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Abstract

A species-specific bacterial productivity assay, combining radiotracer methods with immunomagnetic bead separation, was
developed and tested in the marine environment. The capture method was optimized using cultures of the marine denitrifying
strain, Pseudomonas stutzeri (ATCC 14 405). Immunocapture was optimal at a bead to target cell ratio of 10:1 using an
indirect antibody technique, in which the target cell is first incubated with specific (primary) polyclonal antiserum and then
with the secondary antibody-coated beads. Primary antibody concentration was less important than target cell concentration
in determining the efficiency of target cell recovery. Reproducible recovery efficiencies of 75% could be obtained using
cultures, but at natural seawater abundance levels, efficiency was much lower, around 20%. Estimates of total heterotrophic
bacterial production and P. stutzeri production, based on radiotracer incorporation, were obtained for seawater samples from

3Monterey Bay, CA. To measure species-specific production, samples were incubated with radiotracers (methyl-[ H]-
14thymidine and [ C]-leucine), fixed, and concentrated. After separating P. stutzeri cells from the bacterial assemblage using

immunomagnetic separation, target cell fraction radioactivity was measured. P. stutzeri abundance, estimated by immuno-
fluorescence, represented less than 0.1% of the total bacterial abundance, whereas radiotracer incorporation by the target
fraction represented 1–3% of the total assemblage tracer incorporation.  1997 Elsevier Science Ireland Ltd.

1. Introduction Metabolic rates of bacterial species have been mea-
sured in pure cultures, but it is not realistic to

Measurement of total bacterial secondary product- extrapolate those results to natural systems when that
ion using radioactively labeled organic substrates same species is part of a larger bacterial assemblage.
[1–4] has become the standard method for evaluating The simplest approach might be to enumerate in-
the role of bacteria in aquatic food webs. This dividual strains present in the natural assemblage and
approach can be used to estimate the productivity of assume that their contribution to production is pro-
the total heterotrophic bacterial assemblage in sea- portional to their numbers. Even this approach is not
water, but it cannot provide information on the usually possible with currently available methods.
contribution of individual species to the overall rates. Thus, with minor exceptions, it has not been possible

to assess the contribution of individual species to
total bacterial abundances nor to bacterially mediated
processes in the environment.

* Antibodies which are specific for individual strainsCorresponding author. Tel.: 11 408 4593171; fax: 11 408
4594882; bbw@cats.ucsc.edu or species offer a basis for species-specific identifica-
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tion, enumeration and, in conjunction with immuno- 2. Materials and Methods
magnetic beads, species-specific productivity esti-
mates. Immunofluorescence has been used to enum- 2.1. Bacterial strains
erate several kinds of biogeochemically important
bacteria in terrestrial, marine and freshwater systems Pseudomonas stutzeri (ATCC 14 405), formerly P.
[5–8]. The same antibodies can be used for bacterial perfectomarina [19], was obtained from the ATCC.
cell separation, for example, using affinity columns TBD-8b, an unidentified marine denitrifier, was
[9] or antibody coated magnetic beads. Originally originally isolated from intertidal sediment from
developed in the medical field for the fractionation of Tomales Bay, California [18]. P. stutzeri and TBD-
specific human blood cells [10], immunomagnetic 8b were grown in a seawater medium containing 5 g

21separation (IMS) has been applied in microbiological carbon (as peptone) l (CP medium; [20]). To
research for the detection and enrichment of selected produce radiolabeled cells for IMS optimization
bacterial species [11–14]. Mammalian antibodies experiments (not for productivity measurements),
confer a high degree of specificity and sensitivity on cells were labeled with radioisotopes during ex-
this approach. Antibodies developed against a whole- ponential growth. P. stutzeri cultures were labeled by
cell antigen (primary antibodies) added to a incubating cells in a solution of diluted CP medium

3heterogeneous cell sample should bind selectively to (1:100) with either 10 nM methyl- H-thymidine
21target cells. Antibodies against the primary antibody (specific activity, 107.8 Ci mmol ; New England

(i.e., secondary antibodies), covalently bound to the Nuclear, Dupont, Wilmington, DE, USA) for 2 h, or
14outside of magnetic microspheres (known as im- 100 nM C(U)-leucine (specific activity, 321.6 mCi

21munomagnetic beads, IMB), can then bind the target mmol ; New England Nuclear) for 30 min. After
cells to the beads. A magnet is then used to separate incubation, cells were washed several times with
and isolate target cells from the sample. phosphate buffered saline (PBS; per liter of distilled

A general description of bacterial activity in the water: 8 g NaCl, 0.2 g KCl, 1.15 g Na HPO , and2 4

water column can be obtained from production 0.2 g KH PO ), and then preserved with formalin2 4
3estimates, based on methods such as [ H]thymidine (37% formaldehyde, buffered with saturated sodium

incorporation into DNA [15] and radiolabeled borate, filtered prior to use, 2% v/v final concen-
leucine incorporation into protein [16]. The present tration).
study employed the dual-label method [17], which
utilizes the simultaneous incorporation of 2.2. Immunomagnetic separation

3 14[ H]thymidine and [ C]leucine to obtain two differ-
ent measures of production. Pseudomonas stutzeri The primary antibody solution was polyclonal
(ATCC 14 405) was chosen as the target bacterium antiserum specific for P. stutzeri [18] which was
for methods development because its metabolism is absorbed with Escherichia coli (to remove non-
not atypical of marine bacteria – it is a heterotrophic, specific interactions) prior to use. IMB (Dynabeads

8 21facultative anaerobe – and because of the availability M-280, 2.8 mm in diameter, 6–7310 beads ml ,
of a well characterized P. stutzeri-specific antiserum with covalently linked sheep anti-rabbit IgG (sec-
[18]. To estimate P. stutzeri production, the entire ondary antibody); Dynal A/S, Oslo, Norway) were
bacterial assemblage was exposed to radiolabeled used to perform the immunomagnetic separation.
substrates and then target cells were separated from In most experiments, samples were first incubated
the assemblage using IMS. with the primary antibody solution (allowing the

This study describes the development and evalua- antiserum to bind to target cells), and then the beads
tion of a method to separate P. stutzeri cells from were added, allowing the antibodies, with cells
seawater, and the use of this technique in conjunc- attached, to bind to the secondary antibody-coated
tion with a standard production assay to estimate P. beads (the indirect technique). A bacterial culture or
stutzeri production in situ. Initial results from a field a concentrated seawater sample was incubated with
study of P. stutzeri relative abundance and relative the primary antiserum (1:100 final dilution) in 1.0 ml
production are also presented. of a 1:1 mixture of PBS–gelatin for 3 h. Gelatin (2%
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21in water, base hydrolyzed at pH 11 and 1208C for 15 ml ) were incubated in PBS–Gel under different
min, neutralized) was used to reduce nonspecific pH conditions (pH 4.0, 7.0, and 10.0). Recovery
binding. All incubations of cells with antiserum, and efficiency was not determined in the pH experiment,
subsequent incubations with IMB, were performed in but the effect of pH was assessed by simply compar-
volumes of 1.0 ml or less in 1.5 ml microcentrifuge ing radioactivity (normalized to cell number) in the
tubes at 158C with continuous, end-over-end rotation. target fraction of each treatment.
After incubation with the primary antibody, excess The effect of bead to cell ratio on P. stutzeri cell
antiserum was removed by washing twice with PBS recovery in pure culture conditions was tested by

14and resuspending cells in 1.0 ml PBS–gel (1:1) and incubating duplicate samples of [ C]leucine labeled
620 ml of IMB. After an overnight incubation with the P. stutzeri cells (3–7310 cells) in 1.0 ml PBS–gel

beads, the sample was ready for the magnetic (1:1) with antiserum (1:100 final dilution) for 3 h.
separation procedure. After incubation, excess antiserum was removed by

In a few experiments, the primary antiserum was centrifugation with two washes of PBS–gel. The
first bound to the secondary antibody-coated beads antiserum-coated P. stutzeri cells were resuspended
(the direct technique) and then the bead-antibody in 1.0 ml PBS–Gel (1:1). To one of the duplicate
complex was allowed to bind to target cells. In this samples, the bead sample, the appropriate concen-
case, IMB were incubated in 1.0 ml of the P. stutzeri tration of IMB was added to yield bead to cell ratios
antiserum (1:100 final dilution) at 158C for 3 h. The between 0.5 and 75. After an overnight incubation, a
antiserum-coated beads were then washed twice with target fraction was obtained, using the magnetic
PBS and resuspended in PBS–gel (1:1). Coated particle concentrator as previously described, and
beads (20 ml) were then added to a sample and radioassayed. The other of the duplicate samples, the
incubated overnight. The sample was then ready for pre-bead sample, was incubated without the beads.
the separation. After incubation, the pre-bead sample was filtered

Separation of P. stutzeri cells (i.e., obtaining a and radioassayed. Target cell recovery was calcu-
target fraction) was performed by placing the sample lated by dividing the bead activity by the pre-bead
epitube in a magnetic particle concentrator (MPC-E: activity.
Dynal) for 5 min. Bead-cell complexes (BCC) were The effect of antiserum concentration was investi-
drawn against the wall of the epitube and the residual gated by incubating triplicate samples of

14 6suspension was removed by aspiration. To reduce the [ C]leucine-labeled P. stutzeri cells (9310 –3.63
7 21loss of BCC by aspiration, ends of pipette tips were 10 cells ml ) with a range of primary antibody

cut to enlarge the tip inner diameter and the magnet concentrations, at the optimum bead to cell ratio
was used to recover the complexes from the aspi- determined above (10). Efficiency of cell recovery
rated fluid. The beads were washed twice with 1.0 ml was determined by comparing the radioactivity re-
PBS, resuspended in PBS, and filtered onto a 25 mm, covered in the bead fraction with that in an aliquot
0.2 mm polycarbonate filter using a ten-place filtra- containing the same initial number of filtered cells
tion manifold (Hoefer Scientific Instruments, San (i.e., a pre-bead fraction).
Francisco, CA). Filtered cells could be inspected by A sensitivity experiment was performed using

14microscopy after staining with DAPI or a fluores- different concentrations of [ C]leucine- labeled
cently labeled secondary antibody, or if the cells cultured P. stutzeri in 900 ml of sterile filtered
were radioisotopically labeled, the filters were seawater. P. stutzeri concentrations ranged from 80–

21radioassayed (see below). 1300 cells ml . The samples were then concen-
trated by filtering the sample through 47 mm, 0.2 mm

2.3. Evaluation of immunomagnetic separation pore size polycarbonate filters (Poretics, Livermore,
method CA, USA) under low vacuum pressure. Filters were

placed in 5 ml PBS and the cells resuspended by
The effect of pH on IMS was tested on pure vortexing for 30 s. The resuspended cells were

cultures of P. stutzeri. Triplicate samples of drawn off and the filters washed twice with 4 ml
14 6[ C]leucine labeled P. stutzeri cells (9310 cells PBS and these washes added to the cells. The
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resuspended cells were transferred to 2.0 ml epitubes locations are stated in the results of each experiment.
and centrifuged in a microcentrifuge (Eppendorf Radiotracer incubations of the Monterey Bay 1993
5415) at 10 0003g for 4 min. Centrifugation and and the Southern California Bight 1994 samples
resuspension continued (3–4 times) until the sample were performed immediately after collection at in
volume was reduced to 1.0 ml. The concentrated situ temperatures using a flowing seawater incubator
samples were then processed for cell separation and on deck. The Monterey Bay 1994 samples were
recovery using the IMS method. Target fractions obtained aboard the R.V. Point Lobos and 2 l water
were filtered and the filtrate was collected. The target samples were kept cool and dark while transported to
and nontarget fractions and the filtrates were radioas- the laboratory. Incubations were performed at in situ
sayed as described above. To estimate cell recovery, temperatures within 12 h of sample collection.
the target fraction activity was divided by the sum of
target, nontarget and filtrate activities. 2.5. Total bacterial production

A target fraction purity experiment was performed
using seawater with an intact natural seawater bac- The dual-label method [17] was performed with
terial population (SWB). For each treatment, 4.5 l of slight modifications. Immediately before tracer addi-
natural seawater were concentrated using an Omega tions, water samples were filtered through a 210 mm
300K tangential filtration device (Filtron Technolo- nylon screen mesh to remove larger particulates and
gy, MA, USA) and a Masterflex 60 600 peristaltic zooplankton. For each depth, one or two 20 ml
pump (Cole-Parmer, Chicago) to a final volume of subsamples were incubated with 5 nM (final con-

3approximately 400 ml. Triplicate subsamples (40 ml centration) methyl-[ H]-thymidine, and 10 nM (final
14each) from the concentrated sample were used in concentration) [ ]C(U)-leucine.

each of three treatments and a single 40 ml subsam- TCA-insoluble material was extracted using a
ple was used for a dead control. Treatments in- slight modification of the original method [17].
cluded: (A) the dead control (SWB preserved with Samples were filtered through 25 mm, 0.2 mm pore-
formalin); (B and D) SWB with added P. stutzeri size polycarbonate filters (Poretics) using the filtra-

7cells (approximately 10 cells); (C) SWB without tion manifold (Hoefer) at low pressure (#10 cm Hg
added P. stutzeri cells. All treatments were incubated pressure differential). Filtered samples from 1993
overnight with 10 nM (final concentration) were counted with a Packard PRIAS model PL liquid

14[ C]leucine, and then treatments B, C, and D were scintillation counter. Filtered samples from 1994
preserved with formalin. Treatments were then pro- were counted with a Beckman LS 6500 liquid
cessed using IMS, as previously described, except scintillation spectrometer. Quenching was corrected
that treatment B was incubated in a PBS–gel solu- with the external standard in the Compton edge shift
tion without antiserum. mode (H[). In both cases, dual isotope counting

To compare the efficiency and specificity of the modes and the use of quench curves maximized the
direct and indirect techniques of binding P. stutzeri resolution of the two isotopes.
to the beads, 200 ml of dual-labeled seawater were
concentrated by centrifugation to reduce the final 2.6. Seawater concentration
volume to 1.0 ml. Triplicate samples were tested
with each technique using the indirect and direct Seawater samples were concentrated in order to
procedures described above. increase the concentration of target cells. For 1993

Monterey Bay and 1994 Southern California Bight
2.4. Sampling sites samples, 1 l of seawater was concentrated to a final

volume of approximately 100 ml using the Filtron
Water column samples were collected in Monterey casette (see above). Concentrated samples were

Bay California during September 1993 and incubated with radiotracers, as described above,
November 1994, and in the Southern California preserved with formalin, and then kept cool in the
Bight during April 1994. Samples were collected dark during transit to the laboratory. In the lab,
using 5 l Niskin or Go-Flo bottles and sampling samples were stored in the dark at 48C and processed
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within one month from time of collection. (While DAPI staining method [21] using a Zeiss Axioskop
storage for this length of time probably resulted in microscope with 100 W Hg illumination, a UV G365
loss of cells, it was unavoidable for this experiment. filter for excitation, and a LP 420 barrier filter (Zeiss
The least biased assumption is that cell loss affected filter set 487 902) at 1600 power. Sample volumes of
all cell types equally, thus not biasing the resulting 1 ml or less of the culture and 10 to 20 ml of field
strain specific comparison.) Samples were cen- samples were diluted or filtered to a volume of about

21trifuged in 40 ml round-bottom centrifuge bottles at 1 ml and DAPI was added at 0.35 mg ml .
10 0003g for 30 min and the pellet was resuspended Abundances were calculated from single filter counts
in PBS. Samples were transferred to 2.0 ml epitubes or duplicates were averaged for mean abundance. A
and centrifuged at 10 0003g for 4 min. Centrifuga- total of over 200 cells were counted for each field
tion and resuspension continued (3–4 times) until the sample. For most field samples, DAPI and immuno-
sample volume was reduced to 1.0 ml. fluorescence (see below) enumeration were done on

For 1994 Monterey Bay samples, 1 l of seawater the same preparation, by switching between optical
was incubated with radiotracers as described above filter sets.
and preserved with formalin after the incubation. The indirect immunofluorescence (IIF) staining
Concentration was performed after incubation by method [8] was used to enumerate P. stutzeri in field
filtering the sample through 47 mm, 0.2 mm pore samples preserved with formalin, using the primary
size Poretics polycarbonate filters using low-vacuum antibody for P. stutzeri [18] and fluorescein iso-
pressure. Filters were placed in 5 ml PBS and the thiocyanate-conjugated sheep anti-rabbit immuno-
cells resuspended by vortexing and repeated PBS– globulin G (IgG; Miles Laboratories, Elkhardt, IN,
gel washes. The resuspended cells were transferred USA) as the secondary antibody. Poretics polycarbo-
to 2.0 ml epitubes and centrifuged to complete the nate filters (25 mm, 0.2 mm pore size) were stained
concentration step as described above. The concen- in Irgalan Black to reduce background fluorescence.
trated samples were used for measurement of total Stained samples were viewed within one day using
bacterial radiotracer incorporation or for IMS of P. epifluorescence microscopy. Cell counts were made
stutzeri to estimate the contribution of P. stutzeri to at 1600 power using a Zeiss Axioskop microscope
bacterial radiotracer uptake using the protocols de- (Carl Zeiss, Germany) with 100 W Hg illumination
scribed above. with a BP 450/490 filter for excitation and a LP 520

A radiotracer experiment was conducted on cul- barrier filter. P. stutzeri cells were distinguished by a
tured P. stutzeri cells to determine the magnitude of staining reaction of 13 or 14 (compared to the
the correction for the difference between whole cells homologous reaction of 14) and the characteristic
and cold TCA insoluble material. Fifteen replicate rod shape. A total of 350 fields were inspected for
subsamples of exponentially growing P. stutzeri cells each count of natural samples.
were incubated in 1:100 diluted CP medium con- Calculations and simple statistical tests for optimi-

3taining 10 nM methyl-[ H]-Thymidine. After 2 h, zation of methods and comparisons of experimental
five replicates were filtered onto 0.2 mm pore-size treatments were performed using the spreadsheet
Gelman Supore filters. Five replicates were pre- program Excel 5.0.
served with 2% formalin for 30 min, then filtered,
and five replicates were treated with cold TCA as in
the natural seawater experiments. Filters were as- 3. Results
sayed by scintillation counting. In an identical dupli-
cate experiment, the 15 replicate samples were 3.1. Optimization of immunomagnetic separation

14incubated in the presence of 20 nM [ ]C-Leucine. method

2.7. Enumeration of bacteria Several parameters which might influence re-
covery of target cells were tested in order to optimize

Enumeration of pure cultures of P. stutzeri and the the IMS method. The effects of pH, antiserum
total bacterial assemblage was performed using the concentration, and bead to cell ratio were tested on
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Table 1
Parameters optimized for immunomagnetic separation

a 14 a aParameter varied Cell recovery(% activity) [ C]Leucine activity [3H]Thymidine activity
(DPM) (DPM)

bpH
4.0 ND 5868 NA
7.0 ND 6669 NA

10.0 ND 6466 NA
cAntiserum concentration

1:20 75615 NA NA
1:50 85613 NA NA

1:100 746 3 NA NA
1:150 746 2 NA NA
1:300 806 3 NA NA
1:800 686 5 NA NA

1:1000 706 6 NA NA
dBinding technique

Direct ND 961 1062
Indirect ND 5463 44618
a Mean6(S.D.).
b 14[ C]leucine labeled P. stutzeri cells separated using indirect technique.
c 14[ C]leucine labeled P. stutzeri cells separated using indirect technique. Antiserum concentration expressed as dilution of antiserum stock
concentration.
d Performed on natural seawater bacterial assemblage with dual-label radiotracer incubation. Sample was collected from SCB station 202
(338299N, 117845.59W, total depth554 m).
NA, not applicable; ND, not determined.

pure cultures of P. stutzeri. No significant differences recoveries averaged 75% (6S.D. 5.8%) and did not
were detected among the three pH levels tested vary as a function of antiserum dilutions ranging
(Table 1). Bead to cell ratio had a significant effect from 1:20 to 1:1000 (Table 1).
on recovery efficiency; cell recovery varied from a Indirect and direct methods were compared using
low of 25% at both extremes of bead to cell ratios, to replicate subsamples of a concentrated dual-labeled
a maximum of 55% around the bead to cell ratio of natural bacterial population from seawater. Activities
10:1 (Fig. 1). At the optimum bead to cell ratio, cell based on both radiotracers were much higher for the

indirect technique than for the direct technique
(Table 1), and no further experiments using the
direct technique were performed.

3.2. Target fraction purity

Purity of the target cell fraction was assessed
indirectly by comparing the target fraction activity of

14[ C]leucine-labeled P. stutzeri cells with the target
14fraction activity of [ C]leucine-labeled P. stutzeri

cells plus an approximately ten-fold excess of non-
labeled TBD-8b cells. The target fraction activities
did not differ (data not shown) suggesting that the
TBD-8b cells did not interfere with target cellsFig. 1. Cell recovery as a function of bead to cell ratio (note log

14 binding to the beads.scale). [ C]leucine labeled P. stutzeri cells were recovered by
indirect IMS. Target fraction purity was also examined by
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the range of concentrations tested were approximate-
ly 20% (data not shown). The target fraction activity
was plotted against P. stutzeri concentration, and a
best-fit line was calculated (Fig. 3). Using the
regression function, and setting the lower limit of
significant detectable activity as twice background
activity ( y-intercept), the limit of detection was 324

21cells ml .

3.4. Total bacterial and target fraction radiotracer
incorporation

Fig. 2. Activity of target cell fractions from treatments using
Radiotracer incubations using concentrated andnatural bacterial assemblage from seawater (SWB) and P. stutzeri

unconcentrated samples were compared to determinecells. Triplicate samples for treatments B–D; error bars represent
standard deviation: Treatment A, dead control: SWB, P. stutzeri whether the concentration procedure influenced bac-
cells (preserved with formalin) 118 (primary) antibody added terial production estimates. Samples were concen-
during IMS; treatment B, live SWB1P. stutzeri cells, no primary

trated using a tangential flow filtration device andantiserum added during IMS; treatment C, live SWB118 antibody
incubated alongside unconcentrated samples usingadded during IMS; treatment D, live SWB1P. stutzeri cells118

the same radiotracer procedures. In most cases,antibody added during IMS.

concentration resulted in rates which were dispropor-
tionately lower than predicted from the concentration

comparing the target fraction activity of four differ- factor (data not shown). This is consistent with the
ent treatments using a natural seawater sample and P. observed decrease in cell number associated with
stutzeri cell additions (Fig. 2). The dead control incubation of concentrated samples (see above). To
(treatment A) showed no significant activity. Some avoid preconcentration artefacts, the natural seawater
activity was associated with the treatment B, even experiments in May 1994 were incubated with
though no antiserum had been added, showing that radiotracers and then concentrated.
minor nonspecific binding occurred. The activity in Radioisotope incorporation estimates from Mon-
treatment C was not significantly higher than in terey Bay in 1994 were obtained using a dual-label
treatment B (P.0.20). These results imply that the method. For total bacterial incorporation, radioactivi-
natural population of P. stutzeri was small and that ty of the cold TCA-insoluble cell material was
non-specific antibody binding was negligible. The
activity in treatment D was much higher than the
other three treatments (P,0.10), reflecting the addi-
tion of cultured target cells to the resident popula-
tion. The recovery efficiency of this experiment
cannot be determined from radioactivity alone be-
cause the added P. stutzeri cells acquired their
radioactivity as part of the experiment and could not
be independently assayed.

3.3. Limit of detection

The sensitivity of this method was investigated by
performing the IMS procedure on different con- Fig. 3. Limit of detection for IMS recovery of cultured P. stutzeri3centrations of [ H]thymidine-labeled P. stutzeri cells cells from natural seawater determined from y-intercept of linear

2in 1.0 l of filtered seawater. Cell recoveries across regression ( y50.112x13.759, r 50.875).
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Table 2measured. For target fraction incorporation, whole
aTarget fraction contribution to total bacterial productioncell radioactivity was measured. TCA-insoluble

Depth (m) % Total tracer incorporation due toradiotracer incorporation determined from experi-
btarget fractionments with cultured P. stutzeri was 46% for thymi-

dine and 80% for leucine; target fraction incorpora- Thymidine Leucine

tion rates were corrected for these factors. A second 10 2.8 3.3
correction was made for estimated cell recovery 20 2.8 2.7

100 1.5 2.2efficiency of 20% at the typical P. stutzeri cell
200 1.3 1.2concentration encountered in natural samples (50–

21 a100 cells ml ). Corrected radiotracer incorporation Monterey Bay in November 1994, central station, total depth5

260 m.rates for the target fraction and total rates were
b Mean % contribution (6S.D.)52.1460.82 for thymidine,plotted against depth using a log scale to allow
2.3660.89 for leucine.

display of the large range of magnitudes (Fig. 4).
Similar trends with depth were observed for both
total and P. stutzeri rates. Highest incorporation
occurred near the surface and the rates decreased 3.5. Enumeration of bacteria
with depth. Incorporation estimates for the target
fraction at most depths were approximately two Total bacteria and P. stutzeri in Monterey Bay
orders of magnitude less than incorporation by the were enumerated using DAPI and indirect immuno-
total bacterial fraction. The contribution of P. stutzeri fluorescence, respectively (Table 3). For every sam-
target cells to the total bacterial incorporation de- ple examined, P. stutzeri cells were present, usually

21creased with depth ranging from a minimum of 1.2% at less than 110 cells ml , and accounted for much
to a maximum of 3.3% (Table 2). less than 1% (usually less than 0.1%) of the total

bacterial assemblage. With two exceptions, relative
abundance of P. stutzeri was similar at all nine
depths, even though P. stutzeri abundance in the
water column decreased with increasing distance
from shore and with increasing depth.

Cell loss during radiotracer incubations was ex-
amined by enumerating total bacterial cells before
and after incubation in samples of concentrated and
unconcentrated seawater which were incubated
alongside production samples (Table 4). There was
little cell loss observed in unconcentrated samples,
but a significant decrease in cell number occurred in
concentrated samples.

4. Discussion

4.1. Evaluation of immunomagnetic separation

Fig. 4. Radiotracer incorporation by target fraction and total Initial characterization and optimization of the
bacterial assemblage. Samples were collected from the Monterey immunomagnetic separation method were performed
Bay water column at a central station (maximum depth at 260 m).

using pure cultures of P. stutzeri. Bead and antiserumTarget fraction estimates (open symbols) and total bacterial
concentrations relative to target and non-target cellincorporation (closed symbols) based on radiotracer uptake of

thymidine (h, j) and leucine (x, ♦). concentration were expected to be the most im-
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Table 3
aRelative abundance of P. stutzeri in Monterey Bay seawater samples

b cDepth (m) Total bacteria P. stutzeri Relative abundance
21 21(cells ml ) (cells ml ) (% total)

Station 1156: 36854.979N, 121856.439W (total depth526 m)
51 2.2310 110 0.05
510 1.0310 60 0.06
524.5 1.4310 55 0.04

Station 1116: 36843.519N, 121856.289W (total depth597 m)
55 1.4310 70 0.05
515 3.0310 50 0.02
495 3.0310 50 0.20

Station H3: 36846.259N, 122800.929W (total depth5911 m)
45 8.0310 30 0.04
4150 2.0310 40 0.20
4908 3.0310 20 0.07

a Samples collected in September, 1993.
b Enumeration by DAPI staining method [21].
c Enumeration by IIF staining method [8].

portant variables in determining the efficiency of the optimize the bead to cell ratio, performed using an
separation procedure. A wide range of antiserum antiserum dilution of 1:100, the maximum activity
concentrations worked equally well, with an average recovery was only 55%. The difference between
activity recovery of 75%. The antiserum dilution average recovery in the bead to cell ratio experiment
used in these experiments, 1:100, was that found and the antiserum concentration experiment is proba-
previously to optimize strength of the immuno- bly due to the introduction of an additional wash and
flourescence staining reaction with this serum, with- recovery step in the latter. In the bead to cell ratio
out causing non-specific staining of heterologous experiment, beads removed during the washes were
cells [18]. not recovered by a secondary magnetic recovery

In a separate set of experiments designed to step, which was incorporated into the protocol for

Table 4
aTotal bacterial counts before and after productivity incubation

bSample Depth (m) Total cell count before Total cell count after % Cell loss
21 21(cells ml ) (cells ml )

Unconcentrated
5 51 5.4310 4.5310 17
4 4500 6.9310 6.9310 0
4 4820 4.0310 5.3310 0

cConcentrated
6 51 1.4310 2.4310 83
5 5500 4.1310 2.4310 42
5 5820 5.2310 2.0310 62

a Enumeration by DAPI staining method [21].
b Southern California Bight, Station 205 (33818.79N, 118809.69W, total depth5905 m) April, 1994.
c Concentration was performed using a tangential filtration device (Filtron).
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the antiserum concentration experiment and all sub- from immunofluorescence enumeration of nitrifying
sequent experiments. and denitrifying bacteria indicate that individual

The effect of absolute cell number or concen- serotypes are usually present at very low levels,
tration of target cells was not addressed in these usually less than 0.1% of the total cell abundance. At
experiments, which were all performed with target these levels, low recovery efficiencies would be

6 7 21cell concentrations in the range 10 –10 cells ml . expected, and even low levels of nonspecific binding
Subsequent experiments with P. stutzeri cells sus- could become relatively more important.
pended in filtered or natural seawater at concen- The low abundance of P. stutzeri detected in the

21trations less than 1000 cells ml (in the limit of samples used in this study was consistent with
detection experiments) yielded recoveries on the previous enumeration in this environment [18] and
order of 20%, indicating that regardless of bead and was below the detection limit determined in Fig. 3.
antiserum concentration, recovery efficiency de- Such low abundances presented challenges to target
creases with decreasing target cell concentration, due fraction activity measurement; when samples were
to low encounter frequencies. For a given target cell first tested using IMS, activity in the target fraction
concentration, the separation method provides re- was too low to differentiate P. stutzeri production
producible recovery, and a relationship between cell from nonspecific binding (see Fig. 2). Sample con-
concentration and recovery efficiency can be used to centration was investigated as a means to increase
normalize activity measurements. the number of target cells in the sample. Concen-

Because the antiserum had been previously char- tration itself proved problematic. Concentration prior
acterized [18], those tests were not repeated here. to radiotracer incubation has the advantage of requir-
However, the tests of target fraction purity implied ing less radioisotope use and generating less isotope
that the specificity of the immunomagnetic sepa- waste, but significant cell losses, accompanied by
ration was consistent with the specificity of the low productivity rates, occurred during incubation of
antiserum itself. When challenged with a mixture of concentrated samples (Table 4). This decrease in cell
cultured cells that contained only 10% target cells, number probably was due to increased bacterial
the presence of nontarget cells did not reduce grazing by microzooplankton which survived in the
binding of target cells. This suggests that nonspecific concentrated sample. While this study was not in-
binding is too low to interfere with the specific tended to investigate concentration procedures
binding capacity of the beads. Similarly, when exhaustively, we did note significant differences in
cultured target cells were resuspended in a natural recovery due to concentration method alone. Ef-
seawater sample (at a final added target cell con- ficiency of concentration can be quantified, which-

5 21centration of approximately 10 cells ml ), the ever procedure is used, so inefficiency at this step
level of activity associated with nonspecific binding does not prevent quantification of species-specific
was low and easily distinguished from that associ- activity. In the future, it may be more effective to use
ated with labeled target cells. radiotracers with higher specific activities and thus

The optimization experiments were designed to avoid the need for sample concentration, but if
develop a reproducible protocol that could be applied concentration is required prior to IMS, it should be
to natural samples. These experiments illustrated that performed after the tracer incubation step.
the principle of immunomagnetic separation can be Low target cell abundance not only affects ef-
applied to specific separation of bacterial cells and ficiency of target recovery, but it also affects target
that under controlled conditions of antiserum, bead fraction purity. Streifel [22] reported that low target
and cell concentration, a reproducible separation and cell abundance reduced target fraction purity in IMS
concentration of target cells can be achieved. The with eukaryotic cells. Lund et al. [23] reported
major complication in applying this method to field similar findings using IMS of bacterial cells. The
samples is the low concentration of target cells. nonspecific binding observed in separations of natu-
While there are few data available on the absolute ral samples in this study might have been caused by
abundance of individual strains of non-photo- nontarget cells trapped amongst the beads. Although
synthetic bacteria in seawater, previous estimates washing should reduce this nonspecific entrapment,
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we observed bead agglutination even in the absence then abundance and activity might be differentially
of bound target cells, which suggests that mechanical distributed.
trapping of nontarget cells in the bead-cell complex In these results from Monterey Bay, the distribu-
may occur independently of the specificity of the tion of P. stutzeri tracer incorporation parallels that
antibody reaction. Target fraction contamination may of the total bacterial incorporation. In the absence of
have accounted for part of the activity differences selection favoring the growth of P. stutzeri (e.g., low
observed between the direct and indirect immuno- oxygen conditions which induce denitrification), P.
capture techniques. The increased activity associated stutzeri functions as an aerobic heterotrophic
with the indirect method could have been due to a generalist, so that its abundance and activity are
greater number of target cells captured or it could simply subsets of the total heterotrophic bacterial
have resulted from a relatively greater amount of population. The mean relative production attributed
nonspecific binding. In future applications of this to P. stutzeri was approximately an order of mag-
method, target fraction purity and target cell re- nitude larger than the mean relative abundance of P.
covery might be directly assessed by enumerating stutzeri observed elsewhere in the bay. Because we
target and nontarget cells by immunofluorescence in did not quantify target purity or target cell recovery
all fractions and washes. This is not very practical, by immunofluorescence in the exact samples used for
however, because the cell number remaining is productivity measurements, spatial or temporal vari-
below the limit of detection and statistically signifi- ation in P. stutzeri abundance may account for this
cant counts cannot be obtained. The opposite prob- difference. Alternatively, P. stutzeri may be rela-
lem, clumping and three-dimensional overlapping of tively more active than some other members of the
cells bound to beads, means that the number of cells microbial community. Recent findings that not all
recovered is also not easily determined. Radioiso- cells are active [24,25] could be due to differences in
topically labeled cells were used in these optimi- activity among strains. It is also possible that me-
zation experiments in order to increase the sensitivity chanical agglutination of the beads may cause some
and ease of assaying recovery and to circumvent the trapping of non-target cells, such that not all of the
error and sensitivity problems associated with direct production associated with the beads was due to P.
microscopic cell counts, but microscopy may also be stutzeri. More measurements of this kind are neces-
useful. sary to assess the significance of this species specific

production estimate.
Previous studies using immunological methods to

4.2. Species-specific radiotracer incorporation investigate species-specific activity have reported
rates variation among bacterial species within habitats.

Fliermans and Schmidt [26] reported distinct differ-
In situ incorporation rates estimated for the total ences in activity of two species of Nitrobacter in

heterotrophic bacterial community in Monterey Bay mixed culture and Ward [27] observed differences in
are consistent with previously published rates (on the relative activity of two species of ammonia-oxidizing

21 21order of 1 mg C l h in surface waters [18]). The bacteria in the Northeast Pacific Ocean off the
objective of the species specific productivity mea- Washington coast, both using immunofluorescence in
surement using IMS was to determine what fraction combination with autoradiography. IMS could be an
of this total productivity could be attributed to improvement over autoradiography because, al-
individual strains present in the population. This though verification of target fraction purity and
comparison is made on the basis of radiotracer independent enumeration of target cells require

21 21incorporation (dpm l h ) rather than on the basis microscopy, it is somewhat less tedious than count-
of carbon production to avoid unnecessary assump- ing grains on autoradiograms. IMS in combination
tions about conversion factors. If all cells and all with standard radioisotopic productivity methods
strains are equally active, then the proportion of should yield a direct measurement of production,
activity due to any strain parallels its abundance. If rather than a relative activity index.
some strains are more or less active than average, Accurate measurements of species activity de-
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