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ABSTRACT: Concentrations a n d bacterial uptake of extracellular dissolved DNA (D-DNA) w e r e followed d u n n g a 2 wk period in 5300 1 mesocosms under natural a n d enriched nutrient conditions in a n
estuary. T h e nutnent addition (21 mg C I-', 6 m g N I-' and 2.3 m g P 1.') caused a 10- to 15-fold increase
of the natural bacterial populations, followed by a rapid decline. D-DNA in the mesocosms varied from
2 to 11 pg I-' Maximum concentrations and uptake rates of D-DNA, determined from the uptake of
[3H]labelledh H ~ n dDNA, coincided with the highest bacterial growth rates. Bacterial u p t a k e of D-DNA
ranged from 0.04 to 0.9 pg I-' h-' Before the nutrient additions, D-DNA was estimated to account for
u p to 6. 8 and 4 6 % of the bacterial C, N a n d P requirements, respectively. Addition of the nutrients
reduced these values to 0.8, 2 and g % , respectively Test of uptake preference by the bacterioplankton
for DNA at different sizes (100, 250 and 569 bp) demonstrated that the smallest DNA fragment was
favoured over the larger fragments Most of the assimilated DNA was incorporated into cell constituents a n d could not b e extracted after treatment xvith tnchloroacetic acid. Our experiments suggest
that D-DNA nlay b e a n important source of nutrients, especially phosphorus, to bacterioplankton.
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INTRODUCTION

DNA and RNA are components of all living material.
During degradation of dead organic matter, nucleotides of DNA and RNA a r e released and taken up by
microorganisms. In aquatic environments the occurrence and the bacterial assimilation of these components, especially DNA, have been studied. In marine waters about half of the pool of dissolved DNA
(D-DNA) appears to be free nucleotides, while the
remaining D-DNA may be in a combined form, e . g , as
viral or colloidal DNA (Jiang & Paul 1995). Addition of
[ 3 ~ ] to~ natural
N ~ water samples has demonstrated
that DNA is readily taken up by bacterioplankton (Paul
et al. 1989). The assimilated nucleotides may be salvaged for synthesis of new DNA (Paul et al. 1988, 1989)
or serve as supplementary nutrients for bacteria (J0rgensen et al. 1993, 1994).In their studies, Jsrgensen et
al. (1993, 1994) found that D-DNA provided up to 5 and
10% of the bacterial carbon and nitrogen require'E-mail: nogl@kvl.dk
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ments, respectively, in batch cultures of marine bacterla. Furthermore, in phosphorus-depleted waters, DDNA may be a valuable source of phosphorus to bacterla (Turk et al. 1992).
In addition to being a potential source of nutrients
a n d nucleotides for new DNA production, D-DNA may
b e involved in recombination or used for the repair of
DNA. Although natural transformation followed by
recombination d u e to gene transfer is believed to be a
frequent event in bacterial con~munities (Lorenz &
Wackernagel 1994), experimental evidence of the
importance of transformation in natural environments
is scarce (Stewart 1992). However, bacterial transformation has recently been demonstrated in natural
environments (Romanowski et al. 1993, Frischer et al.
1994).
The uptake a n d the expression of functional DNA,
e . g . from accidentally released bacteria, depend on
various factors, for example the size of the DNA fragment. The larger the DNA fragment, the more information can be carried a n d the greater the possibility for
production of a functional transformant. If large DNA
fragments are taken u p by the indigenous bacteria at
the same rate as smaller pieces, they consequently represent a more likely carrier of genetic information.
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In this study we present results on incorporation of
D-DNA by natural bacterioplankton in estuarine mesocosms, estimated from the uptake of [%]hHind DNA.
Some of the enclosures were enriched with glucose,
ammonium and phosphate as part of a parallel study in
which survival of a released bacterium (Pseudomonas
fluorescens A g l ) was examined (results reported by
Ahl et al. 1995). In addition to the field experiments,
we studied bacterial incorporation of DNA of 3 different size groups in laboratory experiments.

MATERIAL AND METHODS
Mesocosm studies. The mesocosm experiments were
conducted in enclosures of approximately 5300 l in
Roskilde Fjord in August 1992. Roskilde Fjord is a
eutrophic, shallow (maximum depth 6 m) water body
in Eastern Zealand, Denmark. The saiinity varies
between 10 and 16%0.Water temperatures during the
study periods were 16 to 19°C. For mesocosm studies 6
transparent plastic enclosures (diameter 1.3 m , depth
3 m) were filled with natural fjord water and fixed to a
wooden pontoon bridge (Nybroe et al. 1992). The following experimental setups were made:
(1) Two enclosures (referred to as ENCL +PF) in
which a release of a genetically engineered microorganism was simulated by inoculation with a genetically
unmodified Pseudomonas fluorescens Agl (Ahl et al.
1995).Simultaneously with the inoculation, 325 m1 bacterial growth medium [ingredients per litre: 10 g Tryptone (Difco, Detroit, USA), 4 g glucose, 5 g yeast extract
and 10 g NaCl] was added to each enclosure. In order to
stimulate growth of P. fluorescens in the enclosures,
glucose, NH,+ and PO," were added after 7 d to give
final concentrations of 21 mg C I-', 6 mg N 1-' (or
430 1-IMNH4+)and 2.3 mg P I-' (or 74 PM PO,"), respectively. The molar ratio of the added C, N and P was
23.6:5.8:1
(2) Two enclosures (ENCL +PFS) similar to ENCL
+PF, but the inoculation cultures of Pseudomonas fluorescens were grown repeatedly in seawater at increasing salinity to a final salinity of 14.5%).Simultaneously, the growth medium concentration was reduced
gradually to 0.1 '%.
(3) Control enclosure (ENCL +CNP) to which only
CNP nutrients (same concentrations as in ENCL 1 to 4 )
were added on Days 1 and 8.
(4) Control enclosure (ENCL -CNP) with no additions.
A detailed description of the cultivation of P. fluorescens Agl is given by Ahl et al. (1995).
At intervals of 1 or 2 d water samples from 0.5, 1.5
and 3.0 m depth were collected and mixed. Turnover
rates of dissolved D-DNA were measured in mixed
samples after addition of 1.5 ng of [%]-labelled DNA

(see below) in triplicate 10 m1 water samples. The
samples were incubated at in situ temperature for 4 h.
TWOwater samples, cooled to O°C in an ice bath, containing identical concentrations of [ 3 H ] D Nand
~ incubated for 4 h, served as controls. The incubation was
stopped by filtering the samples through 0.2 pm Poretics filters (Poretics, Livermore, USA). The filters were
rinsed with particle-free (0.2 pm filtered) Roskilde
Fjord water. The radioactivity of the filters was
radioassayed by liquid scintillation counting (LSC).
Previous experiments indicated that formalin-killed
controls as well as standard membrane filters like cellulose nitrate or acetate filters should not be used in
experiments with 3[H]DNA in marine samples. We
experienced very high blanks, probably due to the
binding of thc formalin-treated DNA to the filters (Jargensen et al. 1993). The concentrations of D-DNA in
the enclosures were determined according to Karl &
Baiiiff (1989).
Laboratory studies. In August 1993, laboratory experiments with Roskilde Fjord water were performed
to examine the relation between the molecular sizes of
DNA fragments and bacterial uptake. The experiments
were carried out with fjord water (17%0.18°C) that had
been filtered through 1.0 pm membrane filters (Poretics) to remove organisms other than bacteria The
experiments were done in triplicate, using 100 m1
water when uptake of 569 bp and 250 bp DNA fragments was studied and 50 m1 water for the study of the
uptake of 100 bp DNA fragments. Four subsamples of
4 or 6 m1 were taken after 2, 6, 10 and 24 h (569 and
250 bp) or 2 and 6 h (100 bp) and filtered through
0.2 pm Poretics filters. The available amount of 1.00 bp
DNA allowed only 2 sets of measurements. The filters
were radioassayed by LSC. Time zero samples taken
10 S after addition of the DNA label were treated similarly and served as blanks. Radioactivity of the blanks
was between 40 and 50 dpm.
In order to determine the amount of [%]DNA taken
up that was incorporated in macromolecules, 2 additional subsamples were taken. After filtration through
0.2 vm Poretics filters, 6 m1 of 5 % trichloroacetic acid
(TCA) was added on top of the filters while still
mounted in the filtration funnels. After 5 min of extraction the filters were washed with 20 m1 of 5 % TCA and
radioassayed.
Ambient concentration of D-DNA was determined at
the start of the experiments and after 24 h.
Bacterial cultures. Enterobacter cloacae JP120 (Pedersen & Jacobsen 1993) and Bacillus thunngiensis
PD430 (Damgaard et al. 1996) were propagated at
150 rpm, 30°C in Luria Bertani medium (Sambrook et
al. 1989).
Labelling of DNA. Mesocosm experiments: h-DNA
cut with Hind111 was heat-denatured and labelled with
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[3H]dCTP (Amersham, Birkersd, Denmark) using a
random primed labelling kit (Boehringer Mannheim,
Germany), according to the manufacturer's instructions. Labelled DNA was purified from unincorporated
nucleotides by ethanol precipitation prior to use. By
LSC of excised gel fragments, approximately 85'% of
the labelled DNA fragments were estimated to contain
between 100 and 1500 bp, and approximately 45%
were in the 500 to 100 bp range.
Laboratory experiments: DNA was extracted from
bacterial cultures as described by Brousseau et al.
(1993).In brief: DNA was prepared from a loopf.ul of
bacterial biomass obtained from colonies formed
overnight. The cells were boiled for 10 min in 100 p1 of
sterile water and centrifuged for 10 min at 20000 X g at
5°C. By using the primers PC105 and PC 106 (Table l ) ,
a 569 bp fragment was labelled with [ %]dCTP. Fragments of 100 and 250 bp were generated by PCR (polymerase chain reaction) as one 350 bp fragment using
the primers EC3 and EC6 (Table 1) and subsequently
digested with a restriction enzyme (see below). The
PCR reaction mixture contained 10 p1 of DNA sample,
7.5 p1 of PCR buffer without MgCI2 (Perkin Elmer
Cetus, Birkerad), 4 mM MgC12, 25 ng of each primer
(see Table l ) , 0.2 mM dATP, dTTP, dGTP (Boehringer
Mannheim), 0.04 mM [3H]dCTP (Amersham) and 1 U
AmpliTaq DNA Polymerase Stoffel Fragment (Perkin
Elmer Cetus). The reactlon mixture was adjusted to a
total volume of 75 p1 with sterile water and overlaid
with 2 drops of mineral oil (Perkin Elmer Cetus). Samples were amplified in a DNA thermal cycler (Perkin
Elmer Cetus) using 1 cycle of 6 min denaturation at
94"C, 45 S annealing at 55"C, and 6 min extension at
72°C. After this cycle, 39 cycles of 30 S denaturation at
94"C, 45 sec annealing at 55OC and 1.5 min extension
at 72°C were run, and finally an extension at 72°C was
carried out for 15 min. The fragments were purified by
ethanol precipitation (Sambrook et al. 1989).
The labelled 350 bp fragments were digested for 2 h
with BamHI as recommended by the supplier (Boehringer Mannheiin). The digested sample, now containing 100 bp and 250 bp fragments, and the larger 569 bp
fragments, was separated and purified by electrophoresis on a 2 % SeaKem agarose gel (FMC Bioproducts, Hellerup, Denmark). The gel was stained with

ethidium bromide, the bands were cut out quickly
under UV light and the DNA was eluted from the
agarose pieces by Geneclean'" purification a s recommended by the manufacturer (BIO-101, La Jolla, USA).
Other microbiological parameters. Bacterial production in the enclosures was measured in the mixed
water samples by the incorporation of 50 nM [''Clleucine (B. Riemann unpubl. data) according to Kirchman
et al. (1985) and Simon & Azam (1989). In the laboratory incubation, the incorporation of 100 nM [3H]leucine modified by Jsrgensen (1992) was used. Bacterial
numbers were determined by direct counting after
staining in acridine orange according to Hobbie et al.
(1977).Inorganic nutrients (ammonium, nitrate and ophosphate) were determined by standard autoanalyzer
procedures (Technicon, Tarrytown, USA).

RESULTS AND DISCUSSION

Mesocosm experiments
Bacterial abundance and production
The release of bacteria and medium (enclosure
ENCL +PF and ENCL +PFS) or medium alone (ENCL
+CNP) led to a doubling of the bacterial population
(from 12 to 19-24 X 106 cells ml-') within 1 d (Fig. 1 ) .
The increase was not only due to the release of
P s ~ u d o m o n a sfluorescens A g l , as only 0.5 X 106 cells
m1 ' were added (decreasing to <2 X 103ml-' after 11 d ;
Ahl et al. 1995). Rather, the addition of nutrients together with the bacterial cultures stimulated the
growth of the indigenous bacteria. From bacterial densities of 3.9 and 10 X 106 ml-' on Days 3 to 7, the addition of nutrients on Day 8 caused an increase to up to
140 X lob bacteria ml-' on Day l l (Fig. 1).The nutrient
addition caused a 13-fold (ENCL +PFS) to a 36-fold
increase (ENCL +CNP) of the bacterial density. In the
control enclosure (ENCL -CNP), the bacterial density
varied from 5.1 to 11 X 106cells n~l-'.
The bacterial production was measured by incorporation of [14C]leucinefrom Day 7 to Day 15 in selected enclosures (B.k e m a n n unpubl, data).The production rates
in ENCL +PF and ENCL +CNP varied from about 70 to

Table 1 Sequences of oligonucleotides used in [3H]-labellingof DNA.Template D N A originates from Bacillus thuringiensis
PD430-16or Enterolbacter cloacae JP120
Oligonucleotide

Organism

Sequence

P C 105

B. thuringiensis
B.th uringjen.sjs
E.cloacae
E.cloacae

5' CGC-TAT-CAA-ATG-GAC-CAT-GG
5' GGA-CTA-TTC-CAT-GCT-GTA-CC
5'CTG-GGC-GTA-AGC-AGC-GAT-G
5' GGT-CAG-AGA-GGT-ACC-GAA-ACC

PC106
EC 3
EC 6
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Fig. i aacierldl ~ibundancein the enciosiires. On Day 1 bacteria and medium (ENCL +PF and ENCL +PFS) or only
medium (ENCL +CNP) were added to the enclosures. Enclosure ENCL -CNP was a control and did not receive any additions. Addition of nutrients (glucose, ammonium and phosphate) on Day 8 is indicated. Means * 1 SD shown [n = 4 ,
ENCL +PF and ENCL +PFS (duplicate samples from each
enclosure); n = 3 , ENCL +CNP and ENCL -CNP]

l l 0 0 p g C 1-' d-l, with peaks on Day 9. In the control enclosure, rates from 42 to 177 pg C 1-' d-' were measured.

Concentrations of D-DNA
From Day 1 to Day 7 the concentration of D-DNA in
the enriched enclosures ranged from 2 to 5 pg 1-'
(Fig. 2 ) . After the nutrient addition on Day 8, the concentration of D-DNA increased to ? p g 1-' (ENCL +PF)
a n d 9 to 13 p g 1-' (ENCL +PFS a n d ENCL +CNP). In the
control enclosure, the D-DNA content varied between
2 a n d 5 pg 1-'. The measured D-DNA pools before the
nutrient additions a n d in the control enclosure fall
within concentrations reported for estuarine a n d
coastal waters (DeFlaun et al. 1987, Karl & Bailiff 1989).
The coincidence of large pools of D-DNA a n d a n
increased bacterial growth on Day 9 suggests that the
D-DNA originated from bacterial activity. Actively
dividing cells have been observed to release DNA
(Paul e t al. 1988, Paul & David 1990). T h e maximum DDNA concentrations in the enriched enclosures equaled
2 % of the actual bacterial DNA content, assuming
s
3.5 X 10-l5g c e l l ' (Simon & Azam 1989). T h ~ suggests
that the release of DNA per bacterium was low. We
assume that the D-DNA increase was d u e to a bacterial release, as bacteria dominated the living biomass in
the enclosures on Days 9 to 12. T h e observed densities
of 10' bacteria ml-' corresponded to > l 5 mg C 1-'
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Fig. 2. Ccncentratior. of disso!ued DNA $-DNA! in t h e enclosures. Means & 1 SD shown [n = 6, ENCL +PF and ENCL +PFS
(triplicate samples from each enclosure); n = 3, ENCL +CNP
and ENCL -CNP]

(Kroer e t al. 1994). Heterotrophic nanoflagellate (HNF)
grazing of bacteria may be expected to contribute DDNA. O n most days during the study the abundance of
HNF varied between 2 and 8 X 103 ml-l, but a peak of
17 X l o 3 ml-' was observed on Day 8 (the day after the
nutrient release) (Ahl et al. 1995). The potential predation by HNF was estimated to be about 40 % d-', implying that up to 6 X 101° bacteria 1-' were ingested by
HNF on Day 8. The modest D-DNA Increase relative to
the high bacterial biomass a n d the large number of
cells being grazed after the nutrient addition suggest,
however, that flagellate feeding was not a major
source of D-DNA.

Incorporation of I3H]DNA
Based on turnover times of the added [3H]DNA,bacterial incorporation rates of natural D-DNA in the
enclosures were determined. In the enriched enclosures, highly variable incorporation rates occurred.
From initial mean rates of 0.4 to 0.6 pg 1-' h-', the rate
declined to beiow 0.04 pg i h ' or1 E c i y a 3 cilid 5
(Fig. 3). The lowest rates were below the rates measured in the control enclosure (ENCL -CNP). Here the
incorporation varied from 0.2 to 0.7 pg 1-' h-' during
the entire period. From Day 7, the rates in the enriched
enclosures increased to the level of Day 1, except in
enclosure ENCL +PFS where higher values (up to 1 pg
I-' h-') occurred on Day 9. At the e n d of the experiment
(Day 15), the incorporation rates h a d declined to below
0.2 pg 1-l h-'.
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Fig. 3. Incorporation of D-DNA in the enclosures based on
uptake of added [%]DNA. Means i 1 SD shown [n = 6, ENCL
+PF and ENCL +PFS (triplicate samples from each enclosure);
n = 3, ENCL +CNP and ENCL -CNPI

In the enriched enclosures, turnover times of
I 3 H ] D N ~were 6 to 2 1 h from Days 1 to 3 and from
Days 7 to 11. On the other days, more variable turnover
times of 31 to 267 h occurred. In the control enclosure
ENCL -CNP, turnover times of 5 to 10 h (Days 1 a n d 7
to 15) and 31 to 89 h (Days 2 to 5) were measured. The
average turnover time during the study period in all
enclosures was 47 * 68 h (k 1 SD).
The short turnover times agreed with values (6 to
20 h) previously observed for bacterial DNA and
nucleotides in seawater (Paul et al. 1987, 1989). The
low incorporation rate on Days 3 to 5 caused a dramatic
increase of the turnover time. This coincided with the
30 to 50 % reduction of the D-DNA pool, relative to the
initial concentl-ations (Fig. 2 ) , and may indicate a
change of the composition, the degradability a n d the
production of D-DNA. Possibly the pools of bacterially
available (non-combined) D-DNA were depleted during Days 1 and 2, after which more resistant D-DNA
prevailed on the following days. The highest incorpo-

ration rate coincided with the maximum D-DNA pools
after the nutrient additions and may reflect that newly
produced D-DNA was more easily degradable than DDNA present on Days 3 to 5.
About half of the D-DNA in marine waters may b e
associated with colloids or be viral DNA, resistant to
bacterial attack (Jiang & Paul 1995). Other studies
indicate that coated (viral) DNA can make up from
17% (Weinbauer et al. 1993) to 9 0 % of the D-DNA
(Maruyama et al. 1993). Viral DNA probably contributed to the present D-DNA pools. Observations in
May 1996 showed a virus density of about 2 X 10Hml-'
in the estuary (M. Middelboe pers. comm.), which is
comparable to other marine locations (Hennes & Suttle
1995). Assuming a virus (bactenophage) DNA content
of 0.099 X 10-15g (Reanney & Ackermann 1982), the
viral DNA concentration may b e estimated a s 20 p1 1-l.
This suggests that viruses can m a k e u p a very signifiant proportion of dissolved DNA, apparently exceeding the D-DNA concentrations measured in our enclosures. Obviously more studies a r e needed to determine
the composition and sources of natural D-DNA.
The molecular size of 1 3 H ] D -added
~ ~ ~to the enclosures (85% of the DNA was between 0.1 and 1.5 kbp)
probably represents only a portion of the size spectrum
of natural D-DNA. In different waters, the size distribution of D-DNA has been found to vary from 0.1 to
35 k b p (estuary)and from 0.2 to 14 k b p (oligotrophic locality), with a dominance of the smaller fragments
(DeFlaun et al. 1987). Since our study indicates that
uptake of D-DNA varies with the size of the DNA
fragments [Fig. 4 , discussed below), the turnover rates
measured in the present study may differ from the
actual turnover rate of the total, natural D-DNA pool.

Incorporation of I3H]DNA versus bacterial production
Bacterial DNA incorporation was converted to rates
of carbon, nitrogen a n d phosphorus incorporation and
was related to the bacterial production (measured on
Days 7 to 15 in the ENCL +PF, ENCL +CNP a n d ENCL
-CNP enclosures) (Table 2). In the control enclosure

Table 2. Percentage contribution (measured range) of D-DNA to the bacterial production in the enclosures. All values are based
on incorporation of 1 3 H ] D N relative
~
to bacterial production (measured by incorporation of ['4C]leucine; B. Riemann unpubl.
data). Bacterial carbon production was converted to N and P production assuming a C:N:P ratio of 1:5:35 (Tezuka 1990). For calculation of the C, N and P contribution of incorporated DNA, a C, N and P percentage of 33, 15 and 1 0 % of DNA, respectively,
was assumed (Paul et al. 1988, or calculation of elemental composition from the chemical formulas)
Before CNP addition
ENCL +PF
ENCL +CNP
Carbon
Nitrogen
Phosphorus

0.2-2.2
6.3-7.2
29-38

1.7-3.4
3.8-8.0
17-40

After CNP addition (Days 9 to 12)
ENCL +PF
ENCL +CNP
0.2-0.8
0.5-2.0
2.3-9.3

0.3-0.5
0.7-1.1
3.0-5.0

No addition
ENCL -CNP
2.1-6.4
3.7-8.4
31-46
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a n d in the remaining enclosures before the nutrient
addition on Day 8, the contribution of DNA to the net
bacterial requirements of C, N a n d P was 0.2-6.4,
3.7-8.4 and 17-46'%, respectively. After the addition
of C, N a n d P, the corresponding values were 0.2-0.8.
0.5-2.0 and 2.3-9.3 O/o The results indicate that under
natural nutrient conditions, DNA is a minor source of C
a n d N, but it may provide about one third of the bacterial P requirement.
The reduced uptake of D-DNA after the nutrient
additions may indicate that the bacteria h a d a higher
preference for the added low-molecular-weight nutrients than for D-DNA. Whether glucose, ammonium or
phosphate caused this reduced D-DNA uptake cannot
b e determined from the present results. Sufficient
amoxnts of both nitrogen and phosphorus were present during all of the study period. Initially the concentrations of NH,', NO3- a n d
were about 12, 5 a n d
.
Day i io
i 7 PM, respectively (ddia nui s h o w r ~ )F10111
Day 8, NH,' was reduced to 1 pM,while a 30 to 60 %
reduction of PO," a n d NO3- occurred. After the nutrient addition on Day 8, NH,' a n d P o d 3increased up to
375 a n d 90 pM,respectively. Relative to the added
concentrations of 430 pM (NH4+)a n d 74 p M (PO,"),
there was a large uptake of NH,', but apparently a
release of
The reduction of the added NH,'
(from 430 to 375 pM)may not only be related to biological uptake, as the volume of the enclosures may
have differed from the expected 5300 1, d u e to entrance of water during periods with hlgh waves. NO3r e r n a ~ n e drelatively unchanged in all enclosures after
Day 8. In the control enclosure ENCL -CNP, pools of
NH,', NO3- a n d PO," were 1-14, 11-18 a n d 1-5 pM,
respectively, during the entire period.
The calculated high contribution of D-DNA (17 to
469d) to the bacterial phosphorus demand may reflect
that phosphorus was a major regulating factor for
uptake of D-DNA. Previously, D-DNA has been suggested to be a n important source of phosphorus for
marine bacteria, but mainly in phosphorus-depleted
waters (Turk et al. 1992).The phosphorus content of DDNA typically constitutes a minor portion (about 6 % )
of the pool of dissol.ved organic phosphorus in sea
water (Paul e t al. 1988). The bacterial carbon contribution from D-DNA (0.2 to 6 %) before the nutrient addition and in the control enclosure falls within previous
values obtain.ed with a similar approach (Jorgensen et
al. 1993, 1994, Kroer et al. 1994). Relative to carbon, a
slightly higher contribution was estimated for nitrogen
(4 to 8 % ) in the enclosures. In cultures of marine bacteria, Jorgensen et al. (1994) found that uptake of DDNA was negatively correlated with the avai.lability of
nitrogen. A similar conclusion cannot be made from
the present results, as both bacteria a n d plankton
algae probably took up nitrogen in the enclosures.

Uptake of DNA segments of different sizes
Bacterioplankton from Roskilde Fjord was found to
have a faster uptake of 100 basepair DNA than of 250
and 569 bp DNA (Fig. 4) The added amounts of
["]DNA were 10 pg 1-' (100 and 250 b p DNA) and
29.1 1-19I-' (569 bp DNA). After 6 h of incubation, 76%
of the added 100 bp size DNA was incorporated, compared to only 16 and 14 % of the 250 and 569 b p DNA,
respectively (Fig. 4). After 24 h , 52 a n d 45'% of the
added 250 a n d 569 b p [%]DNA, respectively, was
taken up. The natural D-DNA concentrations were
12.1 to 15.7 pg I-'.
The treatment of the bacteria with TCA after uptake
of 569 b p [ 3 H ] D Nfor
~ 2, 6 and 10 h showed that 1, 2.7
a d 4.3% of the [3Fl] !abe! was extractable (data not
shown). With 100 and 250 bp [ 3 H ] D N ~on
, average
2.9 % (100 bp) and 2.1 % (250 bp) of the DNA could be
exiracied after 2 a n d 6 h, respectively. At the rexairiing incubation times, the TCA-treated samples were
not statistically different from the untreated samples.
Uptake of the 3 DNA segments was estimated to provide between 1 a n d 3 % of the bacterial carbon requirements (based on incorporation of leucine).
The TCA treatment of the bacteria showed that most
of the DNA taken up was readily incorporated into cell
material, although the biochemical reactions involved
remain unknown. Bacterial cells can use nucleic acids
in 3 different processes: transformation, DNA repair
a.nd nutrient uptake. While DNA used as a nutrient
source need not be of any particular length, DNA used
for transformation a n d in DNA repair processes must
meet certain requirements. Transformation a n d DNA

0
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25

T~rne(h)

Fig. 4 . Uptake relative to added 100,250 and 569 b p [%]DNA
111 seawater from the locality of the enclosure experiment.
Concentrations of the added DNA were 10 pg 1.' (100 and
250 bp DNA) a n d 29.1 pg 1.' (569 bp DNA). Means & 1 SD
s h o w n [ n = 4, 100 bp D N A ; n = 6. 250 and 569 bp DNA]
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repair may give the bacterium a selective force under
certain (extreme) conditions, but the ability to use
DNA as a nutrient source is another potentially important selective force under natural conditions. Several
genes involved in the development of competence in
Bacillus subtilis have been shown to be involved in
nutrient uptake (Albano & Dubnau 1989, Albano et al.
1989). If smaller pieces of DNA can be taken up by a
bacterium in a non-specific way, t h ~ smay explain our
observation of a faster uptake of 100 bp DNA relative
to 250 a n d 569 bp pieces.
Uptake of small DNA pieces for nutritional purposes
may not require activation of a n enzyme apparatus like
that needed for large DNA fragments (Albano et al.
1987). However, a 100 bp oligonucleotide corresponds
to about 30000 Da, which is in fact a large molkcule,
and probably represents the upper limit for the trapping of
in the Outer membrane. The
sion limit for saccharides in outer bacterial membrane
vesicles has been found to vary from 600 Da (in Salmonella typhimurium) to 10000 Da (Pseudomonas aeruginosa PAO1) (Hancock & Nikaido 1978). Assuming that
molecular sizes of DNA and saccharides are comparable, 100 bp pieces of DNA appear to b e among the
largest DNA fragments that can pass through a n outer
bacterial membrane. If larger pieces of DNA were to
be used a s nutrition, the uptake would involve specific
transport enzymes or extracellular nucleases.
Binding and transport of large pieces of DNA by
competent bacterial cells has been studied in detail in
Bacillus subtilis. Several of the gene products responsible for competence development in B. subtilis a r e
membrane proteins that have been predicted to be
directly involved in the processing and uptake of DNA
(Hahn et al. 1993, Londono-Vallejo & Dubnau 1994).
Another argument for uptake of DNA has been that
bacterial cells primarily acquire nucleic acids for the
repair of DNA (Michod et al. 1988, Hoelzer & Michod
1991).Thus, B. suhtiljs was found to sustain its culturability after exposure to UV light, if a high concentration
of dissolved B. subtilis DNA was present (Michod et al.
1988). Uptake of dissolved I 3 H ] - D N ~however,
,
was
not induced in growing cultures of B. subtilis a n d
Haemophilus influenza by either exposure to UV light
(causes damage of DNA) or treatment with mitomycin C (Redfield 1993). This observation does not
support the hypothesis that the primary function of
DNA uptake in bacteria is DNA repair (Redfield 1993).
Most work on the fate of D-DNA in bacterial cells has
been done with very f e w bacterial strains, and it is
uncertain whether conclusions derived from these
strains can be applied to natural bacterial communiDNA as a tracer of
ties' The use of
DNA in our study suggests that DNA was used for
nutrition, since h-DNA has no homologies to DNA of
-

-

natural bacterioplankton, a n d thus it cannot b e directly
incorporated into the chromosome

Conclusion
Our experiments denlonstrate that natural bacterioplankton is involved in cycling of U-DNA in aquatic
environments. Although incorporation of the applied
[3H]hHindD N A probably is not identical to that of natural D-DNA, the results suggest that a large portion of
naturally occurring D-DNA can be utilized by bacterioplankton a n d that the assimilated DNA nutritionally
may be a n important source of nutrients, especially
phosphorus, for bacteria.
-

-
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