than the sur-
face ones (1.1±0.1×0.6±0.1 μm) (Fig. 1).
　Examination of the cell affi nity to variable lectins pro-
vided information about the composition of the poly-

Fig. 1.　Electron micrographs of cells of A. macleodii strains marked with lectin-gold 
complexes.
　(a) Adriatic-1, (b) D7. EDG: electron dense granule.
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saccharide matrix bound to the cell surface and the 
polysaccharides secreted into intercellular space, 
therefore, allowing comparison of strains using this in-
dex. We observed that different A. macleodii strains 
possessed varied affi nity to the tested lectins. Cluster 
analysis of polysaccharide profi les (Fig. 2) resulted in 
separation of the strains into two main groups. One 
group was composed of the deep water strains 
(3,500 m) from the Ionic Sea (U4, U8 and UM4b), 

which had a high affi nity to the lectins binding with N-
acetyl-D-glucosamine and sialic acid (WGA), and D-
mannose and D-glucose (LCA). An amount of these 
two achieved 255 units per μm2 of the cell surface re-
sults.
　The second cluster was divided into two subclus-
ters. The fi rst subcluster was composed of the strains 
isolated from the 1,000 m deep water of the Adriatic 
Sea, the strain from Great Britain coastal waters and 

Fig. 2.　Dendrogram of similarity between A. macleodii 

strains according to their exopolysaccharide profi les.

Table 1.　Fatty acid compositions (%) of Alteromonas macleodii strains.

Fatty
acid

A. macleodii strainsa

D7 D12 MED64 621 29-06 U4 U8 UM4b Adriatic1 Adriatic2

3 OH
C10:0

 0  0  0  0  0  0.65  0  0  0  0

С12:0  3.32  3.60  2.89  3.61  3.39  4.71  3.80  3.91  4.08  4.00

C13:0  0  0  0.30  0.39  0  0  0  0  0  0

C14:1  0  0  0.52  0.52  0  0  0  0  0  0

С14:0  2.66  3.90  2.61  2.90  1.50  2.34  3.00  2.57  2.85  3.00

С15:1  0.99  2.70  1.44  1.48  1.25  0  0.80  0.65  0.69  0.70

С15:0  2.91  4.50  2.27  2.34  3.18  2.15  1.70  1.66  1.73  3.00

С16:1 40.20 40.10 40.45 40.10 38.00 45.84 41.50 43.54 42.95 43.80

С16:0 21.9 22.00 23.85 23.03 24.43 24.06 23.00 23.12 21.08 25.00

С17:1  8.20  8.00  8.40  7.15 10.39  5.73  5.25  6.98  7.56  6.00

С17:0  2.31  3.60  3.79  3.73  5.10  2.06  2.90  2.95  3.08  3.25

С18:1 12.69 10.10 11.36  9.69 10.02 11.77 13.30 13.63 14.60 10.80

С18:0  0  0.90  0.70  0.76  0.93  0.69  1.40  1.00  1.36  2.80

　a The mean values are presented. Standard deviations did not exceed 15%.

Fig. 3.　Clusterization of A. macleodii strains according to 
their fatty acid profi les.
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one of the strains from surface waters of the Andaman 
Sea. The second subcluster included strains isolated 
solely from surface waters. It should be noted that the 
strains from the Amdaman Sea (D7 and D12) fall into 
the different subclusters of the second cluster, since 
their polysaccharide profi les were found to be closer 
to the strains from the Black Sea and the Adriatic Sea, 
respectively.
　The fatty acid analysis demonstrated that 60‒75% of 
total fatty acids were palmitic (C16:0) and palmitoleic 
(C16:1) (see Table 1). These two types are the most 
abundant fatty acids for this bacterial species (Ivanova 
et al., 2001). In all cases, the strains isolated from the 
deep sea waters contained a 10‒15% larger portion of 
monounsaturated (C16:1 and C18:1) fatty acids in 
comparison with the strains isolated from the surface 
layers of water. This observation can be connected 
with the specifi c conditions of the habitat of the deep 
sea: low temperature and high pressure. Cluster anal-
ysis on the fatty acid composition allowed the division 
of A. macleodii strains into two groups, refl ecting the 
depths of their isolation (Fig. 3).
　Analysis of taxonomic relationships between micro-
organisms and study of their ecological roles and bio-
diversity have been improved with the advance in 
molecular-genetic methods and techniques. The 16S 
rRNA gene sequencing allowed identifi cation of new 
species and differentiation between existing ones. In 
previous studies the deep-sea ecotype of A. macleodii 
was distinguished on the basis of 16S rRNA gene se-
quences (Acinas et al., 1999).
　In order to estimate possible differences between A. 

macleodii strains, restriction analysis of the complete 
sequence of the 16S rRNA gene was performed. We 
used endonucleases EcoRI, TaqI, EcoRV and SmaI for 
digestion of the PCR-product. There were no differ-
ences in restriction fragment patterns among the 
strains analyzed after the amplicon was treated with 
EcoRI, EcoRV and SmaI. Three bands were observed 
as a result of amplicon cleavage with TaqI. In 9 strains 
the size of these fragments, calculated on the basis of 
GenBank data, were 891, 359 and 191 bp and only in 
29-06, isolated from surface water of the Black Sea, 
were they 946, 359 and 760 bp (data not shown). It 
suggested a possible change of enzyme restriction 
site caused by nucleotide sequence alteration. Re-
striction analysis of 16S rDNA seemed to reveal insuf-
fi cient genomic variability among A. macleodii strains 
isolated from different econiches: we were able to dis-

tinguish one among 10 A. macleodii strains. Our re-
sults are consistent with data from other studies that 
determined heterogeneity of the fragments of this gene 
among marine organisms, including A. macleodii 
(Ivanova et al., 2001; Ivars-Martinez et al., 2008b). At 
the same time it was noticed that differences between 
strains were determined by only several nucleotides.
　Since the high stability of the nucleotide sequence 
of the 16S rRNA gene in our case did not allow a clear 
differentiation between A. macleodii strains it was es-
sential to have other DNA-markers to reveal differenc-
es and similarities within A. macleodii species. For this 
purpose the bacterial repeats can be useful as they 
are highly polymorphic DNA-markers and a conve-
nient tool to assess the level of genome variability (van 
Belkum et al., 1998). Prokaryotic dispersed repeat ele-
ments, such as REP, ERIC and BOX motifs, are per-
spective for molecular typing purposes: low level of 
intraspecies variability among Polynucleobacter in-
habiting freshwater lake in Alps and high genomic het-
erogeneity among A. macleodii strains isolated from 
the Urania basin were revealed with their help (Hahn et 
al., 2005; Sass et al., 2001). Short nucleotide repeats, 
another class of bacterial repeats, have also been 
used for strain differentiation of some microorganisms 
(Ablordey et al., 2007; Cieslikowski et al., 2003). We 
used DNA-markers (short repeated nucleotide se-
quences) that are high polymorphic and allow evalua-
tion of genome variability to study intraspecies ge-
nomic heterogeneity of A. macleodii. Patterns of PCR 
products obtained by using M13 primer and 3 primers 
to short nucleotide repeats were scored, explored and 
compared between strains. The total number of PCR-
products for all strains was 58; their sizes varied from 
250 to 2,500 bp. The level of polymorphic bands was 
high and amounted to up to 79%. The group of surface 
strains possessed a higher level of polymorphism in 
comparison with the group of deep ones (72% and 
62%, respectively). Hierarchical cluster analysis was 
applied and a dendrogram of similarity between A. 

macleodii strains was constructed using data obtained 
from all 4 primers. The dendrogram consisted of two 
main clusters: the fi rst united two strains from the Io-
nian Sea and the second included the remaining 
strains, which were composed of two branches: iso-
lates from surface waters and isolates from the 1,000 
m and 3,500 m sea depth (Fig. 4). Besides, A. macleo-

dii strains formed groups according to their geograph-
ical place of isolation except strain UM4b from the Io-
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nian Sea combined with strains Adriatic1 and Adriatic2 
from the Adriatic Sea. Identical nucleotide sequences 
of seven housekeeping genes were shown for 2 of 
them, UM4b and Adriatic1, in a previous study (Ivars-
Martinez et al., 2008a).
　Studies of the phenotypic and genetic peculiarities 
of A. macleodii strains allowed us to fi nd some new, 
previously undescribed, features. In our research we 
conducted a comprehensive comparison analysis be-
tween two ecotypes of A. macleodii and the differenc-
es between strains inhabiting deep and surface water 
were shown in morphology, fatty acid content and ge-
nome variability for the fi rst time. The most signifi cant 
features were marked, fi rst of all, in the cell size (deep 
strains were two times longer than strains from surface 
water), and, second, in the fatty acid composition 
(strains were readily divided into two separate clus-
ters). Strains were also distinct in their affi nity to vari-
able lectins that can be connected to the structural 
peculiarities of their polysaccharide matrix.
　Studying of the intraspecies variability showed a 
higher level of genetic polymorphism for the strains 
isolated from surface waters in comparison with the 
ones from the depths. Cluster analysis of this data re-
sulted in two clusters for the surface and deep sea 
strains; however, the division on the basis of intraspe-
cies variability was not as well defi ned as by fatty acid 
composition.
　The data obtained in the current research allow the 
conclusion that marked peculiarities were mainly the 
refl ection of specifi c environmental conditions occur-
ring at the depth or in the surface waters the strains 
were isolated from, and, to a lesser degree, connected 
to the geographical area of their habitat.
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