Available online at www.sciencedirect.com

science (@oimeer:

Journal of Microbiological Methods 57 (2004) 379—-390

Journal

“"Microbiological
Methods

www.elsevier.com/locate/jmicmeth

AL A

ELSEVIER

The filtration—acclimatization method for 1solation of an important
fraction of the not readily cultivable bacteria

Martin W. Hahn®*, Peter Stadler”, Qinglong L. Wu®™®, Matthias Péckl®

 Institute for Limnology, Austrian Academy of Sciences, Mondseestrasse 9, Mondsee A-5310, Austria
° Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, 73 East Beijing Road, Nanjing 210008, PR China

Received 3 November 2003; received in revised form 8 February 2004; accepted 10 February 2004

Auvailable online 14 March 2004

Abstract

We developed a novel method, the filtration—acclimatization method (FAM), which enables the isolation and cultivation of
an important fraction of the bacterial diversity, which is not cultivable by standard methods. The method consists of a filtration
step, which removes most of the readily cultivable bacteria able to overgrow slowly growing bacteria, and an acclimatization
procedure that provides a slow transition from the low environmental substrate concentrations to the high concentration of
standard microbial media. So far, we isolated in total 65 strains from surface freshwater habitats by utilizing FAM. The isolates
are affiliated with Actinobacteria, Alpha-, Betaproteobacteria, Bacteroidetes, and Spirochaeta. All isolates are pure cultures and
form visible colonies on agar plates with high substrate concentrations. For further analysis, strains sharing more than a 97%
16S rRNA gene sequence similarity were grouped into one taxon. Based on sequence similarities, 88% of the obtained taxa can
be considered to be undescribed species (<97% similarity to closest species). The highest similarity value of the taxa to the
respective closest related species ranged from 87.7% to 99.8%, and was on average 94.5%. For comparison we isolated, by
direct plating of water samples on a rich agar medium, a similar number of taxa. Amongst these taxa the percentage of taxa,
which can be considered to be undescribed species, was only half of the percentage found for the taxa isolated by FAM. More
importantly, it was amongst the taxa obtained by the standard method no taxon that was closer related to an uncultured
bacterium than to an isolate, while 56% of the taxa isolated by FAM were closely related to uncultured bacteria.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Only a very small fraction of the existing microbial
diversity has been cultivated till date (Hugenholtz et
al., 1998). The majority of Bacteria and Archaea is
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resistant to cultivation by standard microbiological
methods (Hugenholtz et al., 1998), and for most of
those discovered members of this huge uncultured
fraction, no more than the respective 16S rRNA gene
sequences are known.

We developed a method which allows the isolation
of important members of the thus far uncultivated
bacterial diversity. The method consists of a filtration
step and an acclimatization procedure. The filtration
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through 0.2 um is used for exclusion of opportunistic
bacteria, which occur in situ with low numbers but
rapidly overgrow in cultures the initially abundant
bacteria. In contrast to standard isolation methods, our
approach avoids the exposure of microorganisms to
sudden increases in concentration of dissolved organic
matter. Such quick and strong increases in substrate
concentrations may lead to substrate shocks, which
decrease the viability of bacteria adapted to low
substrate concentrations. In our approach, bacteria
were slowly acclimatized to higher substrate concen-
trations and finally cultured on substrate-rich agar
plates. In contrast to other studies (Bussmann et al.,
2001; Rappé et al., 2002; Connon and Giovannoni,
2002; Bruns et al., 2003), we neither avoided the use
of high substrate concentration media, nor culturing of
the isolates on solid media.

Our approach is not a quantitative approach aiming
to increase the percentage of environmental bacteria
growing in liquid or on solid media (i.e. not aiming to
increase the culturability of bacteria in a particular
environmental sample). The aim of our approach is
simply to increase the diversity of cultured heterotro-
phic bacteria.

In this paper, we present the novel method in detail,
and provide an overview of the taxa isolated thus far by

Table 1
Location and characteristics of sampled habitats

FAM from diverse freshwater habitats. Furthermore,
we compare the results of the performed FAM isolation
experiments with an experiment performed by a stan-
dard isolation method (i.e. plating on agar plates).

2. Materials and methods
2.1. Isolation and cultivation of bacteria

2.1.1. Sampling of freshwater habitats

Water samples from 28 freshwater habitats includ-
ing lakes, ponds, and running waters located in 11
countries were collected (Table 1). Some of the
samples were filtered through 0.2 um filters (see
below) immediately after sampling, in other cases
untreated samples were transported, and filtration
was performed in the laboratory.

2.1.2. Media used for isolation of bacteria

For all FAM and standard plating isolation experi-
ments NSY (nutrient broth, soytone, yeast extract)
medium (Hahn et al.,, 2003) and inorganic basal
medium (IBM) (Hahn et al., 2003) were exclusively
used (Table 2). For FAM various mixtures of liquid
NSY (3 g1~ ') and IBM media were used (see Fig. 1).

Sampled habitat(s) Number of Number of Country Abbreviation Type of Climate
habitats sampling sites habitats
Lakes and ponds in the 9* 12 Austria LSA sub-montan lakes and ponds temperate
Salzkammergut lake district in pre-alpine region, oligo- to
oligo-mesotrophic
Le Canal de Roanne a Digoin 1 1 France RRD small channel temperate
Lake Victoria 1 3 Uganda, Tanzania LVI large mesotrophic lake tropical
Lake Tanganyika 1 1 Zambia LTA large deep oligotrophic lake tropical
Ponds, Dar es Salam 2 2 Tanzania PDS eutrophic ponds tropical
Tana River near Sagana 1 1 Kenya RTA large river tropical
Ponds, Uganda 2 2 Uganda PUG small eutrophic ponds tropical
Lagos Managua 1 1 Nicaragua LMA eutrophic lake tropical
Lake Taihu 1 3 P. R. of China LTH large shallow hypertrophic lake subtropical
Yangtze River near Nanjing 1 1 P. R. of China RYA large polluted river subtropical
Ponds, Suzhou 3 3 P. R. of China PSU small ponds in parks subtropical
Pond, Beijing 1 1 P. R. of China PBE small pond in park temperate
Pond, Sydney 1 1 Australia PAU small pond in park temperate
Habitats in New Zealand 3 3 New Zealand LNZ lake, pond and river temperate

Some of the investigated habitats were sampled repeatedly at distantly located sampling sites.
Some habitats were sampled repeatedly at the same site during different seasons.
# Some habitats were only sampled for the experiment with the standard isolation method.
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Table 2
Media used for FAM and standard plating

Inorganic basal medium (IBM)

Chemical Concentration in medium
[mg 1]
MgSO,4-7H,0 75.0
Ca(NOs),-4H,0 43.0
NaHCO; 16.0
KCl1 5.0
K,HPO4-3H,0 3.7
Na,EDTA 4.4
FeCl3-6H,0 32
H;BO; 1.0
MnCl,-4H,0 0.2
NiCl,-6H,O 0.1
ZnS04-7H,0 0.02
CuS04-6H,O 0.02
CoCl,-6H,0 0.01
Na2M004-2H20 0.006
pH 7.2

Liquid NSY medium (3 g 1" ")

Nutrient broth, 1 g 1~ !
Soytone peptone, 1 g 17!
Yeast extract, | g 17!
pH 7.2

add to the inorganic
basal medium

Solid NSY medium (3 g 1™ 1)
add 1.5% agar

For the final plating step of FAM, as well as for the
standard method plating, NSY agar (1.5% w/v) plates
with a substrate concentration of 3 g 17" were used
(Table 2).

2.1.3. Isolation of bacteria by the filtration—acclima-
tization method (FAM)

FAM consists of a filtration step and a subsequent
acclimatization process. For the filtration step, either a
sterile 0.2 um syringe membrane filter (Minisart, Sar-
torius Goéttingen, Germany), or a sterile 0.2 um pore-
size filter unit (Nalgene, Nalge Nunc International)
were used. A few initial isolation experiments were
performed by the incubation of 10 to 30 ml of the 0.2
um filtrated water samples in 100 ml Erlenmeyer
flasks. In the majority of performed experiments inoc-
ulum volumes of < 1.0 ml of the 0.2 pum filtrates
instead of the initially used > 10 ml inoculum volume
were used. In many experiments, we setup several (up
to 120) parallel cultures which received different inoc-

ulum volumes (in the range 0of 0.01 to 0.1 ml) from the
same 0.2 pum filtered water sample. For these experi-
ments, sterile 24-well cell culture plates (Iwaki) were
used instead of the Erlenmeyer flasks.

Bacteria contained in the inoculi were stepwise
acclimatized to higher substrate concentrations by the
stepwise addition of increasing doses of NSY medium
(Hahn et al., 2003). During the acclimatization pro-
cess, the cell culture plates were usually incubated
without agitation at room temperature (22—26 °C) in
the dark. In some of the first experiments, the cultures
were incubated at 15 °C. Bacteria enriched in the
cultures were isolated by plating on 3 g1~ ' NSY agar
(1.5% (w/v) agar) (Hahn et al., 2003). Isolates were
purified by repeated culturing of single colonies in
liquid NSY medium and plating of dilutions on agar
plates. The purity of cultures was checked by micros-
copy. Pure cultures were subjected to deep-freezing
preservation (10% (w/v) glycerol, — 70 °C).

The entire culturing process was performed under
aseptic conditions, and filter tips were used for all of
the pipetting work.

Fig. 1 presents an optimized FAM protocol rou-
tinely used in our laboratory.

2.1.4. Direct plating of 0.2 um-filtrated water samples
on NSY agar plates

To test if bacteria contained in 0.2 um-filtrated
water samples are readily culturable, samples of 100
ul of filtrates were directly (i.e. without an acclimati-
zation procedure) plated on 3 g 1~ ' NSY agar plates.
This direct plating of 0.2 pm filtrates was performed
in parallel to four FAM experiments. For both FAM
and direct plating, the same volume was used for the
inoculation of one cell culture plate well or one agar
plate. In each of the four experiments, 24 wells and 24
agar plates were inoculated and incubated under the
same conditions.

2.1.5. Isolation of bacteria by a standard isolation
method (plating on NSY agar plates)

Samples of 100 pl of unfiltered water from eight
lakes and ponds located in the Salzkammergut lake
district (Table 1) were directly plated on 3 g1~ ' NSY
agar plates. After 10 days of incubation, 30 colonies
were selected from the plates and streaked out sepa-
rately on NSY agar plates. Subcultivation was repeat-
ed until pure cultures were obtained.
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Filtrate 20 ml of water sample through a 0.2 pm filter

v

Fill 500 pl medium (50 ml IBM + 50 pul NSY) to each well of a
24 well plate

v

Inoculate wells with 100 pl of the 0.2 pm-filtrated sample

After 8-24 h

1* acclimatization step: Add to each well 100 ul medium (50
ml IBM + 100 ul NSY)

After 8-24 h

2™ acclimatization step: Add to each well 100 pl medium (50
ml IBM + 250 pl NSY)

After 8-24 h

3™ acclimatization step: Add to each well 100 pl medium (50
ml IBM + 870 ul NSY)

After 8-24 h

4™ acclimatization step: Add to each well 100 pl medium (50
ml IBM + 3.1 ml NSY)

After 8-24 h

5™ acclimatization step: Add to each well 100 pl medium (50
ml IBM + 12.0 ml NSY)

After 8-24 h
\ 4

6™ acclimatization step: Add to each well 60 pl NSY medium

After 8-24 h

7™ acclimatization step: Add to each well 230 ul NSY medium

After 8-24 h

8™ acclimatization step: Add to each well 1710 pul NSY medium

After 5-10d
4

Screening: Drop 10 pl samples of cultures on NSY plates

A 4

Purification of cultures by repeated culturing of single colonies
in liquid NSY medium and plating of dilutions

Fig. 1. Standard FAM protocol for freshwater samples. NSY medium with a concentration of 3 g 1~ ' is used. The composition of NSY and IBM
media is shown in Table 2.
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2.2. Epifluorescence microscopy

Water samples, enrichment cultures and cultures of
isolates were investigated by epifluorescence micros-
copy. Samples were stained with 4’,6-diamino-2-phe-
nylindole (DAPI, Sigma) and filtered onto black 0.2
um pore-size Nuclepore filters (Millipore) and viewed
under UV excitation at a magnification of 1250 X
(Zeiss Axioplan). Bacterial cell dimensions were
measured by the image analysis system Lucia 4.51
(Laboratory Imaging, Prague, Czech Republic).

2.3. Sequencing of 16S rRNA genes and phylogenetic
analysis

Amplification of the 16S rRNA genes of the isolates
were performed as described previously (Hahn et al.,
2003). PCR products were sequenced by MWG-Bio-
tech (Ebersberg, Germany). In the case of almost all
FAM isolates, the almost entire gene was sequenced,
while in the case of the isolates obtained by the standard
isolation method only ca. one third of the gene was
sequenced. The program BLAST (http://www.ncbi.
nlm.nih.gov/BLAST/ (Altschul et al., 1997)) was used
to find all publicly available sequences closely related
to the sequences obtained from the isolates. Complete
and partial sequences of the isolates were submitted for
comparison. Sequences of the isolates, as well as
downloaded reference sequences were aligned by using
the ARB software package (http://www.arb-home.de
(Strunk et al., 1998)). Reconstruction and analysis of
phylogenetic trees was mainly performed by ARB.
Evolutionary distances were corrected for multiple
substitutions by using the Jukes and Cantor algorithm.
Filters were used to exclude sequence positions show-
ing a variability of >50%. For construction of boot-
strapped (1000 replicates) neighbor-joining trees
the aligned sequences were exported (using the filters
for exclusion of highly variable positions) to the
software application Mega Version 2.1 (http://www.
megasoftware.net (Kumar et al., 2001)). Sequence
similarities were calculated by the program ARB
without using the above mentioned filters.

2.4. Grouping into taxa

Isolates sharing sequence similarities of >97% and
appearing in the phylogenetic analysis in the same

cluster were grouped into one taxon. A taxon sharing
>97% similarity and clustering with a validly de-
scribed reference species was preliminarily considered
to belong to the respective reference species. A taxon
with similarities in the range of 94—97% appearing in
the phylogenetic analysis in clusters containing a
validly described species was preliminarily considered
to belong to the respective genus. In the case of the
isolates affiliated with the Polynucleobacter necessar-
ius cluster (Zwart et al., 2002; Hahn, 2003), the above
outlined rules were not applied due to the fundamental
differences in lifestyle of the free-living isolates and
the obligate endosymbiont P. necessarius.

2.5. Nucleotide sequence accession numbers

The GenBank accession numbers for sequences of
strains isolated by FAM and standard plating can be
found in Tables 3 and 4, respectively.

3. Results
3.1. Isolation of bacterial strains by FAM

We investigated more than 40 surface water sam-
ples from 23 freshwater habitats. In filtrates immedi-
ately analyzed after the filtration process only small
C-shaped bacteria were detected. Initially we filtrated
10-30 ml of the sample and incubated the whole
filtrate into flasks. Incubation of these samples at 15
°C throughout periods of a few days regularly
resulted in the appearance of initially undetectable
filamentous bacteria. These bacteria usually overgrew
the C-shaped bacteria, even when no substrates were
added. We isolated and characterized several strains of
these filamentous bacteria. Data on morphology and
cell sizes of some of these isolates were presented
elsewhere (Wu et al., 2004). Most of the isolates
demonstrated an unusual growth on agar plates. They
initially formed small colonies on the agar surface and
then penetrated into and spread further inside the agar.
None of these filamentous strains showed pigmenta-
tion. Analysis of the 16S rRNA gene sequences of
eight isolates revealed that seven are closely related
(>99% sequence similarity) to each other and to
Hylemonella gracilis (previously classified as Aqua-
spirillum gracile, (Spring et al., 2004)). The seven
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Table 3
Taxa (>97% sequence similarity) which have been isolated by FAM from 0.2 pm filtered freshwater samples and their closest known relatives
Taxon Num. of Acc. Morphology Origin Group Closest relative Acc. Similarity
isolates Number number [%]
MWH-NPG1 1 AJ565418 PDS (natural  Actinobacteria Isolate IFO15616 ~ AB012590 95.6
pond in Dar Leucobacter AB007419 95.9
es Salam) komagatae
MWH-VicDar 2 AJ565415, LVI (Muanza, Actinobacteria Clavibacter U09763 92.5
(Luna-1) AJ565417 Tansania), PDS michiganensis
(nat. pond)
MWH-Dar4 1 AJ565416 PDS (pond Actinobacteria Clavibacter U09763 92.8
(Luna-1) at university michiganensis
campus)
MWH-Ta3 1 AJ507468 LTH (Meiling  Actinobacteria Clavibacter U09763 934
(Luna-1) Bay) michiganensis
Luna-2 cluster 19 AJ565412, LSA, LTH, Actinobacteria Clavibacter U09763 95-96
isolates AJ565413, LMA, RTA, michiganensis
AJ565414, PUG, PSU,
AJ565435, PAU
AJ565436"
Nocardioides sp. 1 AJ565419 RRD (near Actinobacteria Nocardioides AY167844 99.1
MWH-CaK6 Avrilly) sp. SAFR-045
Nocardioides X53212 95.7
luteus
MWH-CaK2 1 AJ565420 RRD (near Alphaproteobacteria Uncultured Soil AF423296 93.7
Avrilly) Clone 845-2
Sphingomonas AJ012461 92.9
echinoides
MWH-UniPo 2 AJ565421, PDS (pond Betaproteobacteria  Uncultured AY080915 92.5
AJ565422 at university Clone UP9
campus) Herbaspirillum Y10146 92.2
seropedicae
Hylemonella 7 AJ565423— LSA, LTH, Betaproteobacteria  Hylemonella AF078753 >99
gracilis AJ565429 LTA gracilis
AJ565429
Hylemonella 1 AJ565430 LSA (Lake Betaproteobacteria  Hylemonella AF078753 96.3
sp. WQHI Hallstadt) gracilis
P. necessarius 14 see reference® LSA, PSU, Betaproteobacteria  Polynucleobacter ~ X93019 ~99
subcluster C° RYA, LNZ necessarius®
Ralstonia basilensis AF312022 ~ 93
P. necessarius 19 see reference® LSA, RRD, Betaproteobacteria  Polynucleobacter ~ X93019 ~ 96
subcluster D° PBE, RYA, necessarius®
LVI, LTH, Ralstonia basilensis AF312022 ~ 93
LNZ
MWH-CFBKk5 1 AJ565431 LSA (Lake Bacteroidetes Uncultured AY218749 88.4
Mondsee) Clone KD6-1
Sporocytophaga AJ310654 87.7
myxoco.
Cytophaga M58768  86.9
hutchinsonii
Spirochaeta 1 AJ565432 LSA (Lake Spirochaeta Spirochaeta M57740  99.5
aurantia Mondsee) aurantia
WQM4
Spirochaeta sp. 1 AJ565433 PSU (Pond Spirochaeta Spirochaeta M57740  96.6
MWH-HuW8 Hugqiu) aurantia
Spirochaeta sp. 1 AJ565434 PSU (Pond Spirochaeta Spirochaeta M57740  95.8
MWH-HuW24 Hugqiu) aurantia
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FAM

Alphaproteobacteria

Bacteroidetes

Actinobacteria
Spirochaeta |

Betaproteobacteria

Gammaproteobacteria

Deinococcus-Thermus

Alphaproteobacteria

Standard Plating

Actinobacteria

Betaproteobacteria

Bacteroidetes

Fig. 2. Relative contribution (%) of phylogenetic groups to the total numbers of taxa obtained by FAM and standard plating of unfiltered water

samples on NSY agar plates.

isolates were preliminarily considered to belong to
this species (Table 3), which is thus far only repre-
sented by a single strain (Spring et al., 2004). The
eighth strain is more distantly related to the other
seven isolates and H. gracilis (ca. 96% sequence
similarity), but clustered in phylogenetic analyses
with those (data not shown). Therefore, this strain
was preliminarily classified as Hylemonella sp. (Table
3). We assumed that most of the filamentous bacteria
rapidly occurring in the filtrates belonged to these two
taxa, and decided to avoid the investigation of more
isolates morphologically resembling these eight iso-
lated strains.

Consequently, the inoculum volume used in the
isolation experiments was reduced. Instead of 10—30
ml inoculum volume 0.01-1.0 ml of the filtrated
water sample was used for inoculation. This reduction
resulted in an average decrease of the percentage of
cultures showing growth of bacteria. While in initial
experiments (=10 ml inoculum) all inoculated cul-
tures showed growth, the percentage of positive
cultures in the later experiments (<1 ml inoculum)
ranged between 5% and 100%. Negative control
cultures, which received no inoculum, always showed
no growth, and in inoculated cultures typical airborne
contaminants were not observed.

The decrease of inoculum volume resulted in a
strongly decreased dominance of Hylemonella sp.-like

filamentous bacteria in the enrichment cultures. This
enabled the isolation of a large number of strains
belonging to the C-shaped morphotype (Table 3).
Most of the C-shaped strains possessed cell sizes
smaller than 0.1 pm?® (ultramicrobacteria), even when
grown in media with a high substrate concentration.
This trait was mainly found in Actinobacteria strains
affiliated with the Luna-1 and -2 cluster (Hahn et al.,
2003), and in Betaproteobacteria belonging to the P.
necessarius cluster (Hahn, 2003). Furthermore, some
filamentous bacteria, which showed no penetration of
the agar, and some filamentous strains able to grow
inside the agar, yet with pigmented colonies were
isolated.

3.2. Diversity of isolated bacteria obtained by FAM

In total, 73 strains belonging to 16 different taxa
(>97% sequence similarity) affiliated to the phyla
Actinobacteria, Bacteroidetes, Proteobacteria, and
Spirochaeta were isolated from the 0.2 um filtrated
freshwater samples (Tables 3 and 5). The majority of
taxa was affiliated with the Actinobacteria (six taxa)
and the Proteobacteria (six taxa) (Fig. 2). Five of the
six Proteobacteria taxa belong to Betaproteobacteria,
one to the Alphaproteobacteria.

Six taxa, including the three Luna-1 cluster (4ctino-
obacteria) taxa (Table 3), the Luna-2 cluster (4ctino-

Notes to Table 3:

Abbreviations for the locations of isolation can be found in Table 1. Num., number; ¢, C-shaped; f, filamentous; Acc., Accession number.

? Additional accession numbers can be found in Hahn et al. (2003).

® The subcluster classification of the P. necessarius cluster is presented in Hahn (2003).

¢ Accession numbers can be found in Hahn (2003).

4" Obligate endosymbiont of a ciliate was never cultured without the host.
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obacteria) taxon (Hahn et al., 2003), and the P. neces-
sarius subcluster C and D taxa (Hahn, 2003) contain
bacteria which were previously detected in diversity
studies on freshwater bacterioplankton by culture-in-
dependent techniques (e.g. Zwart et al., 2002; Glockner
et al., 2000; Crump et al., 1999; Hiorns et al., 1997).

A comparison of the 16S rRNA genes of the
isolates with reference species revealed a wide range
of sequence similarity to the closest related validly
described species. The highest values were 99.8%
while the lowest value was 87.7%, and the average
was of 95% sequence similarity (Table 3). Only 13%

Table 4
Taxa (>97% sequence similarity) which have been isolated by direct plating of unfiltered water samples on NSY agar plates
Taxon Num. of Acc. Origin Group Closest species Acc. Similarity
isolates number number [%]
Brevundimonas vesicularis 1 AJ585216  Pond T7 Alphaproteobacteria  Brevundimonas AJ007801 100
vesicularis
Sphingobium sp. PS-SwaK3 1 AJ585215  Lake Schwarzensee  Alphaproteobacteria  Sphingobium AB022428 95.9
herbicidovorans
Blastobacter sp. PS-HalK4 1 AJ585217  Lake Hallstatt Alphaproteobacteria  Blastobacter X43072  98.6
capsulatus
Janthinobacterium lividum 2 AJ585218, Lake Wolfgangsee,  Betaproteobacteria Janthinobacterium AF174648 97.4,
AJ585219  Pond 1 lividum 99.7
Xanthomonas campestris 1 AJ585220 Lake Schwarzensee ~Gammaproteobacteria Xanthomonas AF501361 99.0
campestris
Aeromonas salmonicida 1 AJ585221  Lake Irrsee Gammaproteobacteria Aeromonas AE012540 98.6
salmonicida
Pseudomonas sp. 5 AJ585222— Lakes Wolfgangsee, Gammaproteobacteria Pseudomonas - 99.8-100
PS-WolfK3 AJ585225  Krottensee, Irrsee spp.”
Hallstatt, and Pond 1
Pseudomonas jessenii 2 1585226 Lake Wolfgangsee, = Gammaproteobacteria Pseudomonas AF501361 98.4, 100
Lake Schwarzensee Jessenii
Flavobacterium johnsoniae 1 AJ585227 Pond 1 Bacteroidetes Flavobacterium ~ M59053  97.2
Jjohnsoniae
Flavobacterium sp. 2 AJ585228, Lake Wolfgangsee, Bacteroidetes Flavobacterium ~ M58781  95.2, 95.6
PS-WolfK 1 AJ585229  Lake Krottensee Jjohnsoniae
Flavobacterium sp. 1 AJ585230 Lake Irrsee Bacteroidetes Flavobacterium ~ AB078043 96.8
PS-IrrK3 Jjohnsoniae
Pedobacter cryoconitis 1 AJ585231  Lake Hallstatt Bacteroidetes Pedobacter AJ438170 97.9
cryoconitis
Isolate PS-KroK1 1 AJ585232  Lake Krottensee Bacteroidetes Pedobacter MI11657  93.5
heparinus
Chryseobacterium sp. 1 AJ585233  Pond T7 Bacteroidetes Chryseobacterium AJ271010 96.2
PS-T7S1G Joostei
Isolate PS-T12W 1 AJ585234  Pond T12 Bacteroidetes Flavobacterium  AJ440996 92.2
gelidilacus
Flavobacterium sp. 1 AJ585235  Lake Schwarzensee  Bacteroidetes Flavobacterium 139067 96.8
PS-SwaK4 hibernum
Flavobacterium limicola 1 AJ585236  Lake Hallstatt Bacteroidetes Flavobacterium ~ AB075232 97.0
limicola
Deinococcus sp. PS-IrfK2 1 AJ585237  Lake Irrsee Deinococcus-Thermus Deinococcus Y11329 948
grandis
Deinococcus grandis 1 AJ585238 Pond T12 Deinococcus-Thermus Deinococcus Y11329 983
grandis
Microbacterium sp. 1 AJ585239  Pond 1 Actinobacteria Microbacterium — X77443 96.6
PS-Pfuk3 arborescens

Num., number; Acc., Accession number.
# The five partial sequences show similarities >99% to two validly described Pseudomonas species.
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(two taxa) of the obtained taxa could be preliminarily
assigned to validly described species (Table 5). These
two species, H. gracilis and Spirochaeta aurantia
were previously reported to pass through filters with
a small pore size (Canale-Parola et al., 1966; Breznak
and Canale-Parola, 1975; Gerhardt et al., 1994).

Eighty-seven percent of isolated taxa (including
the P. nec. subcluster C taxon) could not be assigned
to a validly described species. Out of these 14 taxa,
only 4 clustered with validly described species. The
isolates belonging to these four taxa were preliminary
assigned to the respective genera (Table 3). The
remaining 63% of taxa could be considered as
candidates for novel genera. Sixty-three percent of
the isolated taxa are represented only by a single
strain.

3.3. Direct plating of 0.2 um-filtered samples on NSY
agar plates

In total, four experiments were performed where
the same number of 100 pl 0.2 pum-filtered samples
were processed by FAM and direct plating in parallel.
In each experiment, 24 agar plates and 24 cell culture
plate wells were inoculated. Only in one of the four
experiments resulted the direct plating in the forma-
tion of seven colonies, while FAM resulted in all four
experiments in 8 to 15 positive cultures (33—-63% of
established cultures). The seven colonies were identi-
fied by analysis of partial 16S rRNA gene sequences
as five strains related to S. aurantia and two strains
distantly related to Flexibacter litoralis and Flexi-
bacter flexis (Bacteroidetes).

3.4. Isolation of strains by direct plating of unfiltered
water samples

In total, 27 strains were finally isolated and iden-
tified by analysis of partial 16S rRNA gene sequences
(Table 4). The isolates grouped into 20 taxa (>97%
sequence similarity). These taxa are affiliated with the
Bacteroidetes (9 taxa), Gammaproteobacteria (4),
Alphaproteobacteria (3), Deinococcus-Thermus (2),
Betaproteobacteria (1) and Actinobacteria (1) (Fig.
2). None of the taxa showed a closer relationship to
uncultured bacteria than to previously isolated strains
(Table 5). Based on sequence similarities, 56% of the
taxa could preliminarily be assigned to a described

Table 5
Comparison of the results obtained by FAM and direct plating of
unfiltered water samples on agar plates

Plating (only FAM
Y -
from LSA) All From

isolates® LSA®

Number of strains 27 65 19

Number of taxa (>97% sim.) 20 16 7

Taxa represented by only 80.0 62.5 42.9
one isolate (% of all)

Taxa closer to uncultured clone 0 56.3 57.1
than to isolate (% of all)

Taxa with >97% sim. to 55.6 12.5 28.6
closest species (% of all)

Taxa with 94-97% sim. to 34.4 37.5 28.5
closest species (% of all)

Taxa with <94% sim. to 10.0 50.0 429
closest species (% of all)

Similarity (%) with closest 97.6 94.5 94.9

species (average of all taxa)

Direct plating was only performed for samples from LSA habitats.
Therefore, results for all of the FAM isolates and results concerning
the FAM isolates that were obtained from LSA habitats are shown.
Sim., similarity.

“ Direct plating of unfiltered water samples was only performed
with samples from LSA habitats.

® All isolates obtained by FAM are considered (i.e. all habitats).

“Only isolates obtained by FAM from LSA habitats are
considered.

species. The average sequence similarity to the closest
described species was 97.6%.

4. Discussion

4.1. FAM enables the cultivation of not readily
cultivable heterotrophic bacteria

The results of the experiments comparing the
cultivation success of the direct plating of 0.2 pm-
filtered samples with plating after the acclimatization
procedure clearly demonstrate that FAM enables the
cultivation of bacteria which cannot be cultured by
standard methods.

Previous studies which also applied a filtration step
for isolation of bacteria from freshwater habitats but
lacked the acclimatization procedure, reported in total
only the isolation of the two species H. gracilis and S.
aurantia (Canale-Parola et al., 1966; Breznak and
Canale-Parola, 1975; Gerhardt et al., 1994), which
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were also isolated in our study. Therefore, it is highly
likely that the isolation of the other 11 taxa (without
the Hylemonella sp. and Spirochaeta sp. taxa)
obtained in our study was only possible due to the
application of the acclimatization procedure.

4.2. More than 50% of the taxa isolated by FAM
represent previously uncultured bacteria

Fifty-six percent of the taxa obtained by FAM, but
0% of the taxa isolated by standard plating, are closer
related to uncultured bacteria than to previously
isolated bacteria (Table 5). Furthermore, 88% of the
taxa obtained by FAM, but only 44% of the taxa
isolated by standard plating can be considered to
represent undescribed species. Both observations ad-
ditionally demonstrate that FAM enables the isolation
of heterotrophic bacteria, which cannot be cultured by
standard techniques.

4.3. FAM enables the isolation of bacteria previously
only known from investigations which used culture-
independent methods

Six of the sixteen taxa isolated by FAM are closely
related and cluster in phylogenetic trees with cloned
sequences obtained in diversity studies focusing on
freshwater habitats. Most of these clusters previously
only contained environmental sequences cloned from
several habitats (e.g. Hiorns et al., 1997; Crump et al.,
1999; Glockner et al., 2000; Zwart et al., 2002).
Therefore, taxa affiliated with these clusters are as-
sumed to represent abundant taxa. Despite of their
cosmopolitan distribution and the assumed occurrence
with high cell numbers in freshwater habitats, these
organisms have not been isolated and cultivated
before FAM was used (Hahn et al., 2003; Hahn,
2003).

4.4. FAM is selective

The FAM protocol applied in our study is selec-
tive for two reasons: the filtration step, and the
growth conditions provided during the acclimatiza-
tion procedure.

The 0.2 pm filtration excludes more than 90% of
bacterial cells contained in the samples, and allows
only thin C-shaped cells and thin filamentous cells

with a flexible cell shape (e.g. spirochetes and Hyle-
monella-like morphotypes) to get into the filtrates.
The latter morphotype is usually neither microscopi-
cally detectable in samples of freshwater bacterio-
plankton nor in the fresh filtrates. Bacterial cells
resembling in size and morphology those C-shaped
cells observed in fresh 0.2 pum filtrates and found
amongst the isolates, comprise up to 40% of bacter-
ioplankton in Lake Mondsee (unpublished data) but
only a small fraction of this population of small C-
shaped bacteria is passing through the 0.2 um filters
(Hahn et al., 2003).

The growth conditions provided in our experiments
additionally excluded two groups of bacteria from
being isolated: all bacteria, which cannot grow at
higher substrate concentrations, and all bacteria,
which cannot grow on the used NSY medium.

Besides this selectivity of the method, the results of
our study are potentially influenced by our decision to
avoid further isolation of Hylemonella-like bacteria.
This selection against this morphotype might have
resulted in the overlooking of novel taxa morpholog-
ically resembling the Hylemonella taxa.

The bacterioplankton of freshwater habitats is
usually dominated by Betaproteobacteria and Actino-
bacteria (Glockner et al., 2000). Interestingly, these
two groups also dominated amongst the taxa isolated
by FAM, while the set of taxa isolated by standard
plating was dominated by Bacteroidetes and Gam-
maproteobacteria (Fig. 2). Positive selection of stan-
dard plating methods for Gammaproteobacteria is
well documented (Wagner et al., 1993).

4.5. Adjustment of inoculum volume in order to avoid
overgrowth of slowly growing strains

The FAM protocol as presented in Fig. 1 is an
optimized protocol routinely used in our laboratory.
This protocol yielded good results in isolation experi-
ments with water samples from various freshwater
habitats. In some cases, the usually used inoculum
volume of 100 ul of 0.2 um-filtered water sample per
well resulted in the dominance of Hylemonella-like
bacteria in almost all, or sometimes all wells. This
overgrowth by Hylemonella-like strains hampered the
isolation of other taxa. We observed that Hylemonella
sp. and Spirochaeta sp. strains were sensitive to
predation by the bacterivorous nanoflagellate Ochro-
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monas sp. DS (Wu et al., 2004), while a small C-
shaped Actinobacterium was protected against preda-
tion by this flagellate (Hahn et al., 2003). Therefore,
we inoculated wells containing low numbers of C-
shaped bacteria, but high numbers of Hylemonella-
like strains with small inoculi from an axenic culture
of the flagellate. In some cases, this resulted in a
strong decrease of the filamentous bacteria, and final-
ly in the isolation of C-shaped strains. In other cases,
however, this strategy was not successful. Another
strategy, which resulted more frequently in the isola-
tion of strains suppressed in the presence of Hylemo-
nella-like bacteria, is to reduce the inoculum volume
per well (e.g. to 50 or 10 pl of filtrate) and to increase
the number of inoculated wells (e.g. to 48—120 wells).
This resulted in our experiments in a smaller percent-
age of positive wells, but also in a smaller proportion
of cultures dominated by Hylemonella-like strains.

4.6. Transfer of bacteria grown in wells to solid media

Usually wells with growth can easily be detected
by visual screening of the cell culture plate wells for
turbidity. We used two different procedures for the
transfer of the positive liquid cultures to agar plates.
On the one hand, samples from positive wells were
serially diluted and dilutions were spread with a
Trigalski tool on agar plates. On the other hand, large
numbers of positive cultures were screened for the
presence of certain taxa by dropping 10 pl samples
without them being spread on agar plates. Based on
colony morphologies, coloration, and spreading be-
havior several taxa could be distinguished. Interest-
ingly, the dropping procedure never yielded cultures
of Luna-2 cluster bacteria (Actinobacteria), while
only a few isolates affiliated with one of the P
necessarius subcluster taxa were found amongst the
colonies grown after the spreading of samples (Hahn,
2003). Currently, it is not clear if this difference is due
to the selectivity of the two procedures, or if other
causes were responsible.

4.7. Future potential of FAM for isolation of novel
taxa

The potential of FAM for the isolation of novel
taxa is by far not exhausted. The FAM experiments
performed thus far have exclusively focused on

water samples from surface freshwater habitats. The
method has yet to be applied to groundwater, sedi-
ment, marine or terrestrial samples. Furthermore, all
of the experiments performed thus far have exclu-
sively used the NSY medium. It is highly likely that
the application of FAM to samples from other types
of ecosystems and/or the use of other isolation media
will result in the isolation of novel, till date uncul-
tured taxa.

Another strategy for the isolation of novel taxa
could be to apply filters with larger pore sizes in the
filtration step. Alternatively, the acclimatization pro-
cedure could be combined with an alternative selec-
tion step, which removes those taxa able to overgrow
strains of interest. One possibility could be to combine
the acclimatization procedure with the dilution culture
method (Button et al., 1993).

Even the further application of the standard FAM
protocol to more samples from freshwater habitats can
be expected to lead to the isolation of more novel
freshwater taxa. This is clearly indicated by the high
number of FAM isolated taxa, which are only repre-
sented by a single isolate. Isolation of novel taxa from
freshwater habitats by way of FAM has by far not
reached its full potential.
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