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ABSTRACT: We used the double-stranded DNA (dsDNA) stain PicoGreen with a microplate fluo-
rometer to measure bacterial abundance, biomass, and growth rates in lake water. PicoGreen fluo-
rescence units (PFU) correlated closely with bacterial abundance measured with acridine orange
direct counts (R? = 0.95 to 0.98) as well as bacterial biomass inferred from image analysis (R? = 0.95 to
0.98) in eutrophic waters. PicoGreen fluorescence increased proportionally with bacterial size, indi-
cating that it was a good indicator of biomass as well as abundance. In oligotrophic Lake Superior,
there was a weaker, but significant (p < 0.05) correlation between PFU and abundance (R? = 0.52) as
well as PFU and biomass (R? = 0.54). Growth rate measurements in bottle cultures showed a similar
relationship, with PFU, abundance, and biomass being more tightly correlated in productive waters
than in oligotrophic waters. Parallel dilution cultures were performed in microplate wells
(nanocosms) and 1 1 bottles. The slope of nanocosm fluorescence to bottle fluorescence was ca 1,
indicating that nanocosms mimicked bacterial abundance and growth in bottle cultures. Preservation
of Escherichia coli with formaldehyde showed that there was an initial loss of dsDNA of about 10 to
15 % with little subsequent loss for 2 wk, indicating that bacteria from growth experiments conducted
in the field could be preserved for subsequent analysis in the laboratory. Bacterial cellular dsDNA
content in 3 Minnesota lakes varied between 0.6 and 6.2 fg cell”' and was highest in the most
eutrophic and most rapidly growing bacterial community, i.e., the more eutrophic lakes. These
results suggest that the PicoGreen method is effective for growth bioassays in systems with moderate
to high levels of bacterial productivity. PicoGreen coupled with a microplate fluorescence reader is a
promising method for determining bacterial biomass and growth rates, especially in meso- to
eutrophic systems.
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INTRODUCTION al.

1985]) enabled measurement of bacterial pro-

A central aspect of aquatic microbial ecology is
bacterial abundance, distribution, and growth. Epiflu-
orescence microscopy is one of the major tools that
enabled quantification of bacterial abundance (Hobbie
et al. 1977), and radioisotopes (primarily *H-thymidine
[Fuhrman & Azam 1982] and *H-leucine [Kirchman et
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ductivity. Counting bacteria with epifluorescence
microscopy is a tedious but necessary step of data col-
lection, and radioisotope methods can be problematic
because of increasing difficulty obtaining permits to
use isotopes at field stations or on ships.

Fluorometry in conjunction with the use of new flu-
orescent stains provides tools for alleviating some of
these problems. Flow cytometry is being increasingly
used in aquatic microbiology to measure picoplankton
abundance and biomass (Yentsch et al. 1983, Button &
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Robertson 1993, Moreiraturcq et al. 1993, Porter et al.
1995), but these instruments are expensive and often
not available to most researchers. Tranvik (1997)
recently used the double-stranded DNA (dsDNA)
stain PicoGreen (Molecular Probes Inc., Eugene, OR,
USA) in combination with a fluorometer to measure
bacterial abundance in lake water and seawater.
Unlike DAPI and acridine orange, PicoGreen can be
used while the microbes remain suspended in solution
because of the high specificity of the dye and the high
sensitivity of the assay (25 pg dsDNA ml! according
to the manufacturer). Furthermore, there is limited
interference from RNA and single-stranded DNA that
may be present in relatively high concentrations in
lake water. In the present study, we showed that
PicoGreen can be used with a microplate fluorescence
reader to quantify bacterial abundance and biomass
and measure growth rates in dilution cultures. Fur-
thermore, this method can easily be used to conduct
limiting nutrient bioassays. With the microplate fluo-
rometer, multiple replicates can be analyzed in a mat-
ter of minutes. Another advantage is that sample vol-
umes are small (<0.2 ml), minimizing the use of
expensive fluorescence reagents.

MATERIALS AND METHODS

We measured bacterial abundance, biomass, and
growth rates in 3 lakes in Minnesota, USA in summer
1999. Lake Owasso is a moderately productive (5 ng
chlorophyll 1!), shallow (10 m maximum depth) lake
and Lake Mitchell is a very eutrophic (>30 pg chloro-
phyll I'Y), shallow (6 m maximum depth) lake (Bid-
danda et al. 2001). Both of these lakes are located
within 10 miles of University of Minnesota's Saint Paul
Campus. Lake Superior is an extremely large
(82350 km?, maximum depth 406 m), oligotrophic lake
(<1 pg chlorophyll I"}; El-Shaarawi & Munawar 1978).
Lake Superior samples were collected from the RV
‘Blue Heron' Stn F (47°03.9'N, 91°25.8' W) and Stn G
(47°02.9'N, 90° 57.3' W) in the western arm of the lake.

Lake water dilution cultures. We examined bacterial
growth by measuring the change in dsDNA with
PicoGreen in 1 1 lake water dilution cultures (Ammer-
man et al. 1984) in the lakes. Lake water cultures were
diluted 1 part <1.0 pm filtered water in 9 parts <0.2 pm
filtered water. All size fractionation was done using 1.0
and 0.2 pm Nuclepore cartridge filters (Biddanda et al.
2001). Microscopic examination of samples before and
after filtration through the 1 pm pore-size filter showed
that >95 % of the total bacterial community passed this
filter in all of the systems, indicating that we were not
removing a significant portion of the initial community
(Biddanda et al. 2001). All cultures were incubated in the

dark for 48 to 106 h at ambient temperatures (26, 22, and
10°C for lakes Owasso, Mitchell, and Superior, respec-
tively). Dilution cultures were performed either with no
nutrients added (control), with 30 uM concentrations of
glucose, 5 pM ammonium, and 0.5 pM phosphate (plus
nutrient treatment) added, or with 5 mg I"! nutrient broth
added (plus NB treatment; Difco). No nutrient broth was
added to Lake Superior cultures because of the ex-
tremely low ambient nutrient concentrations in this lake.

One hundred pl nanocosm cultures were also set up
in black 96-well microplates with an ultra-thin clear
bottom having a total capacity of 200 pl well! (Corning
Costar). A sub-sample of the 1:9 dilutions prepared
above was added to 8 replicate microplate wells and
incubated at ambient temperature in the dark, as in the
dilution bottle experiments. At the completion of the
incubation, PicoGreen reagents were added and fluo-
rescence was measured (see below).

PicoGreen fluorescence measurements. Fresh work-
ing stock was made daily by diluting the PicoGreen
stock solution obtained from Molecular Probes in TE
buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.5) at a con-
centration of 1:200. One hundred pl of sample was
pipetted into 96-well microplates. Eight replicates were
performed, and an 8-channel micropipettor was used
for sample loading. Nanocosms were not sub-sampled
because they were incubated as eight 100 nl sub-sam-
ples already. One hundred pl of PicoGreen working
stock was added to each well, and the plates were incu-
bated in the dark at room temperature for 2 to 5 min.
The samples were then measured in an FL600 Mi-
croplate Fluorescence Reader using KC4 software
(BIO-TEK) with peak excitation at 480 nm and peak
emission at 520 nm. Fluorescence was measured in ar-
bitrary units, PicoGreen fluorescence units (PFU), or
with standard solutions consisting of A DNA (Molecular
Probes) in TE buffer diluted with natural water filtered
twice with 0.2 pm pore-size syringe filters to remove
any particulate dsDNA.

We diluted whole lake water and 1 pm pre-filtered
water with various quantities of particle-free water to
examine the percentage contribution of bacterial
dsDNA to the total seston DNA. We assumed that most
of the particles in the <1 pm size fraction were bacte-
ria. Whole lake water and <1 pm water were diluted
with 0, 50, 70, 80, 90, and 100 % 0.2 pm filtered water
to generate gradients in particle abundance, and
PicoGreen fluorescence was measured as above.

Bacterial abundance, biomass, and growth rates.
Bacterial abundance was measured microscopically at
intervals throughout the incubation. Bacteria were pre-
served with formalin (2% final concentration) and
slides were prepared within 1 d. Samples were stained
with acridine orange or DAPI (Lake Superior), filtered
onto 0.2 pm black polycarbonate filters, and counted by
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Fig. 1. PicoGreen fluorescence (measured in arbitrary
PicoGreen fluorescence units [PFU]) and bacterial abundance
(BA) from direct counts (right y-axis) over time in individual
bioassay incubations in lakes (A) Owasso, (B) Mitchell, and
(C) Superior Stn F. Data are shown for control treatments (no
nutrients added) and nutrient broth (NB) enrichments for
lakes Owasso and Mitchell. In Lake Superior, data from the
enrichment cultures (plus glucose, ammonium, and phos-
phate) are shown because net growth was not observed in the
control treatment

epifluorescence microscopy (Hobbie et al. 1977, Porter
& Feig 1980). A minimum of 10 fields were viewed on
each filter, and a minimum of 250 bacteria were
counted. Growth rate estimates were determined from
bacterial abundance, biomass, or PFU, at 2 successive
time intervals and the equation: [In(B),,; — In(B),]/t,
where Bis bacterial abundance or biomass, xand x+ 1
are successive times, and tis the time interval between
measurements. We used only the exponential portion of
the growth curve, which meant that only 2 to 3 points
were typically used in lakes Owasso and Mitchell, but 3
to 5 points could be used in Lake Superior. Bacterial
biomass was estimated using epifluorescence mi-
croscopy and image analysis. Images were analyzed
using a SPOT digital camera with Image Pro Plus soft-
ware. At least 250 stained bacteria were photographed
and sized for each sample. From cell volume, we esti-
mated cell carbon by converting cell volume to dry
weight using the formula DW = 435 x V%8 where DW
is dry weight in femtograms and V'is cell volume in pm?®

(Loferer-Krossbacher et al. 1998). We converted DW to
carbon by assuming that 50 % of the DW was carbon.
All cells were assumed to be ellipsoidal.

Preservation of cells and PicoGreen fluorescence.
We examined whether cells for PicoGreen assays could
be preserved in formaldehyde before analysis with the
microplate reader. Escherichia coli was grown in a
minimal glucose medium, with 3-(N-morpholino)-
propanesulfonic acid (MOPS; Sigma, 40 mM) buffer, to
an exponentially growing population. The medium
contains glucose and potassium phosphate at concen-
trations of 309 and 5.80 mM, respectively. Escherichia
coli was preserved with 2% formaldehyde, and sub-
samples were read with PicoGreen on Days 0, 1, 3, 6,
10, and 14. dsDNA standards with 2% formalin were
prepared fresh each day using the MOPS buffer.

RESULTS

There was a significant (p < 0.05) correlation be-
tween PFU and bacterial abundance in all of our bioas-
say incubations (Figs 1 & 2). In lakes Owasso and
Mitchell, PFU and bacterial abundance increased in
both incubations with and without nutrients added.
The R? for PFU and bacterial abundance was high in
lakes Owasso and Mitchell (Fig. 2; R? = 0.95 and 0.98,
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Fig. 2. Regressions of PicoGreen fluorescence (in PFU)

against bacterial abundance in dilution cultures for lakes

(A) Owasso and Mitchell, and (B) Lake Superior Stns F and G.

One outlier in Lake Mitchell was not included in the
regression analysis
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Fig. 3. Regressions of PicoGreen fluorescence (in PFU)

against bacterial biomass in dilution cultures for lakes (A)

Owasso and Mitchell, and (B) Lake Superior Stns Fand G (n =

3). One outlier in Lake Mitchell was not included in the
regression analysis

respectively). In Lake Superior,
however, growth rates were sub-

mass growth rates were significantly higher (p > 0.05)
than direct counts estimates. The higher growth rate
estimates with PicoGreen and biomass estimates prob-
ably reflect the fact that both of these measures incor-
porate information about both the abundance and size
of bacteria, whereas the direct counts incorporate only
information on abundance. There was a great deal of
variability in all of the growth rate estimates, especially
in Lake Owasso. There was a tendency for the PFU
estimates to be higher in Lake Superior than estimates
determined by the other 2 methods (Fig. 4).

Growth rate estimates increased in lakes Owasso
and Mitchell with nutrient additions. Growth rate esti-
mates from direct counts in Lake Owasso varied from
ca 0.8 d! in unamended treatments to 4.1 d™! in the
nutrient broth treatment. In Lake Mitchell, growth
rates varied from ca 1.0 d”! in the unamended treat-
ments to 3.1 d”! in the nutrient broth treatment.

We used fluorescence data from the dilution cultures
to estimate dsDNA content of bacteria in dilution cul-
tures (Fig. 5). The mean dsDNA content of bacteria in
Lake Owasso without nutrients added was 3.45 fg
cell't and increased to 3.66 and 6.19 fg cell! in the plus
nutrient and nutrient broth treatments, respectively. In
Lake Mitchell, the mean bacterial dsDNA content was
2.61 fg cell™! without added nutrients, 3.65 fg cell™* in
the plus nutrient treatment, and 5.05 fg cell’! in the
nutrient broth treatment (Fig. 5). Total DNA content
was much lower in Lake Superior cultures (0.6 to 1.81
fg cell™; Fig. 5). The total dsDNA content in the dilu-

stantially lower and more variable.
At Stn F, PFU tracked abundance
with time (R? = 0.57; p < 0.05), simi-
lar to the other 2 lakes, but at Stn G,
there was little correlation between
abundance and PFU (data not
shown).

There was also a strong relation in
dilution cultures from these lakes
between PFU and biomass (Fig. 3;
R? = 0.95 and 0.98 for lakes Owasso
and Mitchell, respectively). How-
ever, in Lake Superior, there was a
weak correlation of PFU with bio-
mass (R? = 0.52) that was, nonethe-
less, significant (p < 0.05).

We compared growth rate esti-
mates from the microplate reader
with direct counts (Fig. 4). Growth
rate estimates from PFU were not
significantly different (paired t-test;
p > 0.05) from biomass growth rate
estimates, but both PFU and bio-
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Fig. 4. Mean growth rates (d™!) measured in bioassays from direct counts (BA)
and PicoGreen fluorescence in (PFU) in lakes Owasso, Mitchell, and Superior.
Lakes Owasso and Mitchell had no nutrients added (Con), defined nutrients
added (+NUTS; organic carbon as glucose, ammonium, and phosphate), or nutri-
ent broth added (+NB). In Lake Superior, either no nutrients (Con) or defined
nutrients were added (+NUTS; organic carbon as glucose, ammonium, and phos-
phate) at Stns F and G. Each growth rate was estimated from 2 to 5
points during exponential growth. Error bars represent 1 SEM (n = 2 to 5)
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tion cultures increased most in dilution cultures where
bacterial biomass also increased, i.e., dilution cultures
with added nutrients in lakes Owasso and Mitchell
(Fig. 6).

In the 100 pl nanocosms, there was a large increase
in PFU from t = 0 to t = 48 h in the 2 eutrophic lakes.
There was a significant (p < 0.05; R? = 0.70) relation
between PFU in bottle cultures and PFU in nanocosms
in these dilution cultures (Fig. 7). The slope of the rela-
tion was not significantly different from 1 (p > 0.05),
indicating that the nanocosms were not biased to
higher or lower measurements than the 1 1 bottle incu-
bations.

To determine whether PicoGreen dsDNA fluores-
cence could be used reliably to estimate bacterial
abundance or biomass in lake water without first filter-
ing it through a 1 pm filter to remove non-bacterial ses-
ton, we diluted Owasso whole lake water and water
that passed a 1 pm pore-size filter with 0.2 pm filtered
water (Fig. 8). There was a strong correlation between
PFU and the fraction of both whole lake water and
<1 pm filtered lake water diluted with particle-free
lake water (R? = 0.94 for whole lake water and R? = 0.98
for <1 pm filtered lake water). However, there was
much more fluorescence in the unfiltered lake water
than in the <1 pm treatment, suggesting that most of
the particulate dsDNA was in non-bacterial particles in
this eutrophic system. Only 26 % of the whole lake
water fluorescence was due to particles <1 pm in this
lake. A similar fractionation study in Lake Superior
showed that there was no detectable difference
between whole lake water and <1 pm filtered water in
dsDNA content, suggesting that most of the DNA was
in the bacterial size fraction (Fig. 8).

Consistent with dilution culture growth rate esti-
mates and the correlation of PFU with biomass, there

was a significant (p < 0.05) correlation of bacterial cell
size with PFU (Fig. 9). This observation showed that
larger cells fluoresce more than smaller cells and that
PFU tracked biomass in our incubations.

We measured the size of individual cells in all 3 lakes
and all 3 treatments (control, + nutrients, and + nutri-
ent broth). The mean size of bacteria in lakes Owasso
and Mitchell was nearly 3 times that of bacteria in
Lake Superior. The mean size in Lake Superior was
only 11 fg cell”! (SE = 0.5), whereas the mean size of
bacteria in lakes Owasso and Mitchell was 36 (SE = 8)
and 31 (SE = 4) fg cell}, respectively.
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Fig. 6. Time-course of double-stranded DNA concentrations

in lakes (A) Owasso, (B) Mitchell, and (C) Superior. Data are

shown for control (no nutrient addition), added defined nutri-

ents (+ Nuts) and nutrient broth addition (+NB). Two stations

(F and G) were sampled in Lake Superior and no nutrient
broth was added



70 Aquat Microb Ecol 25: 65-74, 2001

9,000
A Owasso A
8000 1 | mmitchel
E 7,000 - @ Superior
O 6000 - A
=
g 5,000 y =1.02x - 271
o 4000 - R?=0.70 . )
c Fig. 7. Relation between
2 3,000 . PicoGreen fluorescence (in
2000 PFU) in 1 1 bottles and in
' 0.2 ml nanocosms in lakes
1,000 Owasso and Mitchell (n =
0 3). Values from Lake Supe-
' " ' ' rior (Stns F and G) are near
0 1,000 2,000 3,000 4,000 5,000 6,000 the axes
Bottle PFU
6000 A Lake Owasso /Q the initial content. However, there was no additional
5000 + 5004x + 553 - change in the dsDNA content after the initial de-
= +
LDI_ 4000 y eyl 394 ¢ Unfitered J crease.
o 3000 | g H <10pm
2000 - * y=1::11x+95_1
1000 . _® R°=098 m DISCUSSION
Om 0I8 1 19 One of the revelations of the past 20 yr was the
’ ’ ' ’ ' important role that heterotrophic bacteria play in food
1000 B Lake Superior web structure and function (Porter 1996) as well as bio-
800 + P <1pm geochemical processes (del Giorgio et al. 1997) in
u:)_ 600 - Unfiltered y =298x-18.2 marine and freshwater ecosystems. Furthermore, there
0 400 y =305x-29.8 R;= 0.64 is considerable evidence that bacterioplankton can be
200 | R’=053 _— limited by inorganic as well as organic nutrient avail-
0 | | ability in both freshwater and marine systems (Toolan
0 02 0.4 06 08 1 12 et al. 1991, Coveney & Wetzel 1992, Pomeroy et al.

1995, Tortell et al. 1996, Cotner et al. 1997).
Tranvik (1997) showed the utility of the dsDNA stain
Fig. 8. Size fractionation and dilution of (A) Lake Owasso and PicoGreen to examine bacterial abundance in aquatic

(B) Lake Superior water with pa’rticle-fre(.e (0.2 pm fi}tered] systems rapidly and effectively. Our measurements
lake water. Lake water was either unfiltered or filtered

through a 1 pm pore-size Nuclepore filter and subsequently-
diluted with various quantities of particle-free water (n = 3)

Dilution

5000 45.4x -335
y =45.4x -
4000 - R?=0.80 * ¢
It would be convenient for conducting

PicoGreen growth bioassays if samples could - 3000 - L 4
be preserved for several days before analysis L
in the microplate reader. Bioassays could be 8- 2000
conducted without having to transport the
microplate reader into the field for rapid mea- 1000 1
surements. To determine whether preserved 0 . ‘ [ ‘
samples lose fluorescence with increased 0 20 40 60 80 100 120
preservation time, we added formalin to an
Escherichia coli culture and analyzed the Cell Size (fcheII'1)
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data showed that there was an initial decrease (in PFU) in dilution cultures from lakes Owasso, Mitchell, and
of dsDNA content of ca 10 to 15% relative to Superior
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show that this method can be used for measuring bac-
terial abundance, especially in productive ecosystems,
such as lakes Owasso and Mitchell. Our experiments
also showed that PicoGreen is an effective stain for
measuring biomass changes in dilution cultures and,
when used with a microplate reader, it can save many
hours of preparation and analysis time. Our results
contrast somewhat with those of Tranvik (1997), who
found no correlation of cell-size and cell-specific fluo-
rescence. We found that larger cells did fluoresce more
intensely than smaller cells (Fig. 9). The fact that we
performed our assays in dilution cultures and in 2
eutrophic lakes may explain some of these differences.
Cells that grow rapidly are typically larger than slower
growing cells (see below) and cells tend to be larger
when there are no bacterivores present (Cole et al.
1993). Despite the simplicity and utility of this method,
it is not a substitute for measuring in situ bacterial pro-
duction, as commonly measured with *H-labelled
leucine or thymidine (Kirchman 1993), because of the
long incubation times and removal of bacterial com-
petitors and predators in dilution cultures. Its greatest
utility is likely to be in conducting limiting nutrient or
other types of bioassays.

PicoGreen has many characteristics that make it par-
ticularly useful for quantifying bacterial dsDNA in
aquatic systems. Unlike the Hoechst family of stains, it
does not require UV excitation and is extremely sensi-
tive. Background fluorescence is relatively low and the
signal is enhanced when the stain binds to dsDNA,
which is important when measurements are made in
solution. Once the stain has been added to the sam-
ples, the readings are very stable for 15 to 20 min.
Other dsDNA stains with high fluorescence yields such
as TOTO, TO-PRO, YOYO, and YO-PRO have been
used to quantify bacterial DNA in aquatic systems
using flow cytometry (Li et al. 1995, Marie et al. 1996)
but high background fluorescence can complicate
measurements in solution. Marie et al. (1996) com-
pared the utility of YOYO-1, YO-PRO-1, and Pico-
Green for counting bacteria using flow cytometry and
found optimal results with YOYO-1 and PicoGreen.
The selectivity of PicoGreen for dsDNA over single-
stranded DNA greatly increases the capability of using
it to quantify particulate DNA associated with plank-
tonic organisms, despite the presence of high concen-
trations of dissolved DNA, which can be significant
(Jorgensen et al. 1993). Molecular Probes' product lit-
erature lists the sensitivity of the PicoGreen assay at
25 pg dsDNA ml! and Hoechst, YO-PRO, and YOYO
stains at 500 pg ml™! or greater. The bioassays that we
conducted in lakes Owasso and Mitchell were initiated
at levels well above this detection limit (ca 1 to 2 ng
ml?) and increased to as much as 99 ng ml™}, but in
Lake Superior initial values were near this detection
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Fig. 10. Measured bacterial DNA in an Escherichia coli

culture that was preserved for various lengths of time before

running the PicoGreen assay. The culture was grown

overnight and preserved to 2% final concentration with for-

malin, and the PicoGreen assay was conducted after 0, 1, 3, 6,

and 10 d. Error bars (SE) are smaller than the size of the points
on the figure (n = 3)

limit and never increased above 1.2 ng ml™!, perhaps
complicating measurements in that system (Fig. 5).

What are the disadvantages of the method?
Microplate readers cost about double that of a good
fluorometer but are far less expensive than a flow
cytometer. Perhaps the most important shortcoming
was the relatively low sensitivity of the method for
measuring bacterial growth rates in extremely low
productivity systems like Lake Superior. Although we
found significant correlation of bacterial abundance
and biomass with PFU in Lake Superior, the relation
was not nearly as strong as it was in the eutrophic sys-
tems where we also made these measurements. Low
growth rates, small bacterial cell size, and low DNA
content (Fig. 5) all limit an investigator's ability to use
this bioassay method in highly oligotrophic systems
such as Lake Superior. In Lake Superior, we have been
more successful using RiboGreen (Molecular Probes),
which stains both double-stranded and single-
stranded nucleic acids, for measuring bacterial nucleic
acid content (data not shown).

Another limitation is that dilution cultures are not
‘instantaneous’ measurements. Our dilution cultures
were incubated for 2 to 4 d. Many artifacts can be
introduced into growth assays when experiments are
conducted over such a long period (Sherr et al. 1999).
In a study comparing bacterial activity in incubation
experiments with activity in situ, cell-specific rates
increased nearly an order of magnitude over a ca 1 d
incubation period (Sherr et al. 1999). Nonetheless, in
many cases, dilution cultures have the advantage that
they measure net production rather than gross produc-
tion, as is typically the case in isotope assays. Further-
more, in many cases, dilution cultures may be pre-
ferred to isotope assays because they integrate
production over a longer period. For instance, in our
laboratory, we measure bacterial respiration rates and
calculate bacterial growth efficiency as the quotient of
bacterial production over the sum of bacterial produc-
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tion plus bacterial respiration (Biddanda et al. 2001).
Instantaneous production measurements over the
course of the 2 to 3 d incubations typically required to
measure respiration rates can vary by an order of mag-
nitude or more. It is often ambiguous whether one
should use the initial growth rate, an average growth
rate, or an integration of individual growth rate mea-
surements. In this case, the dilution culture method
automatically provides that integrated measurement.

Viral dsDNA may complicate bacterial dilution
culture bioassays. Presumably some of the signal ob-
served in our cultures may be due to virus particles.
Uncorrected blanks that have been filtered through a
0.2 pm filter are typically about 8000 to 10000 PFU,
suggesting some dsDNA or some other interference in
this small size fraction. However, little dissolved DNA
in marine systems is viral (Jiang & Paul 1995) and some
of the viral DNA is single stranded. Our data (Fig. 9)
indicated that fluorescence is proportional to bacterial
biomass, suggesting that small viral particles would
contribute little to the total signal.

One of the issues that we addressed in this study is
whether growth assays could be conducted in the
microplate wells, i.e., nanocosms, rather than in large
bottles. The advantages of this kind of bioassay are
potentially huge. It minimizes the amount of water that
needs to be filtered because the assay volume required
is so small. Bioassays used to examine the effects of 3
different nutrients (e.g., control, organic carbon, inor-
ganic nitrogen, and phosphorus, for instance) in tripli-
cate 11 bottles require ca 121 of 0.2 pm filtered lake or
seawater and 1.2 1 of 0.8 or 1 pm filtered water. A sim-
ilar bioassay conducted in microplates requires less
than 10 ml. Small sample volume in the microplate
requires correspondingly low quantities of the rela-
tively expensive fluorochrome. A further advantage is
the reduced space that is required to incubate micro-
plates rather than polycarbonate bottles. Factorial-
designed nutrient addition bioassays on a microplate
reader may be conducted in an extremely small
amount of space in an incubator.

In our comparison of nanocosm assays with bottle
assays, we found a strong correlation in the eutrophic
lakes (Fig. 7; R? = 0.70). In these eutrophic systems,
with rapid growth rates, there apparently was little
negative effect of conducting assays in such small
volumes. The fact that the slope of the regression of
fluorescence in bottles versus fluorescence in micro-
plate wells was very nearly 1.0 indicated that the
nanocosms did not significantly overestimate or under-
estimate bacterial biomass in these lakes. However,
nanocosms were not effective in the oligotrophic Lake
Superior cultures. One reason why nanocosms may not
be as effective at measuring growth rates in oligo-
trophic systems is that the long incubations required to

measure growth also increase the amount of time
available for artifacts (such as growth on walls) to com-
plicate measurements.

PicoGreen should not be used in most systems to
measure ambient bacterial biomass without filtration
because a large fraction of the dsDNA is not bacterial,
especially in eutrophic lakes (Fig. 8). In Lake Owasso,
whole lake water contained ca 42 ng DNA 1! and the
bacterial size-fraction contained only 11 pg DNA 171,
However, in Lake Superior most of the dsDNA was in
bacterial-sized particles and, therefore, it may be
expedient to omit the filtration step in this and other
unproductive lakes. Pre-filtration can be used to
remove most, if not all, of the non-bacterial biomass,
but one should be cautious that bacteria are not
removed in the pre-filtration step, as well.

In our study, the differences in percentage bacterial
dsDNA between lakes Owasso and Superior probably
reflect differences in the percentage bacterial biomass
in the 2 systems (Biddanda et al. 2001, Cotner & Bid-
danda unpubl. data). Previous work in Lake Owasso
showed that bacteria (<1 pm size fraction) comprised
15 to 31 % of the total sestonic organic carbon and in
Lake Superior they comprised 46 to 59 % (Biddanda et
al. 2001), consistent with the relative DNA content
reported here. The bacterial dsDNA content measured
in lakes Owasso, Mitchell, and Superior varied from
0.6 to 6.2 fg cell'! in the various nutrient treatments
and controls (Fig. 5), similar to values that have been
measured in other systems. Bacteria typically contain
anywhere from 0.5 to 20 fg of DNA cell'! and it consti-
tutes ca 3 to 9% of cell DWin an average cell (Neid-
hardt et al. 1990). We estimated the carbon content of
bacteria in the 3 systems we studied at 11 to 36 fg
cell"!. Therefore, bacteria in Lake Owasso were about
5% dsDNA and those in lakes Mitchell and Superior
were ca 3 % dsDNA by weight.

Others have found similar dsDNA content in aquatic
bacteria. Tranvik (1997) found a strong correlation
(R? = 0.93) between bacterial abundance and dsDNA
measured with PicoGreen, and the slope suggested a
bacterial DNA content of ca 6 fg cell. In Resurrection
Bay, Alaska the DNA content of bacteria was less than
one-third of that of a starved Pseudomonad culture
(Robertson & Button 1989). In the northern Gulf of
Mexico, bacterial DNA content measured with thiazole
orange was 5.8 fg cell'! (Jeffrey et al. 1996). Also, the
average bacterial DNA content in estuarine, coastal,
and oligotrophic oceanic environments off the south-
west coast of Florida was 5.7 fg cell™* (Paul et al. 1985).
In this study and another (DeFlaun et al. 1986) where
bacterial DNA content in marine systems was mea-
sured with Hoechst 33258, bacterial DNA content
increased in the most productive ecosystems. How-
ever, the proportion of particulate DNA in bacteria



Cotner et al.: PicoGreen measurement of dsDNA 73

relative to other components of the water column actu-
ally decreased in the most eutrophic systems (Paul et
al. 1985, DeFlaun et al. 1986). One study where bacte-
rial DNA was measured across a marine trophic gradi-
ent showed that the <0.8 pm size fraction represented
90 % of the total particulate DNA in oligotrophic Gulf
of Mexico waters but only 20% in more productive
estuaries (Jeffrey et al. 1996), similar to the range we
report here for lakes Owasso and Superior.

Our growth rate measurements in all 3 lakes indi-
cated that direct count-inferred rates were lower than
those determined by PicoGreen and from image analy-
sis. Biomass-inferred rates were similar to or slightly
higher than PicoGreen estimates (Fig. 4). Direct counts
would not account for all of the growth in the cultures
due to increased bacterial size, whereas the biomass
estimates and PicoGreen would. In support of this, in
all of the PicoGreen assays that we conducted, the
fluorescence cell™! at the end of the 2 d assay increased
relative to the initial value. Also, microscopic observa-
tions showed that bacterial size increased with time in
our dilution cultures.

Growth rate has important effects on the composi-
tion of a bacterial cell. As bacterial growth rates in-
crease, DNA content also increases as a function of an
increase in the number of replication forks in the cell
(Chesbro et al. 1990). Our data reflect this relation with
a higher DNA content cell™! in faster growing cells. In
the 3 systems we studied, bacterial dsDNA content was
similar and relatively high in lakes Owasso and
Mitchell, where bacterial growth rates were most rapid
(Fig. 4).

There is promise for using this technique for fine
time scale monitoring of microbial responses to sub-
strates or pollutants. The microplate reader can read a
96-well system in less than a minute, greatly enhanc-
ing our capability to monitor short-term responses such
as lag or growth events in cultures or bioassays. Both
the collection of numerous sub-samples at frequent
intervals and subsequent epifluorescence enumeration
of bacteria in dilution cultures (Ammerman et al. 1984)
would be tedious, if not impossible, to carry out. The
same task can be done with ease by the use of
microplate assays of PicoGreen-stained samples. Both
the number of replicates and the frequency of mea-
surement can be increased substantially at little
increase in cost or time.

In conclusion, we found that the PicoGreen
microplate assay was an effective method for tracking
both bacterial biomass and abundance in dilution cul-
tures. The method was most useful in relatively high
growth rate systems where artifacts due to incubations
are minimized and sensitivity is maximized. In highly
oligotrophic lakes, this method has less utility because
of the slow growth rates and small bacterial biomass.

In the moderately productive systems that constitute
most natural waters of interest, bioassays can be con-
ducted directly in the microplates, increasing potential
treatments, minimizing space requirements in incuba-
tors, and increasing replication. However, similar
experiments should be performed in other systems to
confirm these results.
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