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ABSTRACT: Benthic foraminifera from temperate tidal flats and shallow Antarctic waters were 
challenged with bacterial biofilms to assess possible foraminiferal impact on attached bacterial 
populations. Two tectinous species (Allogromia sp. and A. laticollaris) used pseudopodial networks to 
rend and ingest biofilm parcels, an activity we term harvesting. The numerical density of bacteria in 
harvested biofilm areas was maxlmally depleted by ca 80 % for Allogromia sp. and 50 % for A. 
laticollaris. In contrast, the calcareous (Cyclogyra antarctjca, Elphidium incertum, Glandulina 
antarctica, Pyrgo williamsoni) and agglutinated (Astrammina rara, Astrorhiza sp., Cnthionina-like 
mudball) foraminifera studied did not exhibit harvesting behavior. Time-lapse microscopy revealed 
that biofilm parcels were transported extracellularly toward the cell body by pseudopodia, an 
observation which further defines pseudopodial function in foraminiferal trophic mechanisms. Our 
observations indicate that allogromiid foraminifera may play a previously unrecognized role in 
bacterial population dynamics and nutrient cycling, particularly in intertidal environments and certain 
deep-sea habitats where they may constitute a major meiofaunal component. 

INTRODUCTION 

In aquatic environments, solid surfaces provide a 
nutrient-rich microenvironment relative to the water 
column, and therefore support the enhanced growth of 
attached microorganisms (Zobell 1943). This associa- 
tion of microorganisms and their extracellular products 
(i.e. organic polymer matrix) with a solid surface is 
termed a biofilm (for reviews, see McFeters et al. 1984, 
Costerton et al. 1987, Characklis & Marshal1 1990). 
Bacterial biofilms are widespread in the marine realm 
(reviewed in Blenkinsopp & Costerton 1991), occur- 
ring, for example, on macrophytes and sand grains 
(Jones 1982, DeFlaun & Mayer 1983). The organisms 
that consume bacterial biofilms are thought to function 
as important intermediates in benthic nutrient cycling 
(Gerlach 1978, Paerl 1984). 

Benthic foraminifera are a diverse and abundant 
group of rhizopod protists that consume bacteria 
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(Bradshaw 1961, Muller & Lee 1969, Lipps & Valentine 
1970, Frankel 1975, Lee 1979, Lipps 1983) and thus 
might significantly contribute to marine nutrient cy- 
cling. Most data in support of this understanding come 
from laboratory radiotracer studies in which foram- 
inifera were shown to consume suspended or recently 
settled bacteria (Lee et al. 1966, Lee & Muller 1973, 
Alexander & DeLaca 1987). However, little or no infor- 
mation is available regarding the impact of forami- 
nifera on attached bacteria, particularly bacterial 
biofilms, even though foraminifera and biofilms com- 
monly occur in the same habitats. 

To gain insight into the possible role of foraminifera 
in biofilm turnover, we challenged various foraminif- 
era from temperate salt marshes and shallow Antarctic 
waters with bacterial biofilms grown in the laboratory. 
Direct counting of fixed material and time-lapse 
videomicroscopy of living specimens were used to 
assess the impact of foraminifera on these surface- 
attached bacteria over a time course of 12 to 48 h .  We 
found that 2 species of allogromiid foraminifera 
dramatically harvested biofilms, while the aggluti- 
nated and calcareous species examined showed no 
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such activity. Because allogromiids comprise a large 
proportion of the benthic foraminiferal assemblage in 
certain marine habitats, including intertidal regions 
(Ellison 1984), deep-sea trenches (Jumars & Hessler 
1976), and deep-sea phytodetritus (Gooday 1988), our 
studies raise the possibility that benthic nutrient cycles 
may be notably influenced by these foraminifera in a 
previously unrecognized manner. 

MATERIALS AND METHODS 

Specimens. Allogromla sp. strain NF (Lee & Pierce 
1963) was cultured on agar plates (2 % agar; wt/vol. 
seawater) as described by Allen (1964). Allogromia 
laticollaris (Arnold) was cultured in 26 % Fwyn's Erd- 
schreiber in seawater as described by Travis & Allen 
(1981). Astrammina rara, Astrorhiza sp., Cyclogyra 
antarctica, Glanduiina antarctica, Pyrgo wiiliarnsonj 
and a Crithionina-like mudball were collected from 26 
to 28 m depth at Explorers Cove, New Harbor (western 
McMurdo Sound, Antarctica). An air-lift dredge system 
operated by SCUBA divers delivered sediment to the 
surface, where it was passed through serial 5 mm and 
1 mm sieves. Specimens were recovered from the 1 mm 
fraction using live insect collecting forceps (Fine Science 
Tools, Inc., Foster City, CA, USA). These specimens 
were kept on ice during transport to the United States, 
whereafter they were maintained at 0 to 2 "C in marine 
aquaria. Elphidium ~ncertum, a calcareous foraminifer 
which husbands diatom chloroplasts, was collected from 
the Great Sippewissett Salt Marsh (Falmouth, Massa- 
chusetts, USA) using methods outlined in Amold (1974). 
Clean glass microscope slides were placed in Elphidium- 
enriched sediments, and specimens that migrated up 
the slides were removed using a fine plpet. 

Experimental procedures. Unless otherwise stated, 
artificial seawater (Marin Tropic, Dr Biener Aquanen- 
technik, Germany) was used throughout this study. 
Biofilms were prepared by placing acid-washed and 
flamed 22 mm square coverslips into Petri dishes con- 
taining an enriched sealvater medium (5 % Bacto pep- 
tone and 1 % Bacto yeast extract [DIFCO Laboratories, 
Detroit, MI, USA] in artificial seawater). Seawater from 
the Great Sippewisset Salt Marsh, McMurdo Sound, or 
Allogromia sp. cultures was passed through 1.5 pm 
Mlllipore filters and used as inocula. In prelj.minary 
studies we found that each of these 3 inocula yielded 
morphologically distinct bacterial populations which 
were optimal for use within 10 d of incubation at room 
temperature or 3 d at  30 "C. Prior to use, the biofilm- 
coated coverslips tvere dipped extensively in 0.2 pm 
filtered seawater to remove unattached bacteria and 
then placed in Petri dlshes containing 0.2 pm filtered 
seawater. 

Individual foraminifera were cleaned of adherent 
debris, if necessary, by gently rolling them on clean 
agar plates using a fine hair brush or glass microneedle. 
The agglutinated test of Astrammina rara was removed 
to enhance pseudopodial deployment and cell migra- 
tion (Bowser & DeLaca 1985a). Individual foraminifera 
were then plated onto the biofilm-laden coverslips and 
incubated for 12 to 48 h after pseudopodial extension 
(which, for Antarctic specimens, often required several 
days). For the allogrorniids, 1 to 3 specimens were 
widely spaced on each coverslip to ensure that inter- 
actions between individuals were minimized. After 
incubation, the coverslips were immersed in fixative 
(3  % glutaraldehyde in 0.1 M cacodylate buffer con- 
taining 1.5 mg ml-' ruthenium red) for 2 min. Samples 
were then rinsed in distilled water, air-dried, and 
mounted in water. Specimens were examined and 
photographed using a Nikon Optiphot light microscope 
equipped with survey dark field and high-resoiution 
phase-contrast optics, and a UFX photomicrographic 
system. All magnifications were calibrated using the 
10 pm ruled spacings of a stage micrometer. 

Estimates of bacterial numbers were made by photo- 
graphing 57 pm by 38 pm fields from areas of obvious 
foraminiferal involvement, as well as unimpacted re- 
gions away from the foraminifera. For each specimen, 
5 fields tvere photographed within impacted areas, 5 in 
undisturbed areas adjacent to the specimen, and if ap- 
plicable, 5 fields in transition areas. The number of 
bacteria in these regions was directly counted by stan- 
dard practices in each of eight 0.5 X 0.5 cm squares 
(representing -500 pm2) from each negative. Where 
practical, low-magnification (10 X)  photographs were 
digitized and the area impacted by the foraminifera 
was determined using custom image analysis software 
(see Marko et al. 1988). 

To assess bacterial ingestion by allogromiids, bio- 
film-laden coverslips, derived from the Allogromia sp. 
culture inoculum, were incubated for 30 min in sea- 
water containing 10 pg ml-' Hoechst 33342 (a DNA- 
specific fluorochrome) and then rinsed with filtered 
seawater. Specimens of Allogromia sp or A. laticollaris 
were incubated on these fluorescently-labeled biofilms 
for 6 h. As controls, replicate preparations were contin- 
uously treated with 1 mM colchicine to inhibit the ex- 
tension of pseudopodia (see Travis & Bowser 1991), 
and thus prevent biofilm harvesting. Specimens were 
removed from the biofilms, cleaned of adherent mate- 
rial, and then fixed in 6 % glutaraldehyde/O.l M caco- 
dylate buffer Mounted specimens were examined 
through-focus using a Nikon Optiphot epifluorescence 
microscope equipped with a 60 X PlanApo objective 
(NA 1.41 and UV-1A filter pack. 

For direct videomicroscopic observation of biofilm 
harvesting by allogromiids, a 16 mm hole was fash- 
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ioned in the bottom of a 35 mm plastic Petri dish, over 
which an 18 mm coverslip was sealed using VALAP (a 
mixture of equal parts Vaseline, lanolin, and paraffin). 
After bacterial inoculation, the dishes were incubated 
for 3 to 10 d,  and then the coverslip 'window' was 
extensively rinsed with a stream of sterile seawater 
before plating with allogromiids. Time-lapse record- 
ings of live specimens impacting biofilms were made 
using a Nikon Diaphot phase-contrast microscope 
equipped with a Dage-MTI model 65 video camera, 
which fed images to a Panasonic model 2028F optical 
memory disc recorder (OMDR). Incident illumination 
was passed through serial UV-cut and heat filters and 
pulsed using a Uniblitz shutter to minimize specimen 
irradiation. The OMDR and shutter were under the 
control of a PC-class microcomputer using custom soft- 
ware. OMDR time-lapse recordings were analyzed 
frame-by-frame to determine the dimensions of har- 
vested biofilm parcels and their transport rates along 
pseudopodial networks. 

To compare the movement rates of Allogromia sp. 
and A,  laticollaris on biofilms and bare surfaces, speci- 
mens were photographed hourly using a Nikon stereo- 
microscope, and the distances traversed were mea- 
sured directly from the negatives. Four specimens of 
each species were placed on a given biofilm to provide 
direct comparison. In some instances, time-lapse video 
records supplemented these data. 

RESULTS 

Examination of fixed specimens revealed that, 
within 12 h, Allogromia sp, impacted biofilms derived 
from all 3 inocula by leaving highly denuded regions 
(Fig. 1). The area of these harvested regions varied be- 
tween 0.3 and 8.6 mm2 (Table 1). Closer examination 
revealed that most (6 of 7) specimens moved during 
the course of incubation, leaving both intensely har- 
vested regions and moderately impacted (transitional) 
areas on the biofilm (Fig. 2). Approximately 80 % of the 
bacteria contained in unaffected areas were removed 
by the foraminifera, whereas about 33 O/o were re- 
moved in transitional regions (Table 2; Fig. 3a, b, c). 

Allogromia laticollaris similarly impacted the bio- 
films, although this species did not harvest bacteria as 
effectively as Allogromia sp. (Table 2 ) .  In general, the 
areas impacted by A. laticollaris were smaller and 
widely dispersed, and the maximal proportion of bac- 
teria removed in harvested regions was 50 % of those 
seen in unaffected areas. 

Correlative phase-contrast and epifluorescence 
microscopy revealed that 89 % of the bacteria within 
biofilms pretreated with Hoechst 33342 were labelled 
with this DNA-binding fluorochrome. When Allogro- 

Table 1. Allogromia sp. Area harvested (mmL) 

Specimen Harvested area Area harvested h-' 

mia sp, harvested these labelled biofilms, numerous 
fluorescent bacteria were seen throughout the animal's 
cytoplasm, indicating that biofilm parcels were intern- 
alized (Fig. 4a, b). Also seen were bacteria attached to 
the external surface of the allogromiid's test and up to 
40 nuclei randomly distributed in its cytoplasm. (This 
nuclear staining was attributed to stain carryover dur- 
ing incubation and fixation.) Control specin~ens contin- 
uously treated with the microtubule poison colchicine, 
which inhibited biofilnl harvesting by preventing 
pseudopodial deployment, also showed fluorescent 
test-associated bacteria and numerous nuclei, but no 
fluorescent objects resembling bacteria within the 
cytoplasm (Fig. 5c,d). This latter finding ruled out the 
possibility that the internal bacteria seen in actively- 
harvesting specimens represented endosymbionts 
rather than phagocytosed biofilm parcels. Similar 
results were obtained in parallel experiments using A. 
laticollaris, although the large number of pigmented 
lipid droplets characteristic of this species hampered 
photomicroscopy (data not shown). Together, these 
findings indicate that Allogromia internalizes a portion 
of the bacteria harvested from biofilms, and therefore 
most likely uses them as a food source. 

In contrast to the results obtained with allogromiids, 
none of the agglutinated (Astrammina rara, Astrorhiza 
sp., Crithionina-like mudball) or calcareous (Elphid- 
ium incertum, Cyclogyra antarctica, Glandulina 
antarctica, Pyrgo williamson~] foraminifera examined 
harvested biofilms derived from any of the inocula (e.g. 
Fig. 6a). A few larger, motile specimens of E. incertum, 
C. antarctica and Crithionina-like mudball formed a 
visible furrow in the biofilm as they dragged their 
bulky tests across the coverslips. Although we were 
unable to determine whether these specimens collect- 
ed the dislodged bacteria, the area affected by such 
activity appeared negligible. Indeed, only one E. incer- 
tum impacted the biofilm sufficiently to warrant de- 
tailed examination; bacteria were depleted by ca 25 % 
in the furrow left by this specimen (Table 2). 

It was evident, however, that bacterial numbers 
were higher in areas immediately adjacent to extra- 
cellular components secreted by 3 of the agglutinated 
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Table 2. Average number of bacteria present in 10 pm2 areas either impacted (harvested or transitional areas) or ungrazed by 
specimens. Numbers in parentheses are standard deviations. NA = not applicable 

Species Harvested area Transitional area Ungrazed area 

Allogromia sp.. n = 7 0.3 (0.1) 1.0 (0.2; n = 3) 1.6 (0.6) 
A. laticollaris, n = 4 1.3 (0.7) NA 2.4 (0.2) 
Elphidiurn jncerturn, n = 3 1.7 ( n = l )  N A 2.2 (0.1) 

or calcareous foraminifera. Astrammina rara and As- 
trorhiza sp. secrete extracellular fibers in association 
with their pseudopodia; these fibers are thought to 
increase pseudopodial tensile strength to effect the 
capture of meiofaunal prey (Bowser et al. 1986, Bowser 
unpubl.). As seen in Fig. 6b, bacteria appear aggre- 
gated along these fibers. In Glandulina antarctica, 
bacteria were similarly concentrated on an unidenti- 
fied filamentous substance, which appeared distinct 
from the extracellular fibers of Astrorhiza and Astram- 
mina. In all of these instances it was unclear whether 
the bacteria were trapped by the foraminifer's fibers 
or whether the bacteria grew preferentially around 
them. 

Time-lapse observation of biofilm harvesting by 
allogromiids 

Time-lapse videomicroscopic recordings' showed 
that Allogromia sp. typically extended pseudopodial 
networks 45 to 120 min after being plated on a biofilm. 
These networks were morphologically similar to those 
deployed on plain glass surfaces and consisted of nu- 
merous pseudopodial trunks, which distally branched 
and anastomosed to form a radially-dispersed array of 
finer reticulopodia. Concomitant with the extension of 
reticulopodia, specimens began harvesting the biofilm. 
Through-focus microscopy and close examination of 
time-lapse recordings showed that pseudopodial tips 
first penetrated the biofilm, which was subsequently 
deformed by tension developed within the pseudo- 

podia1 trunk. The granular appearance and flexible 
nature of thick biofilins permitted visualization of 
locally-applied pseudopodial tension (see also Travis 
et al. 1988). Trunk reticulopodia, either singly or in 
concert with several others, gradually exerted suffi- 
cient tension to remove a biofilm parcel from the sub- 
stratum. Pseudopodial tension was typically exerted in 
only a small portion of the network, indicating local 
control of this process. I t  is noteworthy that reticulo- 
podia were not observed to dislodge individual bac- 
teria, only biofilm parcels. Furthermore, harvesting 
activity appeared superimposed over other motile pro- 
cesses, such as the extension and bending of pseudo- 
podia, bidirectional cytoplasmic transport, and cell 
locomotion. 

A biofilm parcel was not phagocytosed at its site of 
formation within the pseudopodial network. Instead, 
parcels were transported along the extracellular sur- 
faces of pseudopodial trunks (Fig. ?a,  b, c) to the aper- 
tural region, where they accumulated (inset, Fig. 2) 
and were eventu.ally phagocytosed. 

Differential harvesting efficiency in allogromiids 

To gain insight into the observed differences in, the 
efficiency of biofilm harvesting in the 2 allogromiid 
species, we examined several possible parameters, 

'The observations reported in this section cannot be ade- 
quately reproduced as still figures. A videotape highlighting 
major features is available on loan from the authors 

Figs. 1 to 5. Photomicrographs of Allogromia sp. on biofilms. Fig. 1. Dark-field micrograph of Allogromia sp, cell body (CB) and 
pseudopodial network (PN) fixed after 12.75 h incubation on biofilm Dark area (H) is harvested region X65. Fig. 2. Dark-field 
micrograph of an Allogrornia sp. which moved considerably during the 12.75 h incubation on biofilm. Note transitional harvested 
regions (TR). X25. Inset: Phase-contrast micrograph of live Nlogromia sp. on biofilm. Original specimen underwent cytotomy; 
pictured is an offspring. Note large bolus of biofilm parcels (B) at apertural end of the cell body (CB). x50. Fig. 3. Representative 
phase-contrast micrographs of (a) harvested, (b) transitional, and (c) unimpacted areas of a biofilm. X 1953. Fig. 4. (a) Phase- 
contrast and (b) corresponding epifluorescence micrographs of Allogromia sp. after harvesting biofilm labelled with Hoechst 
33342. In this optical section, note the apertural region (AR) and test (T). Nuclei (N) and numerous internalized bacterla (IB) are 
present in the cytoplasm. X 1100. Fig. 5. (a) Phase-contrast and (b) corresponding epifluorescence micrographs of Allogrornia sp. 
after incubation on Hoechst 33342-labelled biofilm in the presence of colchicine to prevent pseudopod deployment. Fluorescent 
nuclei ( N )  and surface-attached bacteria (SB) are seen, but fluorescently-labelled bacteria are absent from the foraminiferal 

cytoplasm, X l100 
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Fig. 6. Astrammina ram. Phase-contrast photomicrographs of a foraminifer fixed after 72 h incubation on biofilm. 
(a) Note absence of harvested regions. X 65. (b) Higher magnification view of pseudopodial network showing bacteria associated 

with extracellular fibers (arrowheads). x 260 

Fig 7. Allogromia sp Sequential phase-contrast videomicrographs illustrating transport of a biofilm parcel (BP) along the extra- 
cellular surface of a pseudopod. Time in seconds: (a) 0; (b)  44, (c) 76. X693 

including the locomotory rate and residence time of 
individuals, as well as the size of biofilm parcels and 
their transport rates to the cell body. The range of 
movement exhibited by Allogromia laticollaris on bio- 
films was significantly greater (p  = 0.005) than that of 
Allogromia sp. ,  as determined by a bootstrap analysis 
(see Efron & Tibshirani 1991). The bootstrap samples 
were drawn with replacement from the combined data 
set, and range differences were calculated for 1000 
bootstrap iterations. However, for each species, move- 
ment rates on biofilms were statistically similar to those 
on bare glass (Table 3; Mann-Whitney U-test; p > 0.05), 
indicating this is not a specific response to the food 
source. Although the congeners transported biofilm 
parcels toward the cell body at  similar rates (Table 4 ;  
Mann-Whitney Latest; p > 0.05), the average diameter 

of transported parcels in Allogromia sp. was signifi- 
cantly larger than that of A. laticollaris (Table 4 ;  Mann- 
Whitney U-test, p < 0.05). Thus, on the same biofilm, 
Allogromia sp. dislodged larger parcels as well as a 
wider range of parcel sizes than A. laticollaris, al- 
though the total fragment volume, and thus bacterial 
numbers, could not be determined. 

Table 3 AUogromia sp , A laticollar~s Cornpanson of allo- 
gromiid movement (mm h ' )  on biofilms and bare surfaces 

Biofilm Bare surface 
X SD n X SD n 

Alloqromia sp. 0,5 0.3 5 0.4 0 1 6 
A Icificollar~s 1 1 1.1 12 1 0  0 7  8 
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Table 4. Allogromia sp., A. laticollaris. Comparison of parcel 
movement (pm S-') and size (longest dimension) (pm) 

Parcel movement Parcel length 
X SD n Z SD n 

Allogrorn~a sp. 1.5 1 . 1  8 13.8 1 4 4  8 1 
Alaticollaris 2.2 2.1 8 1 pp 5.0 1.4 8 

DISCUSSION 

Our laboratory observations show that certain for- 
aminifera significantly impact bacterial biofilrns, 
whereas other species show little or no impact. The 2 
allogromiids studied were nonselective bacterial con- 
sumers, actively harvesting biofilms derived from 3 
distinct inocula. Bacterial abundances in these har- 
vested areas were depleted by up to 85 %. In contrast, 
the agglutinated and calcareous species examined 
crawled across these biofilm surfaces with no impact, 
except for a furrow produced by some motile speci- 
mens with particularly bulky tests, and increased 
numbers of bacteria associated with extracellular 
secretions of Astrammina rara, Astrorhiza sp., and 
Glandulina antarctica. Interestingly, electron micro- 
scopy shows that A, rara uses these extracellular secre- 
tions to tightly envelope meiofaunal prey such as 
cumaceans and amphipods (Bowser & DeLaca 198513); 
bacteria enclosed with the succumbed prey item prolif- 
erate and appear to play a direct role in prey degrada- 
tion. Other larger foraminifera, e.g. Heterostegina 
depressa and Operculina ammonoides, similarly con- 
struct extracellular sheaths which are apparently used 
to 'farm' bacteria (J.  J .  Lee pers. comm.). Some of these 
varied behaviors mirror the intrataxon differences in 
bacterivory seen in heterotrophic microflagellates 
(Caron 1987, Sibbald & Albright 1988), and all high- 
light the occupation of different niches by benthic for- 
aminifera (reviewed in Lee 1974, Murray 1991). 

Previous studies indicate that bacteria are indispens- 
able in the diets of diverse foraminifera (Muller & Lee 
1969). In particular, laboratory feeding experiments 
revealed that Astrammina rara, Astrorhiza sp., and 
Glandulina antarctica ingest large numbers of sus- 
pended or recently settled bacteria (DeLaca 1985). 
Why then did these foraminifera fail to harvest bac- 
terial biofilms in our study? It is possible that these 
species are highly selective feeders (e.g. Lee et al. 
1966, Lee & Muller 1973), and that the mixed enrich- 
ment cultures we used failed to supply the favored 
bacteria (see Brock 1987). Alternatively, these infaunal 
forarninifera (DeLaca 1986, Bernhard 1989) might be 
adapted to harvesting discrete patches of bacteria 
attached to irregular sediment particles rather than 

continuous biofilms on planar surfaces. Finally, they 
may simply lack pseudopodial components necessary 
to dislodge biofilm parcels. The fact that the pseudo- 
podia of larger specimens adhered to the biofilm sub- 
stratum and exerted sufficient force against it to move 
their massive bodies suggests that they possess the 
cytoskeletal elements necessary for the removal of 
biofilm parcels (reviewed In Travis & Bowser 1991). 
Perhaps they lack secreted enzymes (e.g. proteases, 
glycosidases) which could play a role in biofilm pene- 
tration or disaggregation. 

It is noteworthy that Elphidium incertum, which like 
other elphidids (Lopez 1979, Lee et al. 1988b) hus- 
bands diatom chloroplasts (Lee & Lee 1990), did not 
harvest bacterial biofilms in this study. After repro- 
ducing in sediments, this foraminifer is known to live 
for several months on macrophytes likely to possess 
biofilms (Matera & Lee 1972). Although detailed infor- 
mation regarding the diet of E. incertum is not yet 
available, it is possible that the nutrition of this species 
is fulfilled by consumption of algae and selective 
husbandry of functional chloroplasts rather than 
bacterivory. However, the congener E. poeyanum is 
known to consume large numbers of at  least one bac- 
terial species (Lee et al. 1966). Furthermore, laboratory 
observations indicate that some symbiont-bearing 
foraminifera (e.g. Amphistegina) can clear algal pas- 
tures (Lee et al. 1988a), raising the possibility that 
these foraminifera express harvesting behavior but 
discnminate between algal and bacterial mats. 

Allogromiid impact on bacterial biofilms 

Considering that Allogromia sp. and A. laticollaris 
isolates have been obtained from the surfaces of salt- 
marsh macrophytes (Arnold 1955, Pierce 1965) it is 
likely that our laboratory findings can be extrapolated 
to the natural environment. It must be emphasized 
that, while allogromiids are currently thought to be 
abundant in only a few environments, very few studies 
have quantified these small, fragile, nearly transparent 
organisms (Gooday 1986). Because Allogromia sp. and 
A. laticollaris are widely distributed in shallow-water 
locales in the western Atlantic (Freudenthal et al. 1963, 
Lee & Pierce 1963, McEnery & Lee 1976) and the Gulf 
of Elat (J. J .  Lee pers. comm.), and since other allo- 
gromiids are common in certain deep-sea environ- 
ments (Jumars & Hessler 1976, Gooday 1986, 1988), it 
seems reasonable that these foraminifera are more 
abundant than presently appreciated. I f  so, the results 
of our study would suggest that allogromiids play a 
role in biofilm dynamics. 

The harvesting activities of allogromiid foraminifera 
may have diverse influences on biofilm turnover and 
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benthic nutrient cycling. For example, biofilm forma- 
tion is thought to protect attached bacteria from attack 
by microherbivores, bacteriophages, and chemical 
agents such as antibiotics (reviewed in Costerton et al. 
1987). Regions harvested by allogromiids could pro- 
vide local sites for bacterial consumption by microher- 
bivores that might not otherwise be able to penetrate 
these intact biofilm 'defenses.' Similarly, microherbi- 
vores could utilize the biofilm fragments generated by 
allogromiids, which seem especially vulnerable during 
their transport along pseudopodial surfaces and sub- 
sequent accumulation at  the cell body. In addition, 
biofilm harvesting may stimulate the new growth or 
change the species composition of attached bacterial 
populations by locally altering the biofilm micro- 
environment (characterized, e.g., by steep pH and O2 
gradients, which in turn define the types of bacteria 
present; reviewed in Costerton et al. 1987, Christensen 
& Characklis i990, i3lenkinsopp & Costerton 199i). 

Pseudopodial activities effect biofilm harvesting 

Despite the importance of pseudopodial activities in 
foraminiferal trophic mechanisms (see Lipps 1983 for 
review), and the importance of bacteria in the nutrition 
of foraminifera (Muller & Lee 1969, Lee 1979), the 
mechanism by which foraminifera acquire bacteria has 
received little attention. In cinemicrographic and scan- 
ning electron microscopic studies of Allogromia motil- 
ity, McGee-Russell (1974) reported that the 'sweeping' 
movements of reticulopodia gradually funnelled sus- 
pended or loosely-attached bacteria to branch points in 
the network, where they were phagocytosed by the 
extension of a cytoplasmic veil (a process classically 
termed circumvallation; see Kudo 1966). The resulting 
blister-like phagosomes were then quickly transported 
to the allogromiid's body, where they fused with lyso- 
somes to effect digestion (Bowser et al. 1985). Thls 
pseudopodial sweeping behavior was also seen in our 
time-lapse recordings, but it failed to detach individual 
bacteria from the biofilms. Instead, portions of the bio- 
film were ripped away and transported extracellularly 
by the distinct invasive and contractile activities of a 
subset of reticulopodia. I t  wlll be interesting to deter- 
mine how allogromiids distinguish between attached 
and suspended bacteria in order to trigger the appro- 
priate pseudopodial feeding response (i.e. circumval- 
lation vs harvesting), and future studies of bacterivory 
in foraminifera should address the relative ~mportance 
of these feeding mechanisms. 

Biofilm harvesting is very similar to the pseudopodial 
invasive and rending activity, termed skyllocytosis, 
elicited when Allogromia encounters a boundary of 
gelled animal or plant material (Bowser 1985). In both 

processes, the reticulopodia initially invade a gel-like 
foodstuff, then contract in concert to remove a portion, 
and finally transport this parcel extracellularly to the 
cell body. There are subtle differences between biofilm 
harvesting and skyllocytosis, however. In skyllocytosis, 
the pseudopodia advance between a hard substratum 
and the overlying gel to form a wedge-like lamelli- 
podium; the rending activity occurs behind the lamelli- 
podia, along the dorsal reticulopodial surfaces. Jn the 
harvesting behavior described here, pseudopodia are 
deployed over the gel-like material (i.e. the biofilm); 
lamellipodia are absent and the rending activity occurs 
along the ventral reticulopodial surfaces. Harvesting 
and skyllocytosis are probably manifestations of the 
same basic process influenced by the geometric 
arrangement of the substratum and foodstuff. In this 
context, deep-sea allogromiids which quickly inhabit 
phytodetritus (Gooday 1988, Lochte & Turley 1988) 
may use a 3-dimensionai harvesting activity to ieed 
upon the bacteria and cyanobacteria associated with 
the phytodetritus. In fact, Allogromia sp. has been 
observed to penetrate an agar substrate while in cul- 
ture (Pierce 1965), suggesting their ability to invade 
amorphous plant remains. 

Allogromiids display different feeding behaviors 

It is interesting that Allogromia sp. and A, laticollaris 
exhibit different biofilrn harvesting efficiencies. Quali- 
tatively, the 2 species do not differ in their ability to 
skyllocytose gelatidagar gels (Bowser 1985). In addi- 
tion, extensive light- and electron-microscopic studies 
(reviewed in Travis & Bowser 1991) have not revealed 
significant behavioral or morphological differences in 
their pseudopodia. Nevertheless, we found that A. 
laticollaris displayed a significantly greater range of 
movement across biofilms and removed significantly 
smaller parcels than Allogromia sp. Thus, it appears 
that these congeners utilize distinct foraging stra- 
tegies: A. laticollaris cursorily exploits large areas 
whereas Allogromia sp. thoroughly exploits compara- 
tively smaller areas. Our results, which indicate that 
Allogroma sp. and A. laticollaris dlffer in their feedlng 
strateg~es, corroborate the finding that these species 
have different nutritional requirements, reflected in 
their mode and rate of reproduction (Lee & Pierce 
1963, Lee et al. 1966. Muller & Lee 1969; reviewed in 
Lee 1.974). 

In conclusion, the results of this study suggest that 
allogromiids may have a substantial impact upon 
attached bacterial populations, whereas other forami- 
nifera may not. Although we examined 2 or more 
representative specles from each of the extant for- 
aminiferal suborders (Allogromiina: Allogromia sp., A 
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laticollaris; Textulariina: Astrammina rara, Astrorhiza 
sp.. Crithionina-like mudball; Miliolina: Cyclogyra 
antarctica, Pyrgo williamsoni; Rotaliina: Elphidium 
incertum, Glandulina antarctica), we cannot conclude 
that bacterial biofilm harvest~ng is unique to allo- 
yromlids- approxim.ately 4000 other tectinous, aggluti- 
nated and calcareous species remain to be examined. 
The importance of foraminiferal biofilm harvesting in 
the natural environment deserves further study. 
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