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ABSTRACT: Oligotrophy, or the inability of bacterial cells to propagate at elevated nutrient concentra-
tions, Is a controversial phenomenon in microbiology. The exact cause of the unculturability of many
indigenous marine bacteria on standard laboratory media has still not been resolved. Unfortunately,
the physiology of such cells is difficult to investigate as long as high cell density cultures cannot be
obtained. An extensive evaluation of experiments relating to oligotrophy and the cultivation of marine
bacteria is presented in this review. When incorporating the findings of studies performed with molec-
ular biological methods, the picture emerges that indigenous marine bacteria can be cultivated under
certain conditions and that the ‘oligotrophic way of life' is a transient characteristic. Although strong
generalisations should not be made with respect to a biological system as diverse as the world's oceans,
it should be anticipated that cells with unique physiological characteristics appear to exist in the
oceanic system. When combining conventional physiological approaches with molecular biological
techniques it is feasible to unveil the phenotypes that go with the encountered genotypes. In view of
the enormous complexity of the oceanic system this will prove an ambitious, yet resourceful under-

taking.
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1. BACTERIA IN THE MARINE FOOD WEB
1.1. Introduction

Heterotrophic bacteria constitute the major biomass
component of oligotrophic marine ecosystems. As
reservoirs of nutrients, they interact with all trophic
levels and they control the nutrient fluxes in the system
via mineralisation. Many free-living marine bacteria
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belong to the smallest of all living cells. It is sometimes
believed that these so-called ultramicrobacteria
resemble starvation-induced miniaturised forms of
bacteria that normally live attached to organic detritus
and are intrinsically larger. However, per unit of
volume, ultramicrobacteria express higher metabolic
activity than such large cells, thereby representing the
ocean's main bacterial component in terms of both
activity and biomass. Nevertheless, an estimated 99 %
of these cells have never been characterised physio-
logically. The reason for this is that ultramicrobacteria
belong to the notorious group of non-culturable’ bac-
teria: bacteria that cannot be isolated and cultivated on
standard laboratory media or under conventional labo-
ratory conditions outside their natural habitat. It there-
fore seems that in the ocean, conditions prevail which
are not easily reproduced in the laboratory. Such con-
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ditions, their effect on living organisms and the adap-
tations that they have induced are of considerable sci-
entific interest. Historically, 2 rather separate lines of
research have developed that, depending on the work-
ing hypotheses for the natural state of marine bacteria,
either focus on the starvation response of marine iso-
lates under laboratory conditions or attempt to demon-
strate the presence of large numbers of obligately olig-
otrophic bacteria. This review summarises 2 decades
of microbiological research in this field in an attempt to
separate facts from fiction.

1.2. The environmental conditions

The marine system represents 90 % of the biosphere
and brings about one-third of the world's primary pro-
duction. Consequently, the ocean is often considered a
marine desert. However, the biomass of the oceanic
primary producers (phytoplankton) represents a very
small fraction (0.05%) of their terrestrial functional
equivalents (Begon et al. 1986). Therefore, per unit of
biomass, oceanic ecosystems are far more productive
than terrestrial ecosystems and the turnover rate of
nutrients per unit of biomass is, as a result, several
hundreds of times higher. Due to limited nutrient avail-
ability and low population densities, the effective over-
all turnover rate is still so low (Munster 1993) that the
ocean classifies as oligotrophic with organic carbon
fluxes of only a fraction of a milligram of carbon 17" d"!
(Poindexter 1981). It is important to understand that
such oligotrophic environments are characterised by a
low nutrient flux as well as by low ambient concentra-
tions of nutrients.

The marine pelagic ecosystem generally lacks
exogenous nutrient inputs. Therefore, marine bacteria,
which are believed to be limited in their growth by car-
bon (Kirchman 1990), ultimately rely on the release of
photoassimilated carbon compounds by phytoplankton
cells (McManus & Peterson 1988, Kirchman et al. 1989,
Billen et al. 1990). Taking into account that marine
bacteria dominate the overall biomass of marine
ecosystems (Fuhrman et al. 1989), thereby retaining
most of the available nutrients and controlling the rate
and the extent of primary production, it is evident that
a close mutual dependence exists between bacteria
and phytoplankton (Fuhrman & Azam 1982, Larsson &
Hagstrom 1982, Linley et al. 1983, Cho & Azam 1988,
Hagstrom et al. 1988, McManus & Peterson 1988,
Billen et al. 1990).

The nanomolar concentrations of the available car-
bonaceous compounds are often considered too low to
allow for growth of the bacteria (Poindexter 1981,
Morita 1988). These low concentrations are in part the
result of the uptake activities of the bacteria them-

selves. It was shown long ago that bacterial growth in
the euphotic zone can take place at the relatively high
rates of 0.05 h™! (Sieburth et al. 1977, Carlucci &
Williams 1978, Karl 1979).

1.3. Characteristics of indigenous bacteria

After viruses, heterotrophic bacteria are the most
abundant members of the microbial community in the
oligotrophic ocean (Dortch & Packard 1989, Fuhrman
et al. 1989). Their average cell volume is on the order
of 0.02 to 0.12 pm?® (Bjernsen 1986, Lee & Fuhrman
1987, Borsheim et al. 1990, Nagata & Watanabe 1990),
compared to 0.34 to 6.0 um?® for heterotrophic bacteria
usually isolated from seawater (Mardén et al. 1985,
Nystrom et al. 1986, Nissen 1987, Moyer & Morita
1989). Furthermore, with approximately 1 to 2.5 fg of
DNA cell’! (Fuhrman & Azam 1982, Schut et al. 1993)
their genome size is less than 50 % of a single copy of
the genome of Escherichia coli (Ingraham et al. 1983).
Natural communities of bacteria are very rich in car-
bon and nitrogen. They contain 23 to 38% (w/v) car-
bon (Bjernsen 1986, Lee & Fuhrman 1987). In labora-
tory cultures of E. coli this value is 12% (Ingraham et
al. 1983). The relative protein content of naturally
occurring bacteria is inversely related to their cell vol-
ume (Simon & Azam 1989), and their high nitrogen
content is reflected in low C:N ratios of 3 to 5 (Gold-
man et al. 1987, Lee & Fuhrman 1987). In all, indige-
nous marine bacteria appear to be quite different
from the cells normally cultivated in laboratories
around the world. But there is no certainty as to
whether they represent unknown species with novel
characteristics since more than 90% of the bacterial
cells in oceanic waters have never been cultured or
characterised.

1.4. Aggregates: the nutritional escape?

Besides release of photosynthate by living phyto-
plankton, plankton mortality and subsequent release
of cellular remnants is an important source of organic
carbon in the oceans. All organisms eventually end up
in a detritus pool. Upon aggregation, such particles can
rapidly sink out of the euphotic zone (Riley 1963).
Large flocculant aggregates often contain detritus
bound together within a gelatinous matrix (Wiebe &
Pomeroy 1972, Alldredge & Silver 1988) and they
appear in eutrophic as well as in oligotrophic areas.
Some are visible to the naked eye and have been
named ’'marine snow’' (Suzuki & Kato 1953). Their
chemical composition is heterogeneous with signifi-
cant amounts of carbohydrates, protein and mucus
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(Wiebe & Pomeroy 1972). As a microhabitat, aggre-
gates form a much improved nutrient environment
with concentrations of nitrogen and carbon several
orders of magnitude higher than those in the surround-
ing water (Alldredge & Silver 1988). Carbon:nitrogen
ratios are still relatively low (7 to 10} (Alldredge 1979),
suggesting high potential regeneration rates of ammo-
nium. High primary production rates, as a result of this,
have indeed been found in aggregates (Gotschalk &
Alldredge 1989). Moreover, because of their low sur-
face charge, aggregates can collect DOC of low and
high molecular weight, and may serve directly and
indirectly as a food supply for bacteria (Wangersky
1977, Kjelleberg et al. 1982, 1983, 1985, 1987, Kjelle-
berg 1984).

The bacteria present in aggregates are typically
much larger than the free-living bacteria (Ferguson &
Rublee 1976, Eguchi & Kawal 1992} and acquire rela-
tively high intrinsic growth rates upon the addition of
exogenous substrates (Wiebe & Pomeroy 1972). Fur-
thermore, the viable count, or the number of colonies
that appear when agar media are inoculated with sea-
water samples, is strongly correlated to the number of
attached bacteria (Fukami et al. 1983), suggesting that
attached bacteria represent the normal plate-isolates.
Recently, Delong et al. (1993), using 16S rRNA
sequence data to investigate the phylogenetic diver-
sity of free-living and aggregate-attached bacteria,
showed that the free-living cells belonged mostly to
the SAR11 cluster of marine bacteria (a-subclass Pro-
teobacteria; see section 5.3), whereas the attached
cells were mostly related to cytophaga-flavobacteria or
v-subclass of Proteobacteria in this study.

The contribution of these particle-bound bacteria
(epibacteria) to the utilisation of DOC compounds is a
matter of controversy. Both high (Hodson et al. 1981,
Kirchman & Mitchell 1982, Jeffrey & Paul 1986) and
low (Azam & Hodson 1977, Nagata 1987, Simon 1987,
Iriberri et al. 1990) incorporation rates in epibacteria
relative to the free-living population have been
reported. It seems justifiable to conclude that epibac-
teria do not grow faster than free-living cells (Fletcher
1984, Hoppe 1984, Iriberri et al. 1990). When consid-
ering that the biomass of epibacteria relative to that of
free-living cells is very low in the open ocean (Fergu-
son & Rublee 1976, Azam & Hodson 1977, Iriberri et
al. 1990), their overall contribution to bacterial pro-
duction and turnover of DOC becomes insignificant,
i.e. <10% in pelagic regions (Williams 1970, Azam &
Hodson 1977, Fuhrman & Azam 1980, 1982, Cho &
Azam 1988).

There are at least 2 different major views on the eco-
logical role of attached bacteria (Kjelleberg et al. 1987,
Cho & Azam 1988). One hypothesis (Kjelleberg et al.
1987) considers that aggregates are a refuelling station

for marine bacteria that are in a constant transient state
between growth and non-growth. Attached cells con-
tribute to most of the productivity measured in sea-
water, while detached cells rapidly adapt to the low
nutrient conditions and can contribute significantly to
the community activity even though they do not grow.
These cells return to the aggregate in order to grow.
The other hypothesis considers attached bacteria
responsible for rapid solubilisation of the detrital par-
ticles via exohydrolase activity (Hollibaugh & Azam
1983, Cho & Azam 1988, Smith et al. 1992) thereby
releasing DOC as well as their own progeny as free-
living cells. The low molecular weight compounds are
subsequently utilised by the free-living microbial com-
munity. In this hypothesis, epibacteria, although rela-
tively unimportant in direct bacterial secondary pro-
duction, play a major role in the pelagic ecosystem by
supplying the free-living bacteria with readily utilis-
able substrates (Azam & Cho 1987).

In the present study, we focus on the free-living, or
pelagic, marine bacteria that are the representatives of
the truly low-nutrient-adapted indigenous bacteria.
Their characteristics are solely known from direct
studies on the entire bacterial population in seawater
samples, and from microscopic observations. Still, if
properly analysed, these results might give us some
information on how these cells are able to grow or sur-
vive in their environment, where they come from, and
what methods should be employed to further investi-
gate them.

1.5. Substrate utilisation and mineralisation

Carbon-limited bacteria should make efficient use of
all carbonaceous compounds available to them. The
relatively low bacterial standing stock (approx. 2 to
25 pug C 1I'1) as compared to the DOC levels in the sea
(0.1 to 1 mg C I"') indicates, however, that only a frac-
tion of the organic matter is utilised by the bacteria.
This may be indicative of the refractory nature of this
material (Riley 1963, Menzel 1964, Jannasch 1967,
Bada & Lee 1977, Dawson & Gocke 1978, Ammerman
et al. 1984), as was reviewed by Munster (1993). The
benefit of recalcitrant plant structures to terrestrial
flora is well known and most of the data on refractory
humic compounds in DOC pools come from soil and
fresh water studies (Munster 1985, 1993). However,
the accumulation of such compounds by marine phyto-
plankton would, in view of its dependence on high
mineralisation rates, be ultimately adverse. It is there-
fore more likely that autochthonous high molecular
weight compounds are completely degraded. As
Wangersky (1977) put it boldly: 'If there really were
organic compounds in the ocean, perhaps as complex
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polysaccharides, which could not be broken down by
marine bacteria, we would be hip-deep in maple syrup
by now. If such compounds also contained even the
smallest amount of nitrogen or phosphorus, the maple
syrup would also be sterile.’” Whereby he probably
meant that life itself would no longer exist.

Due to the nature of the substrate uptake systems,
most substrates utilised by marine bacteria presum-
ably consist of small molecules such as sugars, amino
acids and small oligopeptides (Azam & Fuhrman 1984).
Most amino acids are indeed utilised by natural assem-
blages of marine bacteria (Hagstréom et al. 1984) and
most individual cells capable of nutrient uptake exhibit
in situ uptake of dissolved free amino acids (DFAA)
(Jorgensen & Sendergaard 1984, Tabor & Neihof 1984,
Fuhrman & Ferguson 1986, Coffin 1989). Ninety per-
cent of the nitrogen requirements of bacteria in oligo-
trophic regions is believed to be covered by free
ammonium and DFAAs (Keil & Kirchman 1991), sug-
gesting that dissolved combined amino acids (DCAA)
play a relatively minor role as a direct source of nitro-
gen (Keil & Kirchman 1991). DCAAs and polymeric
carbohydrates may act as a source of free monomers.
Exoproteolytic (Sommville & Billen 1983) and exosac-
charolytic (Hoppe 1983, Sommville 1984) activity is
present in oceanic samples, and some marine bacteria
possess cell surface and periplasmic aminopeptidases
(Hollibaugh & Azam 1983, Sommville & Billen 1983,
Vives Rego et al. 1985, Azam & Cho 1987, Martinez &
Azam 1993). Polymeric carbohydrates can actually be
utilised at high rates by natural assemblages of marine
bacteria grown in chemostats (Hagstrom et al. 1984).
Evidently, there must be bacteria that are very capable
of degrading high molecular weight substances. It is
presently unclear which bacteria are responsible for
these activities, but in conjunction with the postulated
solubilising activity of (attached) epibacteria (Hol-
libaugh & Azam 1983, Azam & Cho 1987, Cho & Azam
1988, Smith et al. 1992) it is most likely that these cells
play a crucial role in the initial breakdown process,
and less so in the scavenging of dilute monomers.

By fractionating DOC pools, it was recently demon-
strated (Amon & Benner 1994) that high molecular
weight DOC compounds (M, > 1000; high C/N ratios,
primarily carbohydrates) are utilised more completely
and more rapidly than low molecular weight com-
pounds (low C/N ratios, primarily amino acids) in sea-
water incubations. The outcome of such studies
should, however intriguing, be carefully interpreted.
Uptake studies with incubated seawater samples,
especially when amended with inorganic nitrogen and
phosphate and incubated for long periods (1 wk), as in
this experiment, are prone to significant error due to
the outgrowth and eventual dominance of an insignifi-
cant subpopulation of the original community.

2. EVIDENCE FOR OLIGOTROPHIC BACTERIA:
THE PUZZLE

2.1. Copiotrophs versus oligotrophs

The dimension and permanent character of the phe-
nomenon of growth limitation in nature has resulted in
special life strategies. Two such strategies are recog-
nised by ecologists (Andrews & Harris 1986). Evidence
for their existence in micro-organisms was obtained
via competition studies in chemostats (Veldkamp et al.
1984, Jannasch & Egli 1993). At low substrate concen-
trations, r (growth rate)-selected organisms that grow
rapidly at low population densities are outcompeted by
K (carrying capacity)-selected organisms that are well
adapted tc nutrient depletion. r-strategists have short
bursting growth phases and a tendency to produce
resting-stage cells, whereas the K-strategists grow
slowly but have the ability to capture low levels of
nutrients (Andrews & Harris 1986).

Classically, soil microflora is devided into ‘zymoge-
nous' and ‘autochthonous' bacteria (Winogradsky
1949). The allochthonous zymogenous bacteria effec-
tuate a rapid but incomplete degradation of organic
material, thereby dispersing low concentrations of
metabolic products (see also Kuznetsov et al. 1979).
The larger population of slowly growing autoch-
thonous, or indigenous, bacteria brings about the
degradation of dispersed residual and more stable
compounds. In aquatic microbiology, Winogradsky's
division was adopted with slight modifications in ter-
minology over the years. Zymogenous bacteria are
currently called ‘copiotrophs’ (Poindexter 1981, Fry
1990), which is analogous to 'saprophytes’ (Kuznetsov
et al. 1979), ‘eutrophs’ (Yanagita et al. 1978, Martin &
MacLeod 1984, Ishida et al. 1986) and 'heterotrophs’
(Akagi et al. 1980). Autochthonous bacteria are called
‘oligotrophs’ (Poindexter 1981, Fry 1990), although
‘oligocarbophiles’ (Moaledj 1978), 'low-nutrient (LN)
bacteria’ (Carlucci & Shimp 1974), ‘low K bacteria’
(Baxter & Sieburth 1984) or 'DNB (dilute nutrient
broth) organisms’ (Kasahara & Hattori 1991) may also
be encountered in the literature. The use of the various
terms for the 2 groups is mainly determined by
whether the authors belong to the Russian, German,
Anglo-American or Japanese 'school’

There is a confusing variety of definitions for olig-
otrophic bacteria (see Table 1). Some researchers
define oligotrophs as organisms able to grow at nutri-
ent concentrations of 5 mg C 1I"! but not at concentra-
tions of 7.5 g C 1! (Yanagita et al. 1978). Others define
oligotrophs as those bacteria that are able to grow on
media with 1 to 15 mg C 1"! as well as on media with a
higher nutrient content (Kuznetsov et al. 1979). Ishida
et al. (1986) call such organisms facultative oligotrophs
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Table 1. Defimtions used to characterise oligotrophic bactena
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Definition

‘Oligotrophic bacteria are heterotrophic bacteria capable of growth in the presence of
organic nutrients equivalent to 16.8 mg C 1"

‘Bacteria capable of growth on unamended BWA (agar-solidified Chesapeake Bay water)’

‘Ohgocarbophilic bactena are capable to grow on media containing only minerals, and
they meet their carbon and energy requirements from trace amounts of organic
substances |...] found in the air.’

‘A trophic group of bacteria that can grow only in the presence of a minor amount of
nutrilites and not in the presence of a large amount .’

'Those [bacteria] that develop at the first cultivation on media with the minimal content
of organic matter of about 1-15 mg C/1 and that grow on such media at subsequent
recultivation though they can grow on richer media.’

‘Organisms that grow in media containing organic matter at a concentration of 1 mg

C per litre. [...]. Obligate oligotrophs may decrease in number or disappear with the
onset of man-made eutrophication, facultative oligotrophs can tolerate or rapidly adapt
to the higher concentrations of organic substances.’

‘Oligotrophic bacteria can [...] be conceived of as those whose survival in nature depends
on their ability to multiply in habitats of low nutrient fluxes (approaching zero to a fraction
of a mg Crlitre/day).’

‘Bacteria which grow at substrate concentrations of less than 1 mg carbon 171’

'Bacteria that can be isolated on a low-nutrient medium (unsupplemented
Bushnell Haas agar) and that are restricted to growth at low nutrient concentrations.’

‘Oligotrophs are defined as those organisms known to be able not only to survive but
particularly to multiply under conditions of extremely low and often discontinuous
supply of nutrients. In other words, organisms adapted to low and irregular fluxes

of substrates.’

‘Obligately oligotrophic bacteria are capable of growth in SF107* (0.2 mg C I!)
but not in SF107! {200 mg C 1"y’

‘Among oligotrophs we tentatively define the obligate oligotroph as an organism
which does not grow in rich {200 mg C/1} media, and the facultative oligotroph as
an organism which grows in not only poor (0.2 mg C/1} but also rich media.’

‘Oligotrophic bacteria can broadly be defined as organisms that grow on low
concentrations of organic substrates’ Obligate oligotrophs cannot grow at substrate
concentrations above 6 g C 17!

'... oligotrophic micro-organisms are prokaryotic and eukaryotic organisms
that are evolutionarily adapted to exploit ecological niches characterised by
low substrate concentrations and low energy fluxes. Oligotrophs, [...]

may develop in rich as well as in poor environments [....]."

‘Oligotrophic isolates are defined as bacteria capable of growth on OEMS agar (0.4 mg C 1"!).’

Source

Akagi et al. {1977)

Mallory et al. (1977}
Moaledj (1978)

Yanagita et al. (1978)

Kuznetsov et al. (1979)

Ishida & Kadota (1981)

Poindexter (1981)

Ishida et al. {1982)
Horowitz et al. (1983)

Van Gemerden &
Kuenen (1984)

Ishida et al. (1986)

[shida et al. (1989)

Upton & Nedwell (1989)
Fry {1990)

Semenov (1991)

(see also Yanagita et al. 1978), as opposed to obligate
oligotrophs that cannot grow at substrate concentra-
tions above 0.3 g C I"!. Horowitz et al. (1983) postu-
lated the term euryheterotroph for facultative olig-
otrophic bactenia and Baxter & Sieburth (1984)
replaced ‘facultative oligotroph’ by ‘eurytroph’. The
confusion on the proper definition is strengthened by
the fact that some researchers use the term oligotroph
only for those organisms that are restricted to growth
on low nutrient media, while others employ the term to
broadly speak about both the obligate and facultative
oligotrophs. Whether there is a single characteristic for

‘oligotrophic bacteria’ thus strongly depends on its def-
inition. A general characteristic of oligotrophs, and one
that is currently used in all definitions, is the ability to
grow in low nutrient media (0.2 to 16.8 mg C1"%). But is
this truly such a remarkable characteristic?

In the ocean’s euphotic zone, food often comes in
waves (Mopper & Lindroth 1982, Harvey 1983) and the
availability is short lasting. In river-outflow regions, or
during senescence of massive phytoplankton spring
blooms, conditions may actually be eutrophic. By defi-
nition such regions are characterised by a more than
50-fold higher nutrient flux than that in oligotrophic
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regions (Poindexter 1981). Yet, rapid growth of bacte-
ria and consumption of substrates will again result in
low steady state substrate concentrations and growth
limitation. Therefore, eutrophic environments select
temporarily for K-strategists when nutrients become
depleted (Andrews & Harris 1986). The fluctuations in
nutrient availability in the ocean and the presence of
microniches result in the coexistence of copiotrophic
and oligotrophic bacteria in an oligotrophic environ-
ment. Therefore, the r/K-selection concept is not com-
pletely synonymous with the copiotrophic/oligotrophic
concept (Andrews & Harris 1986), and this is probably
the reason why the 1/K-strategy concept has not been
broadly adopted in marine microbiology. The reason
why a broad division of bacterial phenotypes is never-
theless so deeply rooted in marine microbiology
largely stems from the unculturability of the bacteria
present and the presumed sensitivity of these bacteria
to high carbon concentrations. But whether the ocean
indeed contains large numbers of obligately olig-
otrophic bacteria has never been conclusively demon-
strated.

2.2. Unculturability on agar media

As the exact substrate requirements of heterotrophic
marine bacteria are not known, media for their isola-
tion are usually composed of complex mixtures of
organic substrates. Some of the most commonly
applied isolation media are listed in Table 2. Hetero-
trophic plate counts generally indicate that less than
0.1% of the population observed by direct microscopy
can grow on these media (ZoBell 1941, Jannasch &
Jones 1959, Kogure et al. 1980, Van Es & Meyer-Reil
1982, Poindexter & Leadbetter 1986, Roszak & Colwell
1987, Austin 1988).

The reason why only low numbers of colonies
develop on agar plates after inoculation with marine or
other environmental samples can be attributed to sev-
eral factors. A few of these deserve special attention.
(1) The first reason may be the inactivation of cells by
other cells in their immediate vicinity, resulting in only
a few colonies sufficiently separated from each other.
This possibility was clearly demonstrated by Pratt &
Reynolds (1974). (2) Another reason may be that some
bacteria may not be able to grow on the substrate or
the combination of substrates provided. Much work
has been done to optimise growth media (ZoBell 1941,
Buck 1974, 1979, Simidu 1974), mostly without signifi-
cant improvements in culturability. Particular substrate
imbalances of the medium relative to cellular require-
ments together with limited metabolic regulatory abil-
ities of the cells may impede growth. (3) The induction
of the lytic cycle of temperate phages upon improve-

ment of the nutritional status of the cell could also
serve as an explanation. In one study (Heldal & Brat-
bak 1991), up to 14 % of the bacteria in seawater con-
tained mature virus particles! If these numbers repre-
sent infection rates with virulent bacteriophage, the
number of bacteria that is infected with temperate
(lysogenic) bacteriophage may be even higher, since
the latter type is more common (Heldal & Bratbak
1991). This subject is still largely unexplored, though
of obvious importance. Button and co-workers (Button
et al. 1993, Schut et al. 1993) observed the deleterious
effect of viruses on the development of bacterial cul-
tures in dilution cultures from natural seawater (see
below). Rehnstam et al. (1993) also suggested that
phage infection can lead to differences in culturability

(see below). (4) Substrate may be suitable, but present
at too high a concentration (Jannasch & Jones 1959).
This argument in general provides the basis for study-
ing the phenomenon of obligate oligotrophy. The pre-
sumed existence of obligate oligotrophs is a most fasci-
nating controversy in marine microbiology (Martin &
MacLeod 1984, Ishida et al. 1989, Eguchi & Ishida
1990y).

2.3. Oligotrophic isolates: a contradiction in terms

According to the definition for oligotrophic bacteria
by Kuznetsov et al. (1979), the organic carbon content
of only 2 media in Table 2 (LN and BM/SAS) is suffi-
ciently low to allow growth of such cells, i.e. containing
less than 15 mg C 1! in the form of amended sub-
strates. In the remainder, the total amount of carbona-
ceous compounds is at least 1000-fold higher than that
in natural seawater. Although ‘oligotrophic’ substrate
concentrations in the isolation medium can result in
higher heterotrophic plate counts, the improvement in
culturability is only marginal (Ishida et al. 1989). Possi-
bly, the substrate concentrations are still too high to
permit sustained growth.

Many so-called oligotrophs have been isolated on
agar with low (mg) additions of organic carbon, or on-
agar-solidified unamended water samples. The agar
itself, however, contains several hundred mg of utilis-
able sugars and amino acids 1" (Akagi et al. 1977, Bax-
ter & Sieburth 1984, Schut et al. 1993). As demon-
strated by Button et al. (1993), growth of marine
bacteria in a liquid medium consisting solely of filtered
autoclaved seawater was completely prevented by the
addition of 5 mg C 1"'. Other investigations have also
reported that more that 99 % of the indigenous seawa-
ter population did not grow in the presence of mil-
ligram quantities of added substrates (Akagi et al.
1977, Eguchi & Kawai 1992). Milligram additions of
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organic carbon to seawater should thus not be made if
dominant cells are to be obtained and the use of agar is
for this reason undesirable. Moreover, the truly olig-
otrophic character of most isolates obtained on agar
surfaces can thus be questioned. At first glance, nat-
ural seawater solidified with washed agar, as used in
the BM/SAS medium of Carlucci et al. (1986), seems a
proper isolation medium for naturally occurring
marine bacteria. But in practice, such seawater-agar
media did not significantly improve the culturability of
the bacterioplankton. Altogether, the applicability of
these plates should be questioned. Results from Li &
Dickie (1985) indicated that the maximum number of
cells that developed in 20 ml of unamended natural
seawater was approximately 20 x 10° For cells of
indigenous cell-volume, this is equivalent to approxi-
mately 10 microcolonies with a diameter of only
0.02 mm on an agar plate with solidified unamended
seawater, provided that the cells extract every utilis-
able substrate molecule from that plate. This may
serve to indicate that solid media are not suitable for
the 1solation of indigenous marine bacteria.

To bypass the problem of agar contamination, Akagi
et al. (1977) developed a glass-fibre/Nuclepore filter
technique to obtain colonies on a solid surface while
nutrients were absorbed from dilute media (16.8 mg C
I"!, consisting primarily of peptone). The number of
(oligotrophic) colonies thus obtained varied between
10" and 10° ml™! of seawater from oceanic regions and
between 10% to 10* ml™! of seawater from coastal areas.
Total bacterial counts were not given, but assuming
the usually observed values of 10" to 10° ml"! and 10° to
107 ml™! for oceanic and coastal samples, respectively,
the results indicate that the culturability increased only
slightly by using this method. It must be noted that the
glass-fibre/Nuclepore filters were transferred to agar
in order to obtain visible colonies. The method there-
[ore did not ensure oligotrophic conditions throughout
the experiment and the result should be interpreted
accordingly. Yanagita et al. (1978) used approximately
the same filter method and found similar results. In any
case, if oligotrophic bacteria exist as a dominant popu-
lation in seawater, their growth will effectively be sup-
pressed at 16.8 mg peptone-C I"! using such pro-
cedures. Recently, Bianchi & Guiliano (1996), using
epifluorescence microscopy for the detection of ultra-
microcolonies grown on the surface of 0.2 pm polycar-
bonate membranes, found viability values often
exceeding 20% in samples from the Mediterranean.
An unexpected finding was that counts on membranes
incubated on nutrient-rich media correlated better to
the total direct counts than those obtained from nutri-
ent-depleted incubations (2216 marine agar or 10 x
diluted Akagi LN medium-soaked cellulose pads,
respectively; see Table 2). The highest number of

viable cell counts was obtained when using una-
mended filtered seawater as MPN dilution medium.

Even synthetic seawater media that are prepared in
the laboratory contain significant amounts of organic
carbon compounds. These compounds will come from
the dissolved salts or from the contaminated laboratory
air. Furthermore, if trace metals and inorganic nutri-
ents, such as phosphorus, are applied in amounts suffi-
cient for the development of bacterial colonies on
plates, organic chelators are required to prevent the
complexation of these nutrients. Truly low-nutrient,
synthetic seawater media are therefore difficult to pre-
pare. In fact, natural seawater itself represents the
ideal low-nutrient growth environment for marine bac-
teria.

2.4. The search for the obligate oligotroph

The documentation that exists on obligate olig-
otrophs isolated from natural systems is very limited
and ambiguous. The most important reports will be
addressed in some detail in order to properly evaluate
the available results. Ishida & Kadota (1981) reported
the presence of obligate oligotrophs in Lake Biwa,
Japan. This study is often referred to in communica-
tions on oligotrophy. However, the applied method
contains a number of pitfalls not always recognised.
The investigators used a '"C-MPN technique to de-
monstrate the increase in cell numbers in cultures
grown at different trypticase/yeast extract (TY) con-
centrations (0.55 to 5500 mg 17! substrates; trypticase:
yeast extract, 10:1). Growth was defined as the pres-
ence of “C-labelled material in an MPN tube that
could be retained on a 0.22 pm Millipore filter (an MPN
tube contained 0.5 mg 17! trypticase plus 64 nM 'C-
glutamate). After incubation, the highest TY concen-
tration yielded fewer positive MPN tubes than lower
TY concentrations and it was concluded that this was
due to the presence of lower cell densities in the high
nutrient cultures. As a result, the authors concluded
that the organisms behaved as obligate oligotrophs.

A number of potential problems with this method
should be considered. (1) Since not individual cells but
14C.containing particles were counted, the enumera-
tion of cell populations was circumstantial and pre-
sents no direct evidence of whether cellular growth
had occurred or not. (2) The possibility that growth
cessation actually occurred during enumeration in
MPN tubes and not in the TY tubes cannot be
excluded. Cells from media with high TY concentra-
tions were confronted with a double shift in nutrient
availability whereas cells from low-nutrient media
underwent no such shifts. (3) The maximum cell den-
sity of the cultures with 0.55 mg of added substrates 17!
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Lib-X
(Baross
et al.
1974)

C-P medium
(Carlucci &
Shimp
1974)

BM/SAS
medium
(Carlucci et
al. 1986)

LN medium
(Akagi
et al.
1980)

PPES Il
(Akagi
et al.
1977)

MG medium
(Novitsky
& Morita

1977, 1978)

Table 2 (continued)

PPES 11
(Martin &
MacLeod

1984)
{mod. Akagi
et al. 1977)

1941)

2216E
(Zobell

C medium
(Simidu
1974)
(mod.
Lyman &
Fleming)
0.025

1.15
0.5 ml

V medium
(Nystréom
et al. 1986)
(mod. art.
seaw. DSM
handbook)

Compound
Tween 80
Trace elements
Vitamins

TES

was only 2.5 x 10° ml™’, which, together with the
reported cell dimensions (0.17 x 0.75 um or 0.016 pm?)
corresponds to approximately 1.4 g C 1"! and a carbon
assimilation efficiency of only 0.25%. This implies that
apparently the medium provided no proper growth
environment for these bacteria in the first place.

In later studies (Ishida et al. 1986, Eguchi & Ishida
1990} a slight modification of the *C-MPN method was
used. In order to evaluate obligately oligotrophic
growth from direct incubation of seawater samples, 2
different media were used (ST10™* and ST10°! with
0.55 mg 1"} and 0.55 g I"! substrate, respectively) with
TY at a ratio of 10:1. Growth in ST10"! was scored by
turbidity, and growth in ST107* was scored as 'C-
accumulation after 4 wk. Such uptake abilities again
do not necessarily reflect growth. In a more recent
study, the C-MPN method was abandoned, and
growth in ST107* was scored by individual epifluores-
cence microscopic observations of the MPN tubes
(Yoshinaga et al. 1991, Eguchi & Kawai 1992). On aver-
age 80 % of the obtained cultures from pelagic waters
consisted of obligate oligotrophs, but the total number
of obtained cultures resulted from growth of between
0.03 and 0.25% of the total number of cells present in
the original sample. While the authors concluded that
the predominant cells in the investigated pelagic
waters were obligately oligotrophic, a more appropri-
ate conclusion might have been that most cells were
unable to grow under the given conditions. No pub-
lished results on the cultures thus obtained are yet
available (Yoshinaga et al. 1991).

- - - 1000 ml
900 ml - 1000 ml 1000 ml -
1000 ml - _
- - - - 33.0
15 15 15 15 12
(washed) (washed)

1000 m]
12

1000 ml
15

2.5. Lack of evidence for the existence of
obligate oligotrophs

Have any obligate oligotrophs been isolated at all?
The isolation of obligate cligotrophs has been claimed
by several authors (Yanagita et al. 1978, Ishida &
Kadota 1981, Fry 1990). Ishida & Kadota (1981)
obtained 18 obligate oligotrophs from lake water that
could not grow on an agar surface. The ‘strains’ were
obtained by successive dilution purification, and as
such do not represent truly pure cultures. Fry (1990)
described an obligately oligotrophic Pseudomonas sp.
WOO1, which did not grow at total carbon concentra-
tions above 6 g C I'. This is not the kind of obligate
oligotroph that is unable to grow on unsupplemented
seawater agar media and Nuclepore filters soaked in
low nutrient (mg C 1"!') media. Mallory et al. (1977)
investigated the taxonomy of isolates from Chesa-
peake Bay that had low maximum growth rates on
unsupplemented seawater agar (1.8 % agar). Although
such cells were called oligotrophic, they are beyond
the scope of this discussion for the reasons mentioned

1000 ml
15

1000 ml

1000 ml
15

seawater
Rila Marine salts

Aged seawater
Charcoal treated
Agar

Distilled water
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above. For the same reason, the isolates obtained by
Yanagita et al. (1978) as well as the marine Vibriosp. of
Baxter & Sieburth (1984) that showed cell rupture at
high glucose concentrations as the result of excessive
intracellular polymer accumulation lack ecological sig-
nificance in this respect. MacDonell & Hood (1982)
enriched filterable bacteria from an estuary in complex
broth (Lib-X). Of the 27 enrichment cultures, 24 could
initially not be grown on full-strength broths, including
marine 2216 broth (3 g C 1°'). After an adaptation
period, consisting of repeated subcultivation of an
enrichment culture on ‘dilute’ agar medium (BHES,
3.7 g brain heart infusion 17!), single colonies were
obtained, indicating transformation from the obligate
to the facultative oligotrophic phenotype. Nutrient
conditioning was accompanied by an increase in ceil
size. No follow-up studies on these organisms have
been reported.

Several Vibrio strains have been shown to produce
cells with obligately oligotrophic properties after pro-
gressive low-nutrient conditioning (Hood & MacDonell
1987). This was established by subculturing the strains
in medium containing half the amount of carbon of the
previous growth condition (from 3 g C 1"! down to
approx. 1.5 mg C I'!). The strains produced 0.4 pm-
filterable cells. Around 80 to 90% of these filterable
cells consisted of facultatively oligotrophic cells,
whereas 10 to 20% of the cells exhibited distinctly ob-
ligately oligotrophic properties. Interestingly, Yanagita
et al. (1978) have reported the isolation of an obligately
oligotrophic Escherichia coli mutant obtained by UV
irradiation. For obligate oligotrophy to be meaningful
in relation to the unculturability of autochthonous bac-
teria, growth inhibition should be notable below the
concentrations employed in the glass-fibre filter tech-
nique by Akagi et al. (1977) as discussed above.
Growth inhibition at several grams of carbon 1"! is of no
significance in relation to the natural situation.

From the above it should be concluded that (1)
organisms with the nutrient sensitivity that is believed
to exist in indigenous bacteria have never been
obtained in pure culture, (2) no obligately oligotrophic
species of bacteria are known to date, and (3) obligate
oligotrophy has never been demonstrated to represent
a 'stable’ phenotype. The isolates and cultures that
have been obtained either represent an infinitesimal
fraction of the total planktonic population or can be
cultivated on media on which planktonic bacteria
refuse to grow. An interesting exception to this is
formed by the isolates obtained of Rehnstam et al.
(1993) that constituted a dominant part of the popula-
tion as determined by 16S rRNA probing. The majority
of these cells could not form colonies on the agar
medium employed when attempting their direct isola-
tion from the seawater. This inability was explained by

a low plating efficiency, possibly as a result of phage
infection. Indeed, such cells may appear as ‘obligate
oligotrophs'’

Nevertheless, obligate oligotrophy, as the impair-
ment of growth at elevated substrate concentrations,
does appear to exist as a state in which cells can occur.
Hence, ‘obligate oligotrophy’ can, at present, best be
understood as a transient characteristic only observed
in cells that are taken directly from an extremely sub-
strate-limited natural environment (MacDonell & Hood
1982, Button et al. 1993, Schut et al. 1993) or that are
gradually adapted to low-nutrient conditions (Hood &
MacDonell 1987). Whether the use of the term obligate
Is appropriate in this context is disputable. Statements
about the 'obligately oligotrophic' nature of autochtho-
nous ndrine bacteria or the characterisiics of ‘olig-
otrophic’' bacteria in general are at this stage at least
premature. Since sufficiently high cell densities are
required for detailed physiological studies, truly ‘oblig-
ately oligotrophic' marine bacteria cannot (yet) be ade-
quately investigated.

3. OLIGOTROPHS, COPIOTROPHS AND
UNCULTURABILITY: THE CLUES

3.1. Adaptability: facultative oligotrophs

Long before the low-nutrient isolation media came
into fashion, it was established that bacteria currently
termed ‘copiotrophic’ were able to grow in media with
additions of glucose or peptone as low as 0.1 mg I'!
(ZoBell & Grant 1943). The copiotrophs Pseudomonas
aeruginosa and Aeromonas hydrophila can grow in tap
water supplied with microgram quantities of organic
carbon I"! (Van der Kooij et al. 1980, 1982}, and should
according to definitions be considered oligotrophic
(Ohta & Taniguchi 1988). All Enterobacteriaceae and
most known pathogenic bacteria should be considered
copiotrophic, yet ‘oligotrophs' can be isolated from
clinical samples (Tada et al. 1995). Also, copiotrophs
form the majority of marine isolates. Based on their
physiological response to nutrient limitation these
organisms appear to be well adapted to growth under
oligotrophic conditions (Gottschal 1990). As such they
could in this respect be equally successful in the ocean
as oligotrophic bacteria. Starvation regimes (Mardén
et al. 1987), continuous nutrient limitation (Collins et
al. 1976, Hofle 1984) and growth at various substrate
concentrations (Ishida et al. 1982) have been shown to
alter the kinetics of substrate uptake significantly,
thereby allowing organisms to capture nutrients more
effectively at low concentrations.

Martin & MacLeod (1984) have performed a series of
experiments on oligotrophic and copiotrophic strains
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which very clearly illustrate the limitation of the defin-
ition of oligotrophic growth. The facultatively olig-
otrophic spp. O-81 and 486 were compared to the copi-
otrophic spp. RP-250 and RP-303. All 4 strains were
previously isolated and characterised (Akagi et al
1977, 1980). The results of the study by Martin &
MacLeod (1984) showed that the oligotrophs produced
turbid cultures on 10 mg "' of peptone, whereas the
copiotrophs did not. This confirmed earlier statements
by Akagi et al. (1980) on the copiotrophic nature of
strains RP-250 and RP-303. However, this distinction
disappeared when peptone was replaced by amino
acids or fatty acids as single carbon sources, indicating
that the oligotrophic traits depended on the nature of
the available substrates.

Employing low and high nutrient media, numerous
facultatively oligotrophic bacteria (Moaledj 1978) and
copiotrophic bacteria (Witzel et al. 1982) were iso-
lated from the eutrophic Lake Plulsee, Germany, on
the 2 plate types respectively. Among the oligotrophic
isolates were several strains of Hyphomicrobium
and Caulobacter, 2 well-known oligotrophic genera
(Moaledj 1978, Poindexter 1981), as well as many Vib-
rio strains (Moaledj 1978). Cluster analysis was used to
separate the 2 groups on the basis of various physio-
logical, morphological and biochemical characteristics
(Witzel et al. 1982). It was concluded from these and
other studies that, in general, species isolated on low-
nutrient media differ from those isolated on high-
nutrient media (Jannasch 1967, Witzel et al. 1982,
Horowitz et al. 1983) and they generally exhibit lower
maximum specific growth rates (Mallory et al. 1977).
Furthermore, some species are better adapted to low
nutrient conditions than others, as demonstrated by
competition studies in chemostat (Veldkamp et al.
1984). Apart from that, there is insufficient evidence to
permit a sharp division into oligotrophic species and
copiotrophic species solely on the basis of growth abil-
ities at various substrate concentrations. Oligotrophs
can lose their ability to grow on low-nutrient media,
thus becoming copiotrophs (Akagi et al. 1980). This,
together with other findings on the ability of organisms
to adapt to low and high nutrient concentrations, indi-
cates that the ‘trophic’ characteristics of bacteria are by
no means static parameters. A general division among
bacteria on the basis of growth (in)abilities is therefore
unfounded, particularly when differences between
individual cells in pure cultures can exist (Hood &
MacDonell 1987).

Definitions may only have a right to exist when used
in the context of the physiological state of the bac-
terium. Whether an organism is able to acquire a cer-
tain state may indeed depend on its general life-strat-
egy. 'Obligate oligotrophy’ upon first cultivation of
bacteria from natural habitats is a well-documented

phenomenon. An (obligately) oligotrophic cell could
be (temporarily?) conditioned to high-nutrient situa-
tions and vice versa. Such conditioning can involve the
expression of cryptic genes that code for so far unused
proteins. Cryptic genes are reactivated by mutation,
but can eventually be lost (Hall et al. 1984, Li 1984). In
this context, the small genome size of pelagic bacteria
(Fuhrman & Azam 1982, Schut et al. 1993) may be the
result of the loss of disused genomic material. Apart
from the fact that this would also result in cells of small
size (Stouthamer & Kooijman 1993), it could result in
the loss of metabolic traits, e.g. regulatory mecha-
nisms. So, although a certain level of adaptability is a
quality native to all bacteria, some niches may be more
demanding than others and speciation will occur at dif-
ferent rates.

3.2. Starvation and VBNC cells

The opinion exists that bacteria in the ocean are
starved and do not grow (Morita 1985) or that at least
they do not continuously (Kjelleberg et al. 1987). The
experimental data that have led to these conclusions
are mainly derived from studies involving the starva-
tion survival response of copiotrophs. Most of the
marine copiotrophic isolates that have thus far been
investigated possess this starvation-survival strategy
(Morita 1982, Amy & Morita 1983). There is a wealth of
information with respect to the different strategies that
organisms exhibit to prolong survival during starvation
and the subject is well documented in various reviews
(Dawes 1976, Morita 1982, 1985, 1988, Kjelleberg et al.
1987, Roszak & Colwell 1987, Matin et al. 1989,
Kaprelyants et al. 1993).

The decrease in viable cell count based on the ability
to form colonies is one of the most obvious characteris-
tics of the starvation-survival response. But, although
this ability is lost, responsiveness to exogenous sub-
strates is generally still present and counts of metabol-
ically active cells are considerably higher than cultur-
able counts. In such cases, cells are called dormant
(Kaprelyants et al. 1993) or ‘viable but nonculturable
(VBNC)' (Roszak & Colwell 1987). This issue was
recently reviewed (Kaprelyants et al. 1993, Oliver
1993). Dormancy is observed in starved cultures of
many copiotrophic bacteria (Calcott & Postgate 1972,
Postgate 1976, Reichardt & Morita 1982, Xu et al. 1982,
Amy & Morita 1983, Baker et al. 1983, Kurath & Morita
1983, Roszak et al. 1984, Rollins & Colwell 1986,
Barcina et al. 1989, Byrd & Colwell 1990, Nilsson et al.
1991, Oliver et al. 1991, Kaprelyants & Kell 1993,
Preyer & Oliver 1993).

The occurrence of VBNC cells in oceanic waters has
been correlated with unculturability of indigenous
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bacteria (Oliver 1993). These cells are, by definition,
‘incapable [of growth] on a medium normally support-
ing growth of that cell'. Such a formulation is, clearly,
entirely based on laboratory data. It is presently clear
that there is a relationship between starvation-survival
and VBNC cells, but whether such cells play an impor-
tant role in the open ocean has not been conclusively
demonstrated (Oliver 1993). Yet, nonculturability of
starved cultures and the unculturability of bacteria in
seawater samples (ZoBell 1941, Jannasch & Jones
1959, Kogure et al. 1980, Van Es & Meyer-Reil 1982,
Poindexter & Leadbetter 1986, Roszak & Colwell 1987,
Austin 1988) together with the fact that in situ meta-
bolic activity has been demonstrated in most indige-
nous cells (Meyer-Reil 1978, Zimmerman et al. 1978,
Kogure et al. 1675, 1980, Tabor & Neihof 1982, 1984,
Douglas et al. 1987, Rodriguez et al. 1992) have led to
the assumption that bacteria in the ocean are ‘dormant’
but not dead (Stevenson 1978, Morita 1985).

Not only does the presence of dormant cells have
important consequences for public health (i.e. poten-
tially pathogenic bacteria) (Xu et al. 1982, Rollins &
Colwell 1986), large-scale dormancy will also have
great implications for the population dynamics of
marine bacteria. Flagellates and ciliates consume
small bacteria at significantly lower rates than larger
bacteria, albeit with a difference in clearance rate of
only a factor of 2 to 4 (Gonzalez et al. 1990). As a result,
the autochthonous predatory population will eventu-
ally eliminate non-growing bacteria (McCambridge &
McMeekin 1981, Anderson et al. 1983). Therefore, dor-
mancy as the basic physiological state of marine bacte-
ria implies that ‘pockets’ of increased growth activity
must exist that provide a steady supply of (dormant)
cells. Such places may indeed be represented by nutri-
tious aggregates, implying that epibacteria grow con-
siderably faster than free-living cells. Although such
‘breeding chambers' are likely to exist as a strategy in
the life-cycle of copiotrophic cells in oligotrophic envi-
ronments, the strategies and characteristics of truly
low-nutrient-adapted dominant marine bacteria may
be very different.

3.3. Ultramicrobacteria from a new perspective

As early as 1952, Oppenheimer (1952) found that
some bacteria in seawater could pass through a
0.45 pm membrane filter. These observations were
confirmed by other researchers (Anderson & Heffer-
nan 1965, Hobbie et al. 1977, Tabor et al. 1981) and
extended to 0.2 pm membrane filters (MacDonell &
Hood 1982). The occurrence of 0.45 um-filterable bac-
teria in groundwater has also been reported (Shirey &
Bissonnette 1991). Field studies have revealed that

more than half (Watson et al. 1977) of the total bacter-
ial population in seawater may consist of such "ultrami-
crobacteria’ as they were soon called (Torrella &
Morita 1981) and their abundance was correlated with
low nutrient concentrations (Hood & MacDonell 1987).
Although many indigenous bacteria will pass a
0.45 um filter, few can pass a 0.2 pm polycarbonate fil-
ter, and virtually none of the cells are able to pass a
0.22 pm cellulose-nitrate filter, which, due to a chan-
nel-like pore-morphology, acts differently from the
sieve-like polycarbonate filters. Given the fact that
0.2 pm polycarbonate filters also contain larger pores
due to overlapping, most individual bacterioplankton
cells are potentially able to pass such filters. Using
nominal filter pore-sizes for the definition of ultra-
microbacteria is therefore not very practical. Since
most cells are smaller than 0.1 pm?® in cell volume
(diameter < 0.3 pm) (Bjernsen 1986, Lee & Fuhrman
1987, Borsheim et al. 1990, Nagata & Watanabe 1990),
a better cell-size definition for ultramicrobacteria, and
one that we propose, would consider a cell-volume of
less than 0.1 ym? typical of such cells. This definition
incorporates an important aspect of small cells: their
low volume.

A characteristic starvation response known to occur
in most bacterial isolates is miniaturisation of the cells
(Morita 1985) as a result of which the surface to vol-
ume ratio is increased. Many bacteria tend to 'round
up' during starvation (Tabor et al. 1981, Baker et al.
1983), and form spheroplasts (Reichardt & Morita
1982), ‘dwarf’ cells (Dawson et al. 1981), ‘round bod-
ies’ (Felter et al. 1969) or ‘ultramicrocells’ (Hood &
MacDonell 1987). Interestingly, the cell size of starved
marine isolates is comparable to that of the indige-
nous marine bacterioplankton (Novitsky & Morita
1976, 1977, 1978, Moyer & Morita 1989). The addition
of nutrients to seawater samples results in the emer-
gence of large cells, or an increase in mean cell vol-
ume, and an increase in nutrient uptake rates {Wright
1978). Several investigations have demonstrated that
some filterable (ultramicro)bacteria from seawater can
revert to normal (large)-sized cells of identifiable taxa
when provided with the appropriate nutrients (Ander-
son & Heffernan 1965, Tabor et al. 1981, MacDonell &
Hood 1982). As a result of such studies it was con-
cluded that the small indigenous cells represent
starved forms of known species of bacteria (Stevenson
1978, Morita 1982, 1985, Kjelleberg et al. 1987, Ros-
zak & Colwell 1987). However, the viable count of fil-
terable (ultramicro)cells, and thus the percentage of
ultramicrobacteria isolated and identified in this way,
was less than 0.01% of the total direct count in the
cases reported (Anderson & Heffernan 1965, Tabor et
al. 1981, MacDonell & Hood 1982). The true nature of
ultramicrobacteria is therefore basically unknown.
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Ultramicrobacteria that do not increase in size upon
the addition of nutrients have frequently been ob-
served (Anderson & Heffernan 1965, Hamilton et al.
1966, Ishida & Kadota 1981, Torrella & Morita 1981),
but, as stated by Kjelleberg et al. (1987), their pres-
ence has largely been ignored. Therefore, the occur-
rence of ultramicrobacteria in the ocean is not neces-
sarily always the result of starvation. Some of the
arguments to support this view are listed below.

(1) Azam & Fuhrman (1984) proposed that dormancy
as an adaptive strategy 1s not eminently necessary for
bacteria in the euphotic zone since the time-frame of
unfavourable conditions is often limited to hours.
(2) Bacteria of ultramicrobacterial size that remain
small when actually growing have been encountered
(Hamilton et al. 1966, Ishida & Kadota 1981, Carlucci et
al. 1987, Gonzalez et al. 1990, Schut et al. 1993).
(3) There is evidence that on a per volume basis, the
smaller cells are much more active than the larger bac-
teria (Fuhrman 1981, Lee & Fuhrman 1987, Button &
Robertson 1989). (4) Short-term starvation in Pseudo-
monas aeruginosa and Streptococcus cremoris results
in rapid equilibration of intracellular and extracellular
amino acid pool concentrations (Kay & Gronlund 1969,
Poolman et al. 1987), whereas in planktonic bacteria
concentration gradients of 10°%-fold are maintained
with ‘normal’ intracellular levels in the millimolar
range (Simon & Azam 1989). (5) From an early compi-
lation of data on bacterial production measured by
thymidine incorporation {Azam & Fuhrman 1984) it
was concluded that in situ growth rates in coastal
regions averaged 0.01 to 0.09 h™! Such values have
also been obtained more recently (Iriberri et al. 1990).
For pelagic regions, bacterial production rates equiva-
lent to in situ growth rates of 0.01 h™! have been
reported (Yoshinaga et al. 1991) and more than 90 % of
this productivity is due to free-living cells (Cho & Azam
1988; see also Section 1.4). Moreover, it has been
shown that in oligotrophic environments, amino acid
incorporation rates (protein synthesis) are significantly
higher than thymidine incorporation rates (DNA syn-
thesis) (Kirchman et al. 1986, Douglas et al. 1987,
Yoshinaga et al. 1991), suggesting unbalanced growth
in the indigenous bacteria. Such discrepancies are not
observed in eutrophic regions (Tabor & Neihof 1982,
Fuhrman & Azam 1982). Thus, macromolecular syn-
thesis in oligotrophic regions does not necessarily coin-
cide with cell division and growth rate measurements
should be interpreted carefully.

In summary, it cannot be concluded that marine
bacteria are inactive. There is also no indication that
they exhibit the greatly reduced activity encountered
in starved or dormant marine bacterial isolates.
Finally, small cells are not necessarily starved.
Growth and metabolism of free-living bacteria in

oligotrophic regions constitute an important global
process.

3.4. Enrichment and isolation of ultramicrobacteria

That naturally occurring marine bacteria are able to
grow in unamended, filtered and autoclaved, natural
seawater (FAS) has long been known (Hamilton & Car-
lucci 1966, Hamilton et al. 1966, Jannasch 1967,
Ammerman et al. 1984, Hagstrom et al. 1984, Li &
Dickie 1985). Since it cannot be excluded that signifi-
cant alterations in the nutritional composition occur
during experimental handling of seawater (Ferguson
et al. 1984), the results of growth experiments with
seawater inocula in FAS provide no real evidence for
the occurrence of growth under natural conditions.
However, conditions are probably as close to natural as
one can get and may be most suitable for the enrich-
ment of dominant cells.

The dilution culture technique described by Button
et al. (1993) and Schut et al. (1993) presents a suitable
method to obtain such enrichments. A relatively large
fraction, typically close to 50 %, of the indigenous pop-
ulation was able to grow in dilution tubes that con-
tained FAS (Button et al. 1993). Besides the 'mormal’,
large bacteria, very small bacteria with small genomes
grow in such dilution tubes. These ultramicrobacteria,
which are typical representatives of the indigenous,
free-living seawater bacteria, are outgrown by larger,
fast-growing cells if the number of inoculated cells in
such tubes is too high, i.e. if the dilution factor is too
low. Generally, dilution factors that result in inocula of
approximately 2 cells per tube are optimal to obtain
sufficient tubes that contain bacterial cultures while
preventing outgrowth of atypically large bacteria.

None of the cultures enriched via this dilution-cul-
ture technique and containing ultramicrobacteria
could be cultivated directly onto nutrient-rich agar
media. The larger, fast-growing cells that developed
principally in ‘low dilution or high cell-density in-
oculum' cultures grew readily on such media. During
the early stages of cultivation and subcultivation,
ultramicrobacteria could only be cultivated in FAS, or
in synthetic seawater containing less than 1 mg
amended substrate C 17'. According to the definition
of Ishida et al. (1989) in Table 1, the ultramicrobacte-
ria should be considered obligately oligotrophic, and
the larger cells as facultatively oligotrophic. Most
interestingly, storage of stationary phase cultures of
ultramicrobacteria for several months at 5°C triggered
a process by which the cells developed the ability to
grow on high-nutrient media, transforming the cells
into facultative oligotrophs (Schut et al. 1993). At pre-
sent, the nature of this transformation is unclear.
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Since almost every individual cell within such starved
dilution cultures was able to develop colonies on high-
nutrient media, a unique mutation is not a likely ex-
planation. Nor can it easily be explained by regrowth
of a few cells that used the nutrients released by mori-
bund or dead cells (Oliver 1993) since this would have
resulted in lower cell densities upon transformation
(considering that no alteration in cell volume was
observed). This isolation procedure for dominant
marine (ultramicro)bacteria, including the starvation
step, was shown to be fully reproducible with samples
from North Sea water.

What mechanism could then serve as an explanation
for this transition? We believe that the complete adap-
tation or conditioning of the cells to their low-nutrient
cnvirenment may hold the answer Strain RB2256
(Schut et al. 1993), one of the ultramicrobacteria iso-
lated by this dilution culture technique and tentatively
identified as a marine Sphingomonas sp. (Schut 1994,
Schut unpubl.), was investigated in more detail (Schut
1994, Schut et al. 1995). Although no marked differ-
ence in substrate uptake affinity for either alanine or
glucose was found between cells of this strain grown
under nutrient-limitation or in batch culture, a general
decrease in the substrate uptake affinity of glucose
(Schut 1994) and alanine (authors unpubl. obs.) oc-
curred during starvation. Most interestingly, Sphingo-
monas sp. strain RB2256 was found to be almost com-
pletely unable to grow on high-nutrient, complex agar
media when grown under substrate limitation in
chemostat (Schut 1994, Equchi et al. 1996). Although
such observations have also been reported for Cyto-
phaga johnsonae (Hofle 1983, Van Gemerden & Kue-
nen 1984), the extent of the phenomenon in Sphingo-
monas sp. strain RB2256 is orders of magnitude larger
than in bacteria investigated thus far. The spread-plate
viability of glucose-limited cells is often below 0.01 %
on high-nutrient complex media. On low-nutrient com-
plex media and on high-nutrient defined (glucose)
media, however, cells are readily culturable. This may
be analogous to the observation of Martin & MacLeod
(1984; see Section 3.1) that the ability to utilise sub-
strates at specific concentrations strongly depends on
whether substrates are supplied as single substrate or
as complex mixtures.

While high substrate affinities are believed to pre-
vent growth of bacteria at high substrate concentra-
tions through a mechanism named ‘substrate acceler-
ated death’ (Hofle 1984), a lowering of the uptake
affinity may prevent this from happening. If this also
results in the ability of cells to grow on high-nutrient,
complex media, an obligately oligotrophic phenotype
may be a side-effect of the possession of stupendous
substrate affinities. Sphingomonas sp. strain RB2256
has just that!

4. THE BLUEPRINT FOR DOMINANT
MARINE BACTERIA

4.1. General response to nutrient limitation

In 1979 the Dahlem conference on 'life under condi-
tions of low nutrient concentrations’ resulted in a list of
physiological and morphological characteristics that
would suit a typical oligotrophic bacterium (Hirsch et
al. 1979). This ‘'model oligotroph’ was the blueprint for
a bacterium that would contain the ‘state of the art’
machinery to cope with the open oceans’ environmen-
tal conditions. Since that time, much physiological
work has been done, mainly in chemostats in which
the level and type of nutrient limitation could be con-
trolled. It is important to note that almost all such work
was performed with ‘copiotrophic’ bacteria.

The normal physiological response to nutrient limita-
tion found in most bacteria investigated in such studies
include (1) an economisation in the use of the limiting
nutrient, {2) an increase in the rate of initial metabo-
lism, or (3) an increase in the nutrient uptake capacity
(Harder & Dijkhuizen 1982, 1983, Harder et al. 1984).
The first reaction requires reduction of those metabolic
fluxes that lead to metabolites containing the limiting
nutrient and results in a change in chemical composi-
tion of the cell. The second response requires dere-
pression of the synthesis of catabolic enzymes. The
half-saturation constant of many of these enzymes for
their substrate is in the millimolar range. This low
affinity can be compensated by higher activities, or
higher concentrations, of the catabolic enzymes in-
volved in the initial metabolism. In this way, low intra-
cellular concentrations of accumulated substrate can
still be metabolised at high rates. Alternatively, high-
affinity catabolic enzymes may be synthesised (Harder
et al. 1984, and references therein). The third response
to nutrient limitation involves changes in the trans-
porter properties. Synthesis of transport systems can
be increased so that more substrate binding sites are
formed. This increases the chance of an actual collision
between substrate and transporter molecule (Button
1993). Alternatively, induction of high affinity systems
with lower affinity constants may occur.

4.2. Mechanisms of substrate accumulation

Cytosolic pool concentrations of metabolites in
actively growing cells are generally in the millimolar
range, while ambient concentrations of substrates in
nature are in the micro- to nanomolar range. Many
substrates are therefore accumulated into the cell
against an enormous concentration gradient. The free
energy of ATP hydrolysis can concentrate solutes
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against a 10°-fold gradient (Konings et al. 1989). An
important advantage of these systems is that they are
unidirectional, in contrast to proton-motive-force (pmf)
driven systems that can function in both directions
(Konings et al. 1989). This means that substrate accu-
mulation levels are better retained in the absence of
metabolic energy, which has important consequences
for cells in oligotrophic environments that live on the
verge of starvation. In most copiotrophic cells investi-
gated, a rapid dissipation of the pmf is observed upon
exhaustion of energy resources (Konings & Veldkamp
1983, Poolman et al. 1987). If uptake of important
energy-generating substrates would solely depend on
the presence of a pmf, the organism would most prob-
ably die even when substrates eventually become
available (Konings & Veldkamp 1983). One group of
transport ATP-ases is composed of binding-protein-
dependent transport systems (Higgins et al. 1990).
These protein complexes are typically formed by a
periplasmic substrate-binding protein and 3 mem-
brane-bound components. Binding-protein-dependent
transport systems have been found for many different
substrates and in many marine bacteria (Furlong
1987). Oligotrophic bacteria would most likely possess
this type of substrate transporter.

4.3. Uptake kinetics and mixed substrate utilisation

Whereas the maximum attainable accumulation
level of substrates in cells can be predicted from ther-
modynamic formulations, predictions on growth rates
are largely based on kinetic formulations that were
empirically derived (Monod 1950). Whether substrates
are taken up at rates sufficient for growth depends on
the kinetic parameters of all enzymes involved and on
the amount of substrate required per unit biomass
(Button 1985, 1991). Apart from the association rate
between external substrate and transporter binding
site, which in oligotrophic habitats will largely depend
on the concentration of these sites on the cell surface,
the rate at which the substrate is passed on to interior
pools, and thus the rate at which the transport system
is ready to bind a new substrate molecule, is crucial
{Button 1991).

Uptake and assimilation kinetics can be described
by the traditional Michaelis-Menten relationship

v = (Vmax X Aout)/(Kt + Acu)

in which v is the specific uptake rate expressed per
unit of biomass, Vipay 1s the maximum specific uptake
rate at saturating [A], A, is the external substrate con-
centration, and K, is the whole-cell Michaelis constant
for transport. The initial slope of the v/A,, curve
expresses the capacity of an organism to effectively

capture and utilise substrates from dilute suspension
and equals Vi,,,/K;. Thus, the ability of an organism to
capture a given substrate at very low concentrations,
while accumulating it at sufficient rates to allow for
growth, depends on both the maximum attainable rate
and the half-saturation constant (Button 1991).

It should be noted that the half-saturation constant
for substrate uptake alone gives no information as to
whether that substrate is accumulated at sufficient
rates. Generally little attention is paid to this fact in
studies on the kinetic properties of marine bacteria.
Carlucci et al. (1986) proposed that oligotrophs should
have K-values below 10 g C I"!. However, if this
results in infinitesimal rates of uptake, growth will be
so slow that maintenance requirements cannot even be
met (see strain LN-155; Table 3). The resulting thresh-
old concentrations of external substrate that are
required by indigenous marine bacteria are not
known. For known bacterial isolates, these values can
range from <0.03 to 18 g of substrate 17! and can
strongly depend on the presence of other utilisable
substrates (Law & Button 1977, Button 1985). Table 3
summarises the growth abilities of some marine bacte-
ria at external substrate concentrations of 1 g 1I"!. In the
calculation of the doubling time, f;, maintenance re-
quirements are not accounted for.

In order to conserve protein, oligotrophic cells may
devote relatively more material to biosynthesis of
transporters than to other functions (Button 1991).
Since the flux of nutrients in oligotrophic habitats is
extremely low, small amounts of cytoplasmic enzymes
can process the nutrients usually accumulated. This
results in a situation where the uptake capacity can by
far exceed the maximum metabolic rate. Considering
that cytoplasmic enzyme levels are fully derepressed
under oligotrophic conditions (Harder & Dijkhuizen
1982, 1983), cytosolic pool levels may become so
excessively high in the case that external substrate
concentrations approach saturation levels for uptake
that impairment of growth is a conceivable conse-
quence (Button 1991). This mechanism may well
explain the observation that marine bacteria are able
to grow at ambient concentrations of nutrients, but not
in the presence of several micromolars of utilisable
substrates (Akagi et al. 1977, Button 1991, Yoshinaga
et al. 1991, Schut et al. 1993). A parallel may be drawn
with the suggested ‘limited elasticity’ of oligotrophic
bacteria (Van Gemerden & Kuenen 1984) due to their
extremely accurate control of the biosynthetic protein
content relative to the amount of membrane (high sur-
face to volume ratio). Whether marine indigenous bac-
teria indeed exhibit such regulatory inabilities is still
unknown, but populations of oligotrophic bacteria are
likely to be very vulnerable to sudden shifts in the
quality and quantity of available nutrients.
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Table 3. Michaelis-Menten constants and calculated in situ doubling times of some bacterial strains isolated from marine sources
{recalculated from Table 5 in Schut et al. 1993)

Organism Substrate
Sphingomonas sp. strain RB2256 DFAAs
Strain GL-7 Glucose
Sphingomonas sp. strain RB2256 Alanine
Serratia marinorubra Glucose
Vibrio sp. S14 Glucose
Corynebacterium sp. 198 Glucose
Pseudomonas sp. 486 Proline
Vibrio sp. S14 Leucine
Sphingomonas sp. strain RB2256 Glucose
Pseudomonas sp. RP-303 Proline
Pseudomonas sp. 486 Glucose
Vibrio sp. ANT-300 Arginine
Alteromonas haloplanktis Alanine
Strain LN-155 Glucose
Pseudomonas sp. RP-303 Glucose

“Michaelis-Menten constants for substrate transport in pM

"Doubling time in hours, days or years, calculated from m = a°,. A, Yy, (see formula 44 in Button 1985). A, was taken as 1
mg glucose 1! (Vaccaro et al. 1968), 1 mg 1! of a single amino acid, and 30 mg "' of dissolved free amino acids {Mopper &
Lindroth 1982, Poulet et al. 1984). Yield was assumed as 1 g cells - g~! substrate, temperature effects and maintenance require-
ments were not accounted for. Values for a’, and V,,,, for the various organisms are presented in Schut et al. (1993)

K2 ty" Source
0.2 12 h Schut et al. {1993)
0.08 5d Hamilton et al. (1966)
1.3 31d Schut et al. (1995)
6.4 51d Hodson & Azam (1979)
4.6 60 d Albertson et al. (1990)
2.67 74 d Button (1985)
0.2 137 d Akagi & Taga (1980)
0.76 215d Mardén et al. (1987)
15 1yr Schut et al. (1995)
1.8 2 yr Akagi & Taga (1980)
13.0 3yr Akagi & Taga (1980)
4.6 9yr Geesey & Morita (1979)
46 9yr Fein & MacLeod (1975}
0.18 27 yr Nissen et al. (1984)
3.6 32yr Akagi & Taga (1980)

4.4. 'Oligotrophic’ qualifications

Several very low K, uptake systems have been found
in marine isolates (Hamilton et al. 1966, Geesey &
Morita 1979, Akagi & Taga 1980, Nissen et al. 1984).
However, the reported V,,,4-values are also generally
so low that specific affinities (Button 1993) are insuffi-
cient to allow growth at realistic generation times in
the ocean at the expense of a single substrate. When
consumed simultaneously, however, the ambient level
of substrates could provide bacteria with enough car-
bon and energy for growth at more realistic rates.

The ability to utilise multiple substrates simultane-
ously under growth-rate-limiting substrate concentra-
tions is a common trait of most known bacterial species
(Harder & Dijkhuizen 1982, Gottschal & Dijkhuizen
1988, Gottschal et al. 1992) and often simply involves the
derepression of uptake and utilisation pathways. In the
marine Pseudomonas sp. strain T2, the presence of
amino acids can enhance the uptake of glucose and
lower its threshold concentrations for growth (Law &
Button 1977). Organisms able to grow in the open ocean
would ideally exhibit simultaneous multiple substrate
utilisation abilities together with a broad substrate spec-
trum. Literature data are not conclusive about the sub-
strate spectrum of oligotrophic bacteria, since both broad
(Upton & Nedwell 1989) and narrow (Eguchi & Ishida
1990) substrate utilisation spectra have been reported
and discussed as being advantageous for oligotrophic
bacteria. Transporter specificity may indeed generally
be lower in oligotrophs (Akagi & Taga 1980).

The new marine isolate Sphingomonas sp. strain
RB2256 (Schut et al. 1993, 1995) exhibits specific
uptake affinities for mixed amino acids that allow for
realistic in situ generation times (Table 3; see also
Schut et al. 1995). The glucose uptake system in this
organism is inducible and exhibits a narrow substrate
specificity. Since half-saturation constants for glucose
were relatively high (between 7 and 74 uM) it is
unlikely that glucose is an important natural growth
substrate for these cells. On the other hand, the alanine
uptake system is constitutively expressed and is bind-
ing protein dependent. In addition to L-alanine, 9 other
amino acids can completely inhibit the accumulation of
[**C]-L-alanine, indicating broad substrate specificity
of the alanine transporter. With half-saturation con-
stants between 1.3 and 1.8 pM and high maximum
attainable uptake rates, RB2256 exhibits the highest
uptake affinity ever reported for alanine (Schut et al.
1995). Simultaneous uptake and utilisation of many
amino acids is possible during growth on alanine and
detailed studies on the utilisation of mixed amino acids
may reveal new insights into how these cells live in
nature. Simultaneous utilisation of glucose and alanine
occurs during substrate-limited growth, as well as dur-
ing batch culture growth at relatively high (mM) sub-
strate concentrations. On the basis of these studies, we
concluded that mixed substrate utilisation is an inher-
ent property of this organism, and that amino acids are
potentially important growth substrates in nature.

Some other characteristics of this bacterium are also
worth studying. For example, cells of Sphingomonas
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Table 4. Summary of characteristics of Sphingomonas sp. strain RB2256 Sp.

strain S14) that have been

Little variation in cell volume (0.05 to 0.09 m?)
Low DNA content (1.0 to 1.7 fg cell™)
Rich in protein (>800 mg ml™" cell volume: >60% vol/vol)

Well adapted to simultaneous substrate utilisation
Potentially able to grow in the ocean at realistic rates
Internal storage of glucose during glucose-limited growth
Extremely stress resistant; both growing and starved cells
Absence of typical starvation-survival response

Isolated by dilution-to-extinction (present in relatively high numbers)

Low rRNA operon number (1 copy; R. Cavicchioli pers. comm.)
Facultatively oligotrophic, obligately oligotrophic upon first cultivation
Constitutive binding-protein-dependent ‘general’ amino acid uptake system
Extremely high alanine uptake affinity with high maximum attainable rates

obtained from the culturable fraction
of seawater are atypical, quite large,
fast-growing organisms that are only
likely to exhibit significant metabolic
activity in coastal eutrophic waters or
when attached to nutritious detritus.
Most of our knowledge on aquatic
and marine bacteria is restricted to
such species that form a numerical
minority in natural populations. But it
1s becoming clear that the marine
bacterioplankton is not dominated

sp. strain RB2256 are extremely resistant to various
stress-inducing agents. High survival rates are ob-
served after heat-shocks of up to 56°C, treatments with
25 mM H,0, and with 20 % ethanol. Most importantly,
there is no marked difference between starved and
actively growing cells, particularly so with chemostat-
grown cells (Eguchi et al. 1996). This, as well as the
lack of miniaturisation, the decrease in substrate
uptake affinity and the rapid decrease in culturability
upon starvation, indicates that this strain lacks the
characteristic starvation-survival pattern and may con-
sequently not be well adapted to such conditions. The
ability of Sphingomonas sp. strain RB2256 to grow on
high-nutrient media is unexpected and may be the
result of adaptation to laboratory conditions. Its inabil-
ity to grow on such media should perhaps be consid-
ered normal, emphasising that VBNC as an anomalous
state of otherwise normal bacteria does not apply to
these cells (Table 4).

The combined traits of Sphingomonas sp. strain
RB2256 strongly suggest that this cell type plays an
important role in the ocean. Characteristics point
towards a free-living (pelagic) life-strategy but molec-
ular techniques will have to prove whether indeed
these cells represent a dominant part of the uncultur-
able fraction of seawater.

5. MOLECULAR CHARACTERISATION OF
MARINE PELAGIC BACTERIA

5.1. The scientific need to cultivate indigenous
marine bacteria

The ‘unculturability’ of marine bacteria has intrigued
scientists for at least half a century (MacLeod 1985).
Solid agar media have proven inadequate to cultivate
the dominant cells in aquatic environments. Isolates
such as Alteromonas haloplanktis (Pseudomonas B-16),
Vibrio sp. strain ANT300 or Vibrio proteolyticus (Vibrio

solely by the y-subclass of Proteobac-
teria to which the 3 above-mentioned
species and most other plate isolates belong (Britschgi
& Giovannoni 1991, Schmidt et al. 1991). Rather, y-sub-
class Proteobacteria seem to selectively dominate
aquatic culturable fractions (Wagner et al. 1993} and
aggregate-attached populations (DeLong et al. 1993).
Although it would be incorrect to dismiss studies on
these bacteria as being non-relevant — these types of
bacteria may be of great importance in solubilising
particulate organic carbon (Cho & Azam 1988) — there
is ample evidence for the presence of large numbers of
new, undiscovered species, mainly of the a-proteobac-
terial lineage that have yet to be isolated, cultivated
and physiologically investigated.

Primarily, this evidence is based on molecular eco-
logical techniques such as the direct extraction of
nucleic acids from the environment. The use of DNA
hybridisation techniques in microbial ecology now
enables researchers to recognise individual cells of
defined taxonomic level in situ (Giovannoni et al. 1988,
Stahl et al. 1988, Amann et al. 1995) even if these bac-
teria have never been cultivated in the laboratory. In
this way, population dynamics can be studied in situ.
The developments in molecular probing look so
promising that they have created the impression of
completely eliminating the need for cultivation in the
future. Already, research on the biodegradation of
xenobiotics, agricultural and food fermentation pro-
cesses, treatment of wastewater and gas, risk assess-
ment of the release of genetically modified micro-
organisms (GMMs) as well as medical microbiological
research benefit greatly from these developments.

Yet, although immunolabels and probes can even be
targeted to specific enzymes and mRNAs, such labels
cannot be developed against targets whose nature is
yet unknown. The enormous natural diversity of micro-
organisms does not easily allow for predictions on how
such probes perform in hitherto unknown organisms.
Therefore, the exact validation of a probe requires
testing under controlled conditions, preferably with
the organism of interest itself and basic insight into the
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physiological properties of bacteria can thus not be
revealed solely by in situ techniques. Autecological
studies in microbiology require the extraction of indi-
vidual strains from their natural environment as pure
cultures before the ecological significance of such a
strain, expressed as its physiological behaviour under
simulated natural conditions, can properly be investi-
gated and understood. Physiological research (still)
requires investigation of high cell-density pure cul-
tures and cultivation of organisms will therefore
always remain necessary especially in conjunction
with molecular in situ probing techniques.

5.2. Diversity of marine bacteria based on
16S rDNA data

The vast amount of data proving that most bacteria
in seawater are active but unculturable (Roszak & Col-
well 1987, Rodriguez et al. 1992) provides an impulse
for the development of alternative methods to investi-
gate the distribution, diversity and physiology of indi-
genous marine bacteria. Soil and freshwater micro-
biologists are confronted with similar problems. The
3300 validly described prokaryotic (non-cyanobacter-
ial) species only represent a tip of the iceberg of the
estimated more than 1 million prokaryotic species that
inhabit our planet (Stackebrandt & Rainey 1995). In
recent years, marine bacterioplankton of various ori-
gins has been characterised phylogenetically based on
16S rRNA sequences (Giovannoni et al. 1990, Britschgi
& Giovannoni 1991, Schmidt et al. 1991). The results
have demonstrated that many bacteria present in sea-
water cannot be assigned to known species. Additional
studies on restriction fragment length polymorphism
(Britschgi & Giovannoni 1991) have revealed that 18 %
of the clones obtained via shotgun-cloning of DNA
extracted from Sargasso Sea water samples belong to a
group of organisms closely related to Roseobacter
denitrificans (formerly Erythrobacter OChl114) and
another 18% belongs to the so-called SAR11 cluster
(Giovannoni et al. 1990). The SAR11 cluster is com-
prised entirely of thus far uncultured bacteria that form
a very deep phylogenetic branch within the o-proteo-
bacterial lineage. Independent investigations have
confirmed the presence of this evidently important and
unique group of bacteria of which only 16S rDNA
sequences are known. Such methods have opened the
way to identification and exploration of marine bacte-
ria. The appearance of the first results on quantitative
analysis by using in situ hybridisation with DNA
probes, necessary to understand the distribution, con-
tribution and role of particular species (Liesack &
Stackebrandt 1992), thus seems only a matter of time.
Knowledge of the phylogenetic affiliation of uncultur-

able bacteria can directly aid in the selection of proper
media for their isolation (Liesack & Stackebrandt 1992,
Wagner et al. 1993), may help in understanding the
phenomenon of unculturability, and set the back-
ground for studying the physiology of indigenous free-
living marine bacteria.

16S rRNA hybridisation probes have proven applica-
ble in many ecosystems such as soil (Hahn et al. 1992),
hot springs (Ward et al. 1990), biofilms (Amann et al.
1992), intestinal tracts (Hensiek et al. 1992), and acti-
vated sludge (Wagner et al. 1993, for a review see
Amann et al. 1995). It was suggested that ultrami-
crobacteria such as Sphingomonas sp. strain RB2256
can attribute between 15 and 35% of the bacterio-
plankton community of Resurrection Bay near Seward,
Alaska, USA (Schut et al. 1993). To test this hypothesis,
fluorescent 16S rRNA-targeted hybridisation probes
were developed for this strain (Schut 1994, Schut
unpubl.). Thus far, none of the wide geographical
range of seawater samples tested with these probes
revealed bacteria with fluorescence signals above the
background level, suggesting either that RB2256 was
not present in these samples or that the ribosome con-
tent of naturally occurring bacteria is too low to reveal
sufficiently high fluorescence signals of (FITC) mono-
labelled probes. Use of non-selective bacterial 16S
rDNA probes indeed indicated the latter to be the case.
Insufficient fluorescent signals from natural popula-
tions of bacteria hybridised in situ with ‘universal’ or
'bacterial’ rRNA-targeted probes have been reported
previously (Hahn et al. 1992, Hicks et al. 1992) and
have been attributed to low intracellular amounts of
16S rRNA molecules as a result of low in situ growth
rates (Kemp et al. 1993, Kerkhof & Ward 1993). To
increase the low signal in natural seawater samples,
we performed PCR amplification of eubacterial 16S
rDNA sequences from extracted ‘community DNA' as
an initial enrichment step followed by Southern
hybridisation with a digoxigenin-labelled version of
the Sphingomonas sp. strain RB2256-specific probe. In
this way, the presence of the target sequence among
16S 1DNA fragments amplified from seawater taken
from the site of isolation of this strain was indeed
demonstrated (Schut 1994), supporting the need for
enhanced fluorescent signals in the future use of fluo-
rescent, whole-cell in situ hybridisation probes in eco-
logical studies. Methods to overcome these technical
limitations have recently been proposed and reviewed
(Amann et al. 1995). By using CCD cameras and digi-
tal image analysis in combination with a universal
probe, Fuhrman et al. (1994) recently obtained distin-
guishable signal from 75 % of the cells in their sample
while about 25% of the population remained indistin-
guishable from background. By this method, they
could demonstrate that Archaea make up 6% of the
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total population present in investigated samples. By
using the same technique, Ramsing et al. (1996) could
detect only half of the DAPI-stained population by uni-
versal 16S rRNA probe-staining.

5.3. Phylogenetic position of ultramicrobacteria,
oligotrophs and marine clones

Molecular evolutionary studies rely on the correct
interpretation of sequence data. Sequence alignment,
choice of sequence regions included in the analysis
and the extent of the reference database are important
factors. The presence of higher order structures
(helices formed by inverse complementary stretches)
helps to establish correct alignment of ribosomal RNAs
of diverse taxonomic origin. This step is crucial since it
determines the quality of phylogenetic trees derived
from sequence data. Whether regions should be
included or excluded from analyses is determined by
the usefulness of their phylogenetic information and
their reliability. Hyper-variable regions may be the
only regions that contain differences when closely
related taxa are analysed. Although their phylogenetic
importance is debatable (Stackebrandt & Rainey 1995),
such regions are still the main targets for the fluores-
cence in situ hybridisation (FISH) probes with which
individual cells can be identified.

It 1s important to point out that classifications based
on metabolic and/or phenetic criteria, while useful for
other reasons, are probably the least suitable for
phylogenetic classification of proteobacteria. This is
because physiological properties have arisen in paral-
lel many times within this phylum (Stackebrandt
1985) and thus provide little or no phylogenetic infor-
mation. Using molecular-based trees in tandem with
physiological data, one can draw general inferences
about the origin of oligotrophy and other physiologi-
cal properties of interest. On the basis of our studies
(Schut 1994), Sphingomonas sp. strain RB2256 shows
no affiliation to the SAR11 cluster of Giovannoni et al.
(1990). Also, 16S probes specific for the SAR11 cluster
did not hybridise to the DNA of Sphingomonas sp.
strain RB2256 (S. J. Giovannoni pers. comm.). Never-
theless, it is to be expected that the physiological
adaptations to growth in the open ocean might be
similar. Such questions can be assessed only after
many more representative pelagic marine bacteria
have been successfully cultured.

So far, few of the seawater isolates show affiliation to
dominant 16S rDNA clones obtained from seawater.
Free-living fractions often seem to be dominated by
SAR11-type bacteria [Giovannoni et al. 1990, Schmidt
et al. 1991, DeLong et al. 1993, see also Mullins et al.
1994 (SAR clones), (POR and PLY clones; Gen Bank

Entry U 13155, unpubl), and Fuhrman et al. 1993
(NH49 and BDA1 clones)} that also seem to be repre-
sented in the seawater sediment (Gen Bank Entry
U 09829, unpubl.). Interestingly, some of the plate iso-
lates obtained by Rehnstam et al. (1993), that some-
times formed a dominant part of the indigenous popu-
lation, were said to be closely related to clone ALO29
of Schmidt et al. {1991), whereas other isolates show
more affiliation to the marine snow associated clone
AGGS50 of DelLong et al. (1993). It is evidently the com-
bination of genetic studies and cultivation experiments
that will create a new vista on the nature of pelagic
marine bacteria in general and their physiological state
under natural conditions in particular.

6. CONCLUDING REMARKS AND UNANSWERED
QUESTIONS

Indigenous marine bacteria are of eminent impor-
tance to global nutrient cycling. Typically, native cells
that are of ultramicrobacterial dimensions appear not
to be associated with aggregates and may have truly
remarkable abilities for substrate capture. In many
respects, they are different from the cells that have
hitherto been isolated from oceanic waters. Their cel-
lular identity, nevertheless, remains largely unknown.
It is recognised that small free-living marine bacteria
are actively metabolising but virtually none of them
have ever been grown in the laboratory. It seems
inevitable that these cells are actively growing in
nature. Although many studies have shown that low
molecular weight substances are taken up and
metabolised by natural seawater samples, it should be
realised that the growth substrates of indigenous bac-
teria are presently not well defined.

Furthermore, it remains unknown why the majority
of indigenous cells cannot be cultivated. The marine
bacteria that have thus far been isolated exhibit great
flexibility to changes in nutrient availability. If this
flexibility forms the basis for their culturability, it may be
reasoned that the majority of marine bacteria cannot
adapt to such changes possibly because they never
really encounter large fluctuations. It is therefore most
conceivable that free-living marine bacteria represent
cells with a remarkably stable ‘low-nutrient-conditioned'’
phenotype. Often, this is perceived as an obligately oligo-
trophic state.

Without attempting to add yet another comprehen-
sive definition of oligotrophy to the long list of existing
definitions, it is perhaps this very lack of flexibility and
short-term adaptability with respect to growth in the
presence of substrate concentrations several-fold higher
than ambient which is most characteristic for the oligo-
trophic way of life.
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Hence, oligotrophy rather represents a set of physio-
logical traits, in many different species, all geared to
efficiently deal with an extremely limited supply of
nutrients, whatever they may be, and within any type
of environment. Formulated in this way, particular
organisms could be oligotrophic with respect to some
nutrients and not to others. Moreover, this may also
imply that certain ‘oligotrophs’ be isolated from ‘eu-
trophic’ environments simply because they are olig-
otrophic with respect to a particular set of nutrients,
poorly available in that particular environment. Of
course then it is not surprising to find that marine
pelagic ecosystems will predominantly harbour micro-
organisms which are oligotrophic for almost any sub-
strate as this would usually reflect precisely the gen-
eral nutrient scarcity in the ocean.

Evidently, agar media are not suited to isolate the
dominant part of the bacterioplankton. Cultivation by
extinction-dilution provides a more reliable method to
obtain cultures of cells that form a numerically impor-
tant fraction of the bacterioplankton population. The
availability of Sphingomonas sp. strain RB2256, iso-
lated by this procedure, may give impetus to the
physiological characterisation of indigenous marine
bacteria. It should be emphasised that such isolates
have accomplished a significant transformation once
able to grow to high cell densities. Such cell densities
bear little or no relevance to the oceanic situation. The
adaptation required for detailed physiological study
masks the original phenotype. This vicious circle has
not yet been broken.

Molecular biological techniques have transformed
microbial ecology into an exciting new multidiscipli-
nary science. However, there is a danger that such
techniques become a research goal in themselves,
thereby limiting the scope of ecological studies. The
high-tech nature of the molecular approach makes the
more conventional ecophysiological approaches look
ancient. However, without the impact of an ‘ancient’
technique like the agar plate isolation procedure,
microbiology would probably never have evolved to its
current status and would experience a hard time mov-
ing forward. The symbiosis of the 2 approaches is the
only feasible way to solve the puzzie of microbial
growth in the ocean.
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