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ABSTRACT: The genetic structure of a Shewanella putrefaciens population, the dominant culturable
denitrifier in the low oxygen and anoxic water of the central Baltic, was investigated using Randomly
Amplified Polymorphic DNA (RAPD) genotyping. Five different procedures were used for the isolation
of strains from 2 depth profiles in the Gotland Deep, sampled during 2 consecutive summers (1986 and
1987). The conditions in the water column were comparable for both sampling periods, i.e, the water
colun~nwas stratified and characterized by pronounced chem~calgradients in both years. A total of 59
S. putrefaciens isolates were obtained in 1986 and 54 S. putrefaciens strains in 1987. Identification of
the isolates, to the species level, was carried out using low-molecular-weight (LMW) RNA profiling
RAPD fingerprinting, using 3 random decamer primers, enabled the detection of subpopulations within
the S. pufrefaclens population. Thirteen different RAPD genotypes were defined, based upon Neighbor Joining (NJ) and unweighted pair group method using arithmetic averages (UPGMA) clustering.
The range of RAPD genotypes varied with the isolation procedures, indicating different bacterial
clones with different physiological traits within the population, i.e. specific clones were obtained with
specific isolation procedures. Thus, the isolation procedure is not merely selective at the species level,
but at the clonal level of a given species as well. The strilung observation was that all strains isolated in
1987 clustered with RAPD genotypes already found in 1986. This is interpreted as stability over time of
the genetic structure of the S. putrefaciens population in the water column of the central Baltic.

KEY WORDS: RAPD . ShewaneUa putrefaclens. Diversity - Baltic Sea . Population structure . Bacterial
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INTRODUCTION

Little is known about the genetic structure of environmental bacteria, particularly about the stability of
their populations over time. Recently, 2 studies were
conducted on a Burkholderia cepacia population in a
lotic ecosystem (Wise et al. 1995, 1996). Other authors
have analyzed the population structure of soil bacteria
(McArthur et al. 1988, Segovia et al. 1991). However,
the best studied bacterial populations are those of
medical relevance such as Escherichia coli (Milkman
1973, Selander & Levin 1980) and Neisseria gonorrhoeae (O'Rourke & Stevens 1993).
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Fingerprinting techniques of the chromosomal DNA
are modern methods for the determination of bacterial
genetic diversity. One of these methods, Randomly
Amplified Polymorphic DNA (RAPD) (Welsh & MCClelland 1990, Williams et al. 1990), utilizes lowstringency PCR (polymerase chain reaction) conditions
with short single primers of arbitrary sequence, generating strain-specific banding patterns. The most common application of RAPD in the analysis of bacteria has
been the typing of medically relevant species for distinguishing pathogenic from non-pathogenic strains
(Rasmussen et al. 1994) or in epidemiological studies
(Stephan et al. 1994, Eisen et al. 1995). However, Wang
et al. (1993) recommended the use of RAPD fingerprinting for studying bacterial population structure
and evolution.
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Shewanella putrefaciens, clustering within the ysubclass of the Proteobacteria, was observed to represent the largest fraction of the culturable bacteria and
was the most abundant culturable denitrifier obtained
from the layers in the Gotland Deep most relevant for
denitrification (Brettar & Rheinheimer 1991, 1992,
Brettar & Hofle 1993). Furthermore, S. putrefaciens
may be of importance for the cycling of a large set of
elements d u e to its versatility in using a large array of
different electron acceptors. Overviews of the biogeochemical potential of this bacterial species are given
by Nealson & Myers (1992) and Nealson & Saffarini
(1994).Besides the Baltic, as an example of a brackish
ecosystem, S. putrefaciens inh.abits marine ecosystems, e.g. the Black Sea (Nealson et al. 1991), and various freshwater environments (DiChristina Pc DeLong
1993). The biogeochemical potential, as well as the
occurrence in various aquatic ecosystems, make S.
putrefaciens an attractive target microorganism fcr thc
analysis of the genetic structure of its population in the
Baltic Sea.
The central Baltic is the world's largest brackish
water environment and can serve as an example for
coastal and estuarine environments. The water column
of the Gotland Deep was investigated as a station representative for the central Baltic. A major point that
makes the Baltic and, particularly, the Gotland Deep
a n interesting site for the application of new approaches to studying the genetic structure of microbial
communities is the large set of long-term records of
chemical, hydrographical and microbiological data
(Savchuk & Wulff 1996). Horizontal and vertical exchange processes in the water column are well
described (Stigebrandt 1987, Stigebrandt & Wulff
1987, Wulff et al. 1990, Brettar & Rheinheimer 1991).
This provides a convenient background for putting the
genetic structure of a bacterial species into perspective
with the chemical conditions for the microflora and the
physical transport processes.
In the present study, we used RAPD typing for the
analysis of the genetic structure from a set of 113 Shewanella putrefaciens strains isolated from the water
column of the Gotland Deep during 2 consecutive summers. Conditions in the water column were stable over
these 2 years, thus allowing a comparison of the S.
putrefaciens population over time.

MATERIAL AND METHODS
Sampling and field measurements. Seawater samples were taken in the Gotland Deep aboard RV
'Poseidon' from 15 to 17 August 1986 and aboard RV
'Aranda' from 29 to 31 July 1987. The position of Stn
BY 15 in the Gotland Deep is 57" 20.0' N, 20" 3.0' E,

located in the central part of the Baltic Sea. The Gotland Deep at Stn BY 15 has a maximum depth of 240 m,
with anoxic water below 140 m in 1986 and below
130 m in 1987. The overall hydrographical and chemical conditions in the water column for the sampling
periods in 1986 and 1987 were highly comparable. For
detailed descriptions of the station's hydrographical,
chemical and microbiological parameters, see Rheinheimer et al. (1989) and Brettar & Rheinheimer (1991,
1992). Water samples were collected aseptically from
the whole water column (10 to 235 m) using sterile
champagne bottles mounted on modified ZoBell samplers. Samples were processed directly on board, i.e.
initial inoculations and incubation steps for the 5 different isolation procedures were carried out immediately after sampling.
Isolation procedures. Five different isolation procedures were used to obtain a broad range of different
hctcrotrcphic bactcria from the seawater samples: 4
procedures in 1986 (a, b, c, d) and 2 procedures in 1987
(c, e). Details for procedures a-d have been described
previously (Hofle & Brettar 1996; the letters used for
the isolation procedures here are directly comparable).
Isolation procedure a: a yeast extract-peptone agar
medium (ZoBell agar; modified from Oppenheimer &
ZoBell 1952) was inoculated with 0.1 and 0.01 rnl of
seawater and incubated in the dark at 20°C for 2 wk.
Isolation procedure b: ZoBell agar was inoculated with
0.2 m1 of water and incubated anaerobically in a desiccator, in the dark, for 3 wk at 20°C. Isolation procedure
c: a nutrient broth plus nitrate medium (NB + N o 3 ) ,
filled in Hungate tubes, was used, modified from
Sreenivasan & Venkataraman (1956). The inoculum for
the Hungate cultures ranged from 10 to 0.001 m1 of
original seawater sample, applied in 3 replicates in
1986, and 5 replicates in 1987. Isolation procedure d:
identical to procedure c except that the medium contained only '/to of the organic material, i.e. 0.3 g meat
extract 1-' and 0.5 g Bacto-peptone I-'. Isolation procedure e: a thiosulfate-nitrate medium (TN), adapted
from Baalsrud & Baalsrud (1954), in Hungate tubes
was used in the same way as the NB + NO3 medium.
The TN medium was composed of Na2S03 - 5 H 2 0
5 . 0 g , KN032.0 g, NH,ClO.O5 g, N a C l 8 . 0 g , 0.01 g o f
FeSO, . 7 H 2 0 In 1 N HC1, deionized water 1 1, pH 8.0.
For procedures c, d and e , inoculated cultures were
incubated for 5 wk in the dark at 20°C. The characteristics of the different isolation procedures used are
illustrated in Table 1.
Bacterial isolates were obtained from these 5 different isolation procedures in the following way: for isolation from solid media (procedures a , b), 50 colonies
were picked at random from the plates of each depth
and transferred to ZoBell agar plates, using sterile
toothpicks. After 2 wk of aerobic incubation, all typi-
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Table 1. Characteristics of the isolation procedures used and total number of strains obtained. MPN: most probable number;
NB: nutrient broth
Procedure

1986

1987

Volumes used as inocula (ml)

Spread plate

Medium

No, of strains

MPN tube

0 1/0 01
0.2

10d,l", 0.1" 0.01, 0.001
10, 1, 0.1, 0.01, 0.001
10, 1, 0.1, 0.01, 0.001

ZoBell (aerobic)
ZoBell (anaerobic)
NB + NO,
1/10 NB + NO3
Thiosulfate + NO,

9
14

34
20

36

'Not used in 1987
bNotused in 1986
each of dATP, dCTP, dGTP and dTTP (Pharmacia),
cal colony types were isolated from these master
2 pM primer and 0.5 U AmpliTaq DNA Polymerase
plates. Isolates from the liquid media (procedures c, d,
(Perkin-Elmer Cetus). A Perkin-Elmer GeneAmp 9600
e) were generated by streaking on ZoBell agar. We
thermal cycler was used for amplification, proused the growth-positive liquid cultures with the lowgrammed for 45 cycles of denaturation at 94°C for 15 s,
est and the 2 highest dilutions of the inoculum for isolation in 1986. In 1987, the 3 highest dilution steps
annealing at 36OC for 60 S and elongation at 72OC for
120 S, followed by a final amplification step at 72°C for
were used for procedure c, whereas all tubes were
10 min. 8 p1 of the amplification products were sepaused for isolation, i.e. with inocula ranging from 10 to
0.001 ml, for procedure e. All different colony types
rated by electrophoresis in a 1.5% agarose gel (FMC
were isolated on ZoBell agar plates and purified by
Seakem) and visualized by ethidium bromide staining.
serial transfer to new agar plates, at least 3 times. The
Seventeen decamer RAPD primers were screened
purified strains were kept as stock cultures for all furfor their ability to discriminate Shewanella putrefather studies at -7O0C in a solution of marine broth
ciens reference strains. Three primers giving informa(Difco Corp.) with reduced salinity (8%0) and 20%
tive banding patterns in agarose electrophoresis gels
were chosen for the analysis of the environmental isoglycerol.
lates (Table 2).
Identification of isolates to the species level. The
Reproducibility of the RAPD patterns was demonisolates obtained were identified to the species level by
strated by typing Shewanella putrefaciens reference
low-molecular-weight (LMW) RNA profiling, as described earlier by Hofle & Brettar (1996). In 1986, 59
strains in triplicate independent experiments (data not
shown). Identical banding patterns showed a reprostrains, out of 123 isolates, could be assigned to the
ducibdity at a level of 96.7 % similarity within a gel and
species Shewanella putrefaciens by this technique and
54 out of 109 in 1987. Data on the LMW RNA profiles
95.0% similarity between different gels, using Pearand the physiology for the S. putrefaciens strains from
son's correlation and UPGMA clustering algorithm
(see below).
1986 have been published elsewhere (Brettar & Hofle
1993, Hofle & Brettar 1996).
Data processing and statistical analysis. Gel images
Randomly Amplified Polymorphic DNA (RAPD)
were digitized as TIFF files using an EASY camera
(Herolab GmbH, Wiesloch, Germany). The TIFF files
fingerprinting. In a second analytical step, all Shewere imported into the software package Gelcompar
wanella putrefaciens strains were investigated using
RAPD analysis (Welsh & McClelland 1990, Williams et
(Applied Maths, Kortrijk, Belgium). Gels were normalized referring to a 1 kb ladder (Gibco) serving as a
al. 1990) in order to reveal the genetic population
structure of the isolates. Bacteria were grown, aerobidatabase standard. We used the whole informative
cally, overnight in liquid ZoBell medium at 30°C. Optipart of each lane for analysis, i.e. all bands within the
cal density at 600 nm was measured and an aliquot
range from 0.2 to 6.0 kb were analyzed. The RAPD patcontaining about log cells was lysed in
alkaline lysis buffer containing 0.05 M
Table 2. Characteristics of the RAPD primers used
NaOH and 0.25% SDS. Cellular debris
was pelleted and 0.5 p1 of the supernatant
G C content ( % ) No. of bands produced
Sequence
was taken for the PCR reaction. AmplifiRange
Mean
cation reactions were carried out in volumes of 25 p1 containing 20 mM Tris-C1
pH 8.3, 2 mM MgC12,25 mM KCl, 0.05%
Tween 20, 0.1 mg ml-' gelatine, 200 pM
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NO3- [pmol I-'] O2 [ml I-']

terns from 3 gels were combined for each strain (each
gel analyzing samples generated using a different
primer), creating a synthetic gel in this way. Combined
banding patterns were compared using Pearson's
product moment correlation and clustered using the
Neighbor Joining (NJ) algorithm (Saitou & Nei 1987)
and the unweighted pair group method using arithmetic averages (UPGMA) (Sokal & Michener 1958).
Clusters of similar strains are hereafter termed RAPD
genotypes.

RESULTS

Chemical and microbiological characterization
of the sampling site
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Fig. 1 Depth profiles of chem~calparameters and depth
distribution of N,O-producing bacteria [&O-P) in the water
column of the Gotland Deep (Baltic Sea) in the summers of
( a ) 1986 and (b) 1987

Background information about chemical and microbiological parameters in :he water column of the Cotland Deep are given in Fig. 1. Both depth profiles were
typical for summer situations during periods of stagnation (Rheinheirner et al. 1989, Brettar & Rheinheimer
1991, 1992).Based on the chemical data, the water column could be separated into 3 characteristic zones:
(1) the oxic zone, with oxygen concentrations close to
the saturation level and low nitrate concentrations,
from the surface down to the halocline; (2) the suboxic
zone, with low oxygen concentrations but high nitrate
concentrations, beneath the halocline in 60 to 90 m
depths down to the oxic-anoxic interface at approximately 130 to 140 m depths; and (3) the anoxic zone,
characterized by the presence of H2S. The observed
stratification was typical for the water column in the
Gotland Deep for both years.
The number of N20-producing bacteria in the samples taken in 1986 and 1987 was estimated using the
MPN method and NB + N o 3 medium (Fig. 1). The
number of N20-producing bacteria were low in the
oxic an.d anoxic zones. Two maxima were observed in
the suboxic zone, one at the bottom of the halocline
and the second at the oxic-anoxic interface. The peak
of N20-producing bacteria, at the halocline, in 1987
was far more pronounced than in 1986. But in general,
profiles of both years were similar due to the stagnant
situation in the deep water below the halocline.

Genotypic grouping of strains
The genetic structure of Shewanella putrefaciens
isolates from depth profiles of 2 consecutive years from
the central Baltic was analyzed using RAPD fingerprints. Three decamer random primers were used to
generate a combined banding pattern in agarose electrophoresis gels for each of the 113 strains. Examples of
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Fig. 2. RAPD patterns of Shewanella putrefaciens isolates from the Gotland Deep generated with pnmer A. Isolates were
obtained from different isolation procedures from different depths. (a) Lanes: 1, 7, 13, 19 1 kb ladder (Gibco),lane 2 OS110 (F120-c: RAPD genotype F, 120 m depth, isolation procedure c), lane 3 OS205 (E-110-c),lane 4 OS122 (C-235-c),lane 5 OS208 (D110-d),lane 6 OS195 (A-140-b),lane 8 OS275 (I-160-d), lane 9 OS183 (H-120-b),lane 10 OS601, lane 11 OS604 (both A-10-e),
lane 12 OS612 (A-50-e), lanes 14 to 18 OS 613, OS 615, OS616, OS617, OS620 (all A-50-e). (b) Lanes: 1, 7, 13, 19 1 kb ladder
(Gibco), lane 2 OS687 (A-10: RAPD genotype A, 10 m depth), lane 3 OS688, lane 4 OS690 (both F-80), lane 5 OS694 (A-80),lane
6 0S695, lane 8 OS696 (both B-120), lane 9 0S697, lane 10 OS698 (both F-120), lane l 1 0S699, lane 12 OS700 (both B-120), lane
14 OS703, lane 15 OS704 (both F-180),lanes 16 to 18 OS 709, OS 710, OS711 (all A-110); all isolates were obtained from isolation
procedure c

RAPD fingerprints are given in Fig. 2. Fingerprint patterns of different RAPD genotypes, isolated from different depths in 1986, and the most frequent RAPD
genotype A isolated from 2 depths in 1987, generated
with primer A, are shown in Fig. 2a. Note the similar
patterns of RAPD genotype A from 1986 (lane G) and
from 1987 (lanes 10 to 12, 14 to 18).The banding patterns of the frequent RAPD genotypes A, B and F, isolated from different depths in 1987, are shown in
Fig. 2b.
Normalized RAPD patterns were compared using
Pearson's product moment correlation. The resulting
similarity matrices were clustered using 2 different
algorithms: (1) Neighbor Joining (NJ; Saitou & Nei

1987) and (2) UPGMA (Sokal & Michener 1958). In
contrast to UPGMA that determines the correlation
between 2 linked patterns, NJ indicates the calculated
distance between 2 patterns. Grouping of the strains
was consistent with both algorithms. A comprehensive
dissimilarity tree for all strains from 1986 and 1987,
derived by NJ clustering, is shown in Fig. 3 . The sum of
all branches in the horizontal direction, which one follows in order to link 2 strains, is a measure of the distance between the strains. Thirteen RAPD genotypes
were defined within the NJ tree, which was confirmed
by grouping the strains with the UPGMA algorithm
choosing a threshold level of 70% similarity for all
strains (data not shown).
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Frequency of RAPD genotypes
The frequency of all 13 RAPD genotypes and the number of strains per
genotype for each year are summarized
in Table 3. Frequency is defined as the
percentage of a given RAPD genotype,
in relation to the total number of isolated
Shewanella putrefaciens strains, in
order to distinguish this term from the
abundance of a RAPD genotype in situ,
i.e. in the ecosystem. Six frequent RAPD
genotypes (frequency of at least 5 % )
were isolated in 1986. Eighty-three percent of all strains belonged to these frequent RAPD genotypes A, B, C! F: G and
K. The remaining 17 % were distributed
among RAPD genotypes D, E, H, I, L, M
and X, and each was represented by 1
or 2 strains only. The striking observation was that 5 of the 6 frequent RAPD
genotypes from 1986 were still frequent
in 1987, although different isolation procedures were used.
The frequent RAPD genotypes A, B,
C, F and K comprised 98% of the total
number of strains in 1987. The proportion of RAPD genotype A, which was
also isolated in high frequency in 1986
(30%),almost doubled in 1987 (59%).
This may reflect the use of a different
medium employed for isolation (see
below). RAPD genotype G was the
only frequent RAPD genotype which
was not recovered in 1987. All other
RAPD genotypes, which were missing
in 1987 (D, E, I, L, M and N comprising
15% of the total number of strains in
1986). were less frequent.

Fig. 3. Comprehensive dissimilarity tree for Shewanella pufrefaciens strains
from 2 depth profiles in the central Baltic based on RAPD fingerprinting with 3
random primers. Normalized RAPD patterns were compared using Pearson's
product moment correlation and clustered w ~ t hNeighbor Joining algorithm.
The sum of all branches in the horizontal direction linking 2 stralns IS a measure
of the distance between strains. 'Strains isolated in 1986. The resulting RAPD
genotypes are indicated with brackets or arrows

Influence of the isolation procedure on the RAPD
genotypes obtained
Four different isolation procedures were used in
1986, yielding 13 RAPD genotypes, whereas in 1987,
6 different RAPD genotypes were obtained by 2 isolation procedures. The isolation procedure had a
strong influence on the selection of the RAPD genotypes, as shown in Table 4. Three characteristics of
the isolation procedure were determined to cause
variation in the range of RAPD genotypes obtained:
(1) the composition of the medium itself, (2) the concentration of orga.nic nutrients and (3) the incubation
conditions.

Different RAPD genotypes were recovered with 2
completely different media In 1987: NB + NO3 and TN
medium, the latter with only small amounts of carbon
source available. The RAPD genotypes A and B were
common tor both media, whereas KAPD genotype F,
represented by 7 isolates on NB + NO3 medium, was
not obtained using TN medium. The latter medium, on
the other hand, enabled growth of the RAPD genotypes C and K, which were not isolated using NB +
NO3 medium.
The use of the same medium with different nutrient
concentrations resulted in the isolation of different RAPD
genotypes for 1986. NB + N o 3 medium enabled growth
of RAPD genotype F only, when smaller amounts of
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inoculum were used, while 5 additional RAPD genotypes
(B, C, G , I and N) were obtained using the same medium,
but diluted 10-fold.
The availability of oxygen during incubation of
ZoBell agar plates demonstrated a selective impact on
the RAPD genotypes recovered. Aerobic incubation
selected in favor of RAPD genotype F, which was not
obtained using anaerobically incubated ZoBell agar
plates. RAPD genotype A, on the other hand, which
was only isolated once from aerobically incubated
plates, dominated under anaerobic conditions.
Significant differences in the use of media were
observed for the RAPD genotypes A and F, which
therefore should be described in more detail: RAPD
genotype A was most frequently selected using TN
medium and ZoBell agar plates incubated anaerobically. RAPD genotype A was, furthermore, present in
all media when a large volume of inoculum (10 rnl)was
added. In liquid media with small volumes of inoculum
(0.01, 0.001 ml), RAPD genotype A was absent, except
when TN medium was used. RAPD genotype F, on the
other hand, was isolated mainly using NB + NO3
medium, exclusively using small amounts of inoculum

Table 3. Frequency of RAPD genotypes obtained in 1986 and
1987, in comparison to the total number of Shewanella putrefaciens strains isolated per year and depth profile, resulting
from the RAPD analysis using 3 decamer primers. Common
RAPD genotypes for both years are given in the upper part of
the table. Lower part represents RAPD genotypes detected
only in 1986
RAPD
genotype

1986

1987

Frequency No. of
( )
strains

A
B

Sum

30
17
5
14
2
5
73

18
10
3
8
1
3
43

D
E
G

2
2
12

I

3

1
1
7
2
1
2
2
16

C
F

H
K

2
3
3
27

L
M
N

Sum

Frequency
(%)

No. of
strains

59
13
7
13
2
6
100

32
7
4
7
1
3
54

-

-

-

Table 4. Occurrence of the different RAPD genotypes obtained by isolation procedures a-e. Each character represents a single
isolate with the indicated RAPD genotype. D~lutionsteps indicated in bold are assumed important in terms of abundance in the
ecosystem. a: modified ZoBeLl agar aerobically incubated; b: modified ZoBell agar anaerobically incubated; c: NB + NO3 medium;
d: 1/10 nutrient broth ('NB)+ NO3 medium; e: thiosulfate-nitrate (TN) medium, o no Shewanella putrefaclens ~solatesobtained
Year of
Depth (m)
sampling

1986

10
30
50
90
110
120
130
140
160
180
235

Isolates from liquid media (dilution series)
Procedure c
Procedure d
Inoculum (ml)
Inoculum (ml)
10

1

o

o

0.1

B
o
L
o
AAAAE o
B
BK
G
o
o

o

BC

o

0.01

0.001

0

0

0

0

o
F
F

F

0

0

10

1

0.1

0.01 0.001

o

AABDK

o
BK
0

MM
o
A
o

o
A
A
o

C1

o

0

0

0

Procedure c
Inoculum (ml)
10
1987

10
50
80
110
120
130
180
235

1

0.1

0.01

A
o

AH

Isolates from agar plates
Procedure a Procedure b
lnoculum
Inoculum
0.1 ml plate-' 0.2 ml plate-'

N
BB
G
F1

Procedure e
Inoculum (m])
0.001

o
o
o
o
o
AFF
AAA o
F
o BBFF BB
o
o
o
o
FF
o
o
o
o

A
0
0
o AAA A A
B
AA K K
A
C
o
C C AA
0
A
A
A
A
A
0
BB C
A

o
o
o
o

FF
G
A

AAACH
AAG
AA

F
BG G

N
ABG

0
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(0.01 and 0.001 ml), and ZoBell agar medium incubated aerobically.

Abundance of RAPD genotypes in the water column
of the Gotland Deep
The spatial distribution of ShewaneUa putrefaciens in
the water column of the Gotland Deep can be derived
from the number of N20-producing bacteria (Fig. 1). As
all S. putrefaciens strains isolated in both years were
able to produce N 2 0 (Brettar & Hofle 1993) and,
furthermore, all N20-producing isolates from the 1987
sampling were identified as S. putrefaciens (data not
shown), the number of N,O-producing bacteria calculated using the most probable number (MPN)
method may be used as a rough estimate for the number of culturable S, putrefaciens cells in the water column.
In 1986, the majority of the strains obtained were isolated from the suboxic zone of the water column, which
is in agreement with the data regarding the N20-producing isolates. However, in 1987, more strains compared to the number of isolates obtained in 1986 were
isolated from the oxic zone, but most of the strains
were obtained from the suboxic zone as well.
In order to have a realistic estimate which RAPD
genotypes of Shewanella putrefaciens were abundant
in the water column, the data derived using NB + N o 3
media must be considered in particular. As the S.
putrefaciens strains isolated using these media were
obtained from 10-fold dilution steps of an MPN procedure, reducing the amount of inoculum of the original
water sample 10 times with each step, it can be
assumed that RAPD genotypes obtained from the high
dilution steps, and therefore small amounts of inoculum (0.001 and 0.01 ml), were abundant in situ. The
depth distribution of the RAPD genotypes along the
water column will be considered separately for each
medium, because of the strong influence of the isolation procedure.
NB + NO3 medium was used in both years (see
Table 4). In 1986, RAPD genotype F was obtained
exclusively in the highest dilution steps of samples
from the suboxic zone (120, 130 m). Other RAPD genotypes were present, but were isoiated only from dliution steps using 1 or 10 ml inocula. In 1987, the RAPD
genotype F was detected in samples of decreasing
depths to the bottom of the halocline (80 m) and in
samples of increasing depths to 180 m. Additionally,
the RAPD genotypes A and B occurred in the denitrification layer (120 m), indicating a higher abundance of
these genotypes in 1987
In 1986, the 1/10 diluted NB + NO3 medium was used
for comparison with undiluted NB + NO3 medium. The

diluted medium generated the highest number of different RAPD genotypes in MPN tubes with a low inoculum (6 RAPD genotypes within 8 isolates, including
genotypes B and F, each from 0.01 m1 inoculum).
A pronounced dominance of RAPD genotype A was
observed employing TN medium (used only in 1987)
including the isolates obtained from samples of the
denitrification layer. Additionally, the RAPD genotypes
K (80 m) and C (110 m) were abundant in the suboxic
zone. Each genotype was obtained using the highest
dilution step of samples from the corresponding depth.
RAPD genotype F was not isolated with this medium.
ZoBell agar plates, incubated aerobically, allowed
the isolation of Shewanella pufrefaciens from 1986
samples of 90 m and deeper, with a dominance of
RAPD genotypes F and G. Mainly, RAPD genotype A
was obtained from anaerobically incubated ZoBell
agar plates, irrespective of the depth.
In surnmary, this study demonstrated that the isolation procedures employed had a strong influence on
the structure of the Shewanella putrefaciens population isolated from the water column of the Gotland
Deep, as different media selected in favor of different
RAPD genotypes. It could be further demonstrated that
the RAPD genotypes most frequently isolated were
present in the water column for at least 1 yr.

DISCUSSION

Intraspecies diversity of Shewanella putrefaciens
Shewanella putrefaciens exhibited intraspecies
diversity, as can be concluded from the data shown in
Fig. 3. It is important to mention that the given tree is not
phylogenetic, but a phenetic dissimilarity tree based on
the comparison of genotypic traits of the isolated strains.
RAPD patterns from 3 different primers were compared,
taking into account not only the presence or absence of
bands, but the relative intensities of the bands as well.
Pearson's product moment correlation was used to create
a similarity matrix from the RAPD patterns. This algorithm enables a comparison of the overall similarity of
patterns as an alternative to band matching, and avoids
subjective evaluations of the presence and absence of
faint bands. Two mathematicaiiy different algorithms
were used to generate dendrograms from the similarity
matrix. Clustering the strains using the NJ algorithm
resulted in 13 distinct groups, which were referred to as
RAPD genotypes. The similarity matrix can also be
represented by a tree based on the UPGMA algorithm.
UPGMA arranges the strains into the same RAPD genotypes as those derived by NJ clustering, using a threshold level of 70"d) similanty. This indicates a statistical
consistency of the grouping.
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RAPD fingerprinting provides a useful tool for
analysis of the genetic structure of closely related
bacteria. Since RAPDs fingerprint the whole genome,
this method is far more sensitive in terms of detecting genetic diversity than, for example, 16s rDNA
sequencing (van Rossum et al. 1995). Comparison of
RAPD data with results from Restriction Fragment
Length Polymorphism (RFLP) analysis indicates higher
sensitivity of RAPD fingerprinting (Welsh et al. 1992).
For many bacteria, RFLP groups can be subgrouped
using RAPDs, e.g. Brucella (Fekete et al. 1992) and
Borrelia (Welsh et al. 1992). Wang et al. (1993) used
5 primers to calibrate the RAPD data with the Multilocus Enzyme Electrophoresis (MLEE) method which
is most widely used in studies of population genetics.
Three or more subgroups were distinguished for each
MLEE group of strains from the Eschenchia coIi
ECOR collection with each of the RAPD primers used.
In general, results from RAPD fingerprinting are
in agreement with data obtained from MLEE, DNADNA hybridization and rDNA RFLP analysis (Baranton et al. 1992, Welsh et al. 1992, Wang et al.
1993).
Comparison of the genetic diversity observed in the
Shewanella putrefaciens populations with data from
other bacteria is difficult, because there are few data
available for single sampling sites. Data from studies of
medically relevant bacteria and from environmental
bacteria are shown in Table 5. A rough estimate of
diversity may be derived from the ratio of genotypes to
the total number of isolated strains. Wise et al. (1996)
isolated Burkholderia cepacia strains from a single
sampling site of a river sediment and analyzed the
population using MLEE. These data suggest that B.
cepacia exhibits greater variability among different
sites than within a given site over time (Wise et al.
1995, 1996). Paffetti et al. (1996) analyzed the genetic
structure of a Rhizobium meliloti population consisting
of 96 isolates from 2 Italian soils using RAPD fingerprinting. They reported considerable variation within
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the population, as each strain was a distinct genetic
unit. In this context the observed diversity of the S.
putrefaciens population obtained from the Gotland
Deep seems to be at a lower level.

Selectivity of different isolation procedures
A pronounced selection for certain RAPD genotypes,
according to the respective isolation procedure, is indicated by the set of RAPD genotypes obtained, dependent upon the media and the size of the inoculum
(Table 4). Three factors, mainly, regulate the recovery
of a specific genotype from dilution series: (1) the
abundance of the genotype in the natural sample, (2)
the growth or survival of the genotype in the respective medium and (3) the competitiveness of the genotype in the presence of other bacteria. For the recovery
of RAPD genotypes out of dilution series this means
that in MPN tubes with a large inoculum, the resulting
RAPD genotypes were able to outcompete others in the
respective medium, and in MPN tubes with the smallest inoculum, in cases where isolates were obtained,
the resulting RAPD genotype can be considered to
have a high abundance in situ.
Using procedure c, RAPD genotype F was obtained
exclusively when small inocula were used, indicating
high abundances of RAPD genotype F in both years.
But RAPD genotype F was not able to compete well in
the presence of other bacteria. In contrast, RAPD genotype B demonstrated a high abundance in samples
from 1987, but also was detected in MPN tubes with
large inocula in 1986. RAPD genotype B seems to be
more competitive than RAPD genotype F in the presence of other bacteria. As NB + NO3 medium enabled
the growth of a large set of strains (see Brettar & Hofle
1993),the appearance of specific RAPD genotypes may
be regarded either as an indication of their abundance
(with small inoculum) or as a result of the competitive
selection among the bacteria present.

Table 5. Studies concerning the diverslty of bacterial populations. For comparison of the different methods the diverslty IS roughly
estimated by the ratio of the number of genotypes compared to the total number of strains
Organism

Burkholderia cepacia

Sampling site

River sediment,
stream continuum
Burkholderia cepacia
River sediment.
time series at a single site
2 soils
Rhizob~urn meliloti
Eschenchla col!
Vanous hosts
Single hosts
Eschenchia col1
Shewanella putrefaciens Gotland Deep 1986
Shewanella pu trefaciens Gotland Deep 1987

Method

No. of
isolates

MLEE

213

164

0.77

Wise et al. (1995)

MLEE

217

65

0.30

Wise e t al. (1996)

RAPD
MLEE
MLEE
RAPD
RAPD

96
72
550
59
54

96
62
53

1.O
0.86
0.10
0.22
0.11

Paffetti e t al. (1996)
Selander et al. (1987)
Selander et al. (1987)
This study
Thls study

No. of
Genotype to
genotypes isolate ratio

13
6

Source
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Using procedure d (1/10 NB + NO3 a relatively
heterogeneous selection of RAPD genotypes was obtained from samples taken from 110 to 160 m. Although the same samples were used for inoculation,
the RAPD genotypes obtained were different from
those obtained by procedure c (NB + NO3). As both
media differ only in the concentration of nutrient broth,
we consider the availability of organic carbon as the
factor selecting in favor of RAPD genotype F and
against the genotypes obtained using 1/10 NB + NO3.
Procedure e (TN medium) selected in favor of RAPD
genotype A, which was frequently obtained in all dilution series. Since TN medium contains only organic
matter from aged seawater as carbon source, we assume that isolation using this medium reflects mainly
these RAPD genotypes able to survive in this medium
for the incubation period of 5 wk. This is likely because
visible growth was not observed in TN medium, nor is
there any indication frcm the literature that Shcwanella putrefaciens is able to grow under these conditions (Nealson & Myers 1992).
Isolation of characteristic colony types on ZoBell agar
resulted in a set of RAPD genotypes most similar to the
set obtained using procedure c, whenincubated aerobically, i.e. RAPD genotype F was dominating. On the
other hand, RAPD genotype A was the dominant genotype for plates incubated anaerobically. Thus, different
amounts of oxygen available as electron acceptors for
the same water samples resulted in a completely different set of RAPD genotypes, despite the fact that all
RAPD genotypes were able to grow aerobically.
In the following, the characteristics of the frequent
and abundant RAPD genotypes are summarized. RAPD
genotype A was obtained using all isolation procedures, particularly using MPN tubes with large inocula.
We assume that RAPD genotype A was less abundant
than RAPD genotypes B and F, but was rather competitive in all media used. Low concentrations of carbon
(TN medium) and low oxygen tensions (isolation procedure b) appear to support RAPD genotype A over other
genotypes. RAPD genotype B was obtained with all isolation procedures and from all dilution steps. In 1987.
RAPD genotype B had the same high abundance as
RAPD genotype F. RAPD genotype B is considered,
therefore, to be a versatile, abundant and competitive
genotype. RAPD genotype F was restricted, in 1986 and
1987, to MPN cultures generated using small inocula
(0.01 and 0.001 ml) in NB + NO3 medium as well as
ZoBell agar plates incubated aerobically. This RAPD
genotype is assumed to be present in the highest abundance within the water column of the Gotland Deep.
With respect to enrichment conditions, the selection of
RAPD genotype F seemed to be favored using high
concentrations of organic matter, as indicated by its
enrichment using NB media and ZoBell agar.

Ecological niching versus physical
transport processes
The distribution of the RAPD genotypes in the wa.ter
column can be based on 2 rather different phenomena,
i.e. ecological niching vs physical transport processes.
Ecological niching implies a specific adaptation of a
given RAPD genotype to a specific environment. The
suboxic zone of the water column is the favored habitat for Shewanella putrefaciens (see below). S. putrefaciens has been demonstrated to show taxis toward specific electron acceptors (Nealson et al. 1995). For this
reason, niching could at least partially be assumed
responsible for the distribution for S. putrefaciens
RAPD genotypes in the water column.
Physical transport processes, on the other hand, may
counteract the ecological niching by Shewanella
putrefaciens. As described by Stigebrandt (1987), vertical transport, i.e. diffusive and convective, processes
distribute bacteria upwards in the water column,
whereas interleaving water masses cause horizontal
distribution. Bacteria attached to particles may be
transported down with the sinking particles (Smetacek
1980). These physical transport processes may cause
transfer of S. putrefaciens out of its preferred environment to a place where no growth, but survival, is
possible. The stable stratification in the Gotland Deep
during both years makes it likely that there was an
accumulation of the S. putrefaciens RAPD genotypes
in their favored environments.
Assuming that ec,ological niching is more important
for the distribution of the RAPD genotypes than physical transport processes, the distribution patterns of the
RAPD genotypes indicate that low oxygen and anoxic
environments are preferred over oxic environments.
As RAPD genotypes F and B of Shewanella putrefaciens were most abundant at the oxic-anoxic interface
and at the bottom of the halocline, a specific role of
these RAPD genotypes for the turnover of organic
matter could be hypothesized.

Stability of the Shewanella putrefaciens population
structure over time
Recent studies indicate that pelagic bacterial communities are rather stable over time (Giovannoni et al.
1990, Lee & Fuhrman 1991, Fuhrman et al. 1993, Hofle
& Brettar 1995) and mainly consist of a few abundant
species dominating the community (Hijfle 1992, Rehnstam et al. 1993, Mullins et al. 1995). Most of these
studies on the community structure of bacterioplankton are based on the direct molecular analysis of ribosomal RNA and have a taxonomic resolution of roughly
the species level or less (Ward et al. 1992).
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Here, we describe the genetic structure of a pelagic
bacterium, ShewaneUa putrefaciens, at a much finer
scale, using DNA fingerprinting. Despite the disadvantage that population structure analysis is only possible
with cultured bacterial isolates, the criteria observed for
the structure of communities, i.e. stability over time and
a limited number of abundant taxa, are also fulfilled for
the investigated S. putrefaciens population. Although
different media were employed for isolation of the
strains, the population was observed to be dominated
by 5 to 6 frequent RAPD genotypes that were present in
both years, indicating a stability of the population over
time. A certain stability, over time, was also reported for
a Rhizobium meliloti population from Italian soils (Paffetti et al. 1996) and for a Burkholdena cepacia population in a river sediment (Wise et al. 1996) using sensitive
methods for population analyses as well.
Taking into account that the respective media
selected in favor of different RAPD genotypes, the
genotypes may be assumed to exhibit different physiological traits. Thus, it is likely that the diversity of a
bacterial community is higher than estimates from the
direct analysis of stable RNAs indicate. Several different bacterial clones may 'hide behind' a common band
or sequence of RNA.
In conclusion, it has been demonstrated by the use
of a sensitive genotyping method that the isolation
procedures are selective not only at the species level,
but at the clonal level of a single species as well.
Apart from the composition of the isolation medium
and incubation conditions, the dilution step used for
isolation has to be considered. Although different isolation procedures were used, the same frequent
RAPD genotypes were obtained in both years. Therefore, this study demonstrated the stability of a population of a heterotrophic bacterial species over time in a
pelagic habitat.
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