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Bacterivory: A Novel Feeding Mode for 
Asteroid Larvae 

Planktotrophic larvae that occur beneath the annual sea ice in the Antarctic assimilate 
organic solutes and preferentially ingest bacteria, whereas they actively exclude 
phytoplankton. I n  regions where phytoplankton biomass is temporally limited by light 
o r  nutrient concentrations, the growth and development of planktotrophic larvae may 
not be directly coupled t o  phytoplankton production. 

E CHINODERM LARVAE HAVE A COS- 

mopolitan distribution (1). They can 
ingest phytoplankton, bacteria, and 

detritus (2-4) as well as directly absorb 
dissolved organic solutes (5, 6). However, 
laboratory studies show that microalgae are 
the preferred food source for larvae of some 
tropical and temperate echinoderm species 
(2, 3) .  Food availability influences larval 
sunivorship, and it has been suggested that 
low phytoplankton biomass, typical of some 
oceanic areas, may be insufficient to support 

the rapid growth and development of plank- 
totrophic echinoderm larvae (7, 8).  The 
tendenq for increased brooding and lecitho- 
trophic development at high latitudes (1, 9)  
has been attributed to the short growing 
season that results in low phytoplankton 
production and the slow developmental 
rates of the larvae (1 0). These conditions are 
thus unfavorable for planktotrophic larvae if 
they depend on phytoplankton as a primary 
food source. Echinoderms are a major com- 
ponent of the benthos in the Antarctic (1 1 ). 

Table 1. Incorporation of 'H-labeled organic solutes by lanae of P. antarctica. L-Leucine (2, 3, 4, 5- 
3H), L-glutamic acid (3, 4-3H), the amino acid mivture (algal protein hydrolysate contained 8% L- 

alanine, 7% L-arginine, 8% L-aspartic acid, 12.5% L-glutamic acid, 4% glycine, 1.5% L-histidine, 5% L- 

isoleucine, 14.0% L-leucine, 6% L-lysine, 8% L-phenylalanine, 5% L-proline, 4% L-serine, 5% L- 
threonine, 4% L-tyrosine, and 8% L-valine), and D-glucose (6-3H) \trerc added at about 1.0 kCi ml-' 
and thymidine ( m e t h ~ l - ~ H )  at about 0.1 pCi m l '  final activity. Details of the experiment are in (17). 
The in situ concentrations of amino acids and glucose were not measured; ho~.e\,er, previous studies 
(30, 31) have reported 0.1 to 5.0 kmol of dissolved free amino acids per liter. Glucose co~lcentrations of 
0.01 to 1.0 pmol l i t e r '  ha1.e been reported in the Sargasso Sea [R. E. Vaccaro, S. E. Hick, H .  W. 
Jannasch, F. L. Carey, Limnol. Oceanogv. 13, 356 (1968)l. Assimilation rates were calculated on the 
assumption that amino acid and glucose concentrations \trere 1.0 kmol liter-' and 0.01 pmol liter-', 
respecti\.cly. Since minimum concentrations were used in these calculations, assimilatio~l rates are 
conscnati\re estimates. NS, not significant; radioactivity in larvae was not significantly greater than 
background radiation. 

Solute assimilation Filter retainedt 

Substrate Disintegrations Picogram Disintegrations 
per minute per larva per minute 
per larva* per hour per nullihter 

L-Leucine 121,299 rt 15.6%, n = 8 31.5 rt 4.9 59 
L-Glutamic acid 13,430 t 13.5%, n = 9 19.8 + 2.6 48 
Amino acid mixture 100,783 ? 7.8%, n = 8 720 rt 56 52 
D-Glucose 123,420 + 13.4%, n = 9 238 + 31 49 
Thymidine 53 rt 18.2%, n = 9 NS 58 

*Radioactivin accumulated bv P,  antavctica durin a 4 hour incubation. Each value is the mean i coefficient of 
variation. Baikground radioactivin was about 45 jpm. - i-Radioactivitv in the 0.22-bm to 64-bm filtrate of the 
larval suspension. This represents potential bacterial contamination \+,ithilithe incubation container. Details In (17). 

Their planktonic larvae were first described 
almost 80 years ago (12), pet their reproduc- 
tion and develo~ment have been examined 
only recently (13). In this report we describe 
the nutrition and feeding behavior of the 
larvae of the antarctic asteroid Porania ant- 
arctic~. These larvae assimilated amino acids 
and glucose and ingested exclusively bacte- 
ria; they actively excluded as a food source 
all of the algal species that we tested. Field- 
collected larvae of other species also ingested 
bacteria as a source of food. These results 
suggest that the development of feeding 
larvae in the light-limited environment un- 
der the annual sea ice (14, 15) is not coupled 
directly to phytoplankton production. 

Experiments were carried out in McMur- 
do Sound, Antarctica, during the 1985 aus- 
tral spring (16). Ambient concentrations of 
amino acids and glucose but not of thpmi- 
dine (TdR) were directly assimilated by P. 
antarctica (1 7). Assimilation rates of the 
amino acid mixture and glucose were signifi- 
cantly greater than that of leucine and glu- 
tamic acid (Table 1). These larvae were not 
treated with antibiotics (6). However, (i) 
the absence of direct [ 3 ~ ] ~ d ~  uptake by the 
larvae (or gut-associated bacteria) and (ii) 
the negligible amount of filter-retained ra- 
dioactivity (0.22 ym) (Table 1) imply that 
the washing procedure with sterile, filtered 
seawater removed whatever bacteria that 
map have adhered to the surface of the larvae 
(18). Thus the larvae mediated the uptake of 
these radioactive organic solutes. 

Although particulate material was rou- 
tinely observed within the gut of bipinnaria 
and brachiolaria larvae of P. antarctica that 
were fed bacterized algal cultures, the mate- 
rial did not exhibit chlorophyll a auto- 
fluorescence when examined bj; epifluores- 
cence microscopy, and chlorophyll a was not 
detected in acetone extracts of the larvae. 
The ingestion of bacteria (bacterivoly) and 
algae from natural populations and from 
bacterized cultures representing three classes 
of algae was assessed by dual labeling with 
[ 3 ~ ] ~ d ~  and I4C-labeled bicarbonate (19). 
Larvae of P. antarctica ingested 3~- labeled  
prticles exclusively. Particles labeled with 
4C were not ingested even at algal concen- 

trations up to 35 yg of chlorophyll a per 
liter (Table 2). Clearance rates for P. antarc- 
tica that were reared in the laboratory and 
fed bacterized algal cultures were <0.01 y1 
per larva per hour and 43 to 70 yl per larva 
per hour for I4c-labeled and 3~- labeled  
particles, respectively. When P. antarctica 
fed on natural planktonic populations, clear- 

R. B. Rivkin and E. J. Lessard, Horn Point Laboratories, 
Center for Environmental and Estuarine Studies, Uni- 
versity of Maryland, Cambridge, MD 21613. 
I. Bosch and J .  S. Pearse, Institute of Marine Sciences, 
University of California, Santa Cruz, CA 95064. 
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ance rates were 228 ~1 per larva per hour for Table 2. Clearance rates for larvae of P. antavctica fed bacterized algal cultures and natural plankton 

3H-labeled particles and were <0.01 p1 per population labeled with ['HITdR and I4C-bicarbonate [details of the experiment in (19)l .  Radioactiv- 
ity of the prey was calculated by dividing the particulate 3H and I4C activity by the bacterial and algal 

lanra per hour for 14C-1abe1ed Ones abundances, respectively. Each value is the mean rt standard deviation; n = 8 (clearance rates) or n = 4 
2). Similar high ingestion rates of 3 ~ - l a -  (radioactivity of prey). NS, radioactivity in larvae was not significantly greater than background 
beled particles were found for field-collected radiation. ND, not determined. 

echinoderm, polychaete, and nemertean lar- 
~ ~ a e  (Table 3) that fed on natural plankton Clearance rates 

(p1 per larva per hour) Radioactivity of prey 
populations (20). Since [ 3 ~ ] ~ d ~  was not Food source 

3H I4C 3H* 1 4 ~ 1  taken up directly by P. antarctica (Table l ) ,  
the 3~ activity within these larvae was de- Isochryr~galbana 50 rt 8.0 <0.01 3.3 rt 1.1 3.5 + 0.09 
rived from ingesting 3H-labeled particles ~ ~ ~ ~ l i ~ l l ~  teholecta 43 t- 6.8 NS 3.0 + 0.29 1.7 + 0.18 
rather than by bacteria within their gut pjaeodactylum tr~comzutum 70.2 2 16 NS 3.9 rt 0.91 4.2 + 0.64 
assimilating [ 3 ~ ] T d ~ .  During short incuba- ~ ~ ~ ~ a l  population 228 rt 49 <0.01 5.3 + 1.1 ND 
tions, [3H]TdR is assimilated primarily by 
bacteria (18, 21), and 14c-labeled bicarbon- *lo-' disintegrations per minute per cell. tDisintegrations per minute per cell. 

ate is taken up by autotrophic algae when 
there is sufficient light. The techniques used 
in these ex eriments had the sensitivity to pended particles. Although 4- to 6 - ~ m  par- are carried into the buccal cavity by water 
detect the k - u p t a k e  by a single algal cell ticles ark captured most efficiently, those <2 currents propagated by cilia; the panicles 
(Table 2); thus the absence of I4C in the pm can be ingested when they are abundant are thefi transported into the gut by cilia 
larvae suggests that only bacteria were in- (2-4). In nature, most free-living bacteria within the circumoral field. In P. antarctica, 
gested (22). Similar experiments in which are C1.0 Fm. However, bacteria often occur the ciliary action may have been inadequate 
idehtical techniques were used in temperate in aggregates of 2 3  Fm (24) that can be to transport larger algal cells into the gut. 
and tropical regions typically showed signif- more efficiently grazed by echinoderm lar- This pattern of preferential ingestion is un- 
icant and often preferential ingestion of I4c- vae such as those studied here. Echinoderm expected, considering previous nutritional 
labeled particles by copepods, ciliates, and larvae can preferentially ingest specific spe- studies (2, 3, 8). 
heterotrophic dinoflagellates (23). cies of algae from mixed algal cultures and Growth and development of echinoderm 

Temperate and tropical echinoderm larvae exclude particles that are too large or are and other larvae appear to be limited by the 
can feed on a broad-sized spectrum of sus- unsuitable as food (3). Generally, particles availability of food in some temperate coast- 

al and tropical regions; typical chlorophyll a 
concentrations of 0.5 to 4 +g liter-' appear 
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ii 1-1 (2, 7, 8). At high latitudes, where the abun- 

i I  
dance of phytoplankton is highly seasonal, - 
nonplanktotrophic larval development pre- 
vails (9, 10). Moreover, the slow develop- 
mental rates of species with feeding larvae 
can uncouple the planktonic feeding stage 
from the shortened phytoplankton bloom 
(10, 12, 13). In McMurdo Sound, the con- 
centration of chlorophyll a is typically 10 to 

8 .- h 100 ng liter -' when P. antarctica, Odontas- - 
m ter spp., and feeding larvae of other echino- .- 
b 

r/ derm are in the water column (Fig. 1). 
0' These planktotrophic larvae develop when 

- o phytoplankton concentrations are up to 
I about two orders of magnitude less than the - 

I amount that is considered limiting (7, 8, 
9 1 

P - 7 25).  In late December, when fewer feeding 
\ larvae are present (Fig. l), large concentra- 
\ tions (1 to 6 +g of chlorophyll a per liter) of 
\ , . q , the prymnesiid Phaeocystzs sp. are delivered 
\ / - 
0- - - -0' from offshore waters into McMurdo Sound 

(14, 15). However, Phaeocyststis is not a suit- 
able food for many invertebrates (26). Since 

I I I I I 1 I 1 1 I 
6 

larvae feed most efficiently on nanoplank- 
M A M J J A S O N D J F  ton-sized particles (3), proper size distribu- 

Month tions as well as concentrations of phyto- 
Fig. 1. Seasonal pattern of chlorophyll a, 0 ; bacteria, ; and the presence of the feeding stages of plankton are critical for their successful de- 
asteroid l a rvac ( i )  0. validus and 0. meridionalis, (ii) P. antarctica, and (iii) S. newmayeti in the velopment. In McMurdo Sound, 70 to 80% 
plankton. Nemertean larvae were found in the plankton year-round. Chlorophyll a and bacterial data of the chlorophyll a is > l o  Fm (271, 
were collected during the 1985 (January and February) and 1985-1986 (August-January) field seasons 
for stations 10 to 20 km north of Cape Armitage. In April, May, and June 1985 samples of bacteria contrast) nanoplankton represent to 95% 
were collected by scuba divers near Cape Armitage by enclosing water samples in plastic bottles. These of the phytopla"kton biomass in O1igO- 
bacterial samples were preserved in 2% Formalin for up to 6 months before counting. trophic and oceanic environments (28). 



Table 3. Ingestion rates for echinoderm, poly- 
chaete, and nemertean larvae collected from be- 
neath the annual sea ice in MciMurdo Sound and 
fed natural populations labeled with [3H]TdR 
and I4C-bicarbonate [details in (19, 20)]. NS, 
radioactivity in larvae was not significantly greater 
than background radiation. 

Clearance rate 

Larvae (pl per larva per hour) 

3H I4C 

Echinoderm 
Sterechinus 

neumayerz; 
echinopluteus 

Odontaster sp.; 
bipinnaria 

Polychaete 
Unidentified 

post-trochophore 
Nemertean 

Parbolasia 
corrugatus 

  mean + standard deviation. tAverage and range 

Since (i) prolonging a planktonic phase of 
development typically leads to  increased 
mortality and (ii) the persistently low phyto- 
plankton concentrations of  the appropriate 
sizes would significantly reduce rates of  de- 
velopment (29), these echinoderm larvae 
ingest bacteria and assimilate organic solutes 
as primary nutritional sources. Unlike phy- 
toplankton, bacterial abundances were rela- 
tively high ( l o 6  to lo8 liter-') (Fig. 1 )  and 
constant throughout the year studied, and 
dissolved amino acid concentrations were 
0 .1  to  5.0 pmol liter - I  (30,31) when larvae 
in the feeding stage were in the plankton. 
Thus these larvae have apparently evolved t o  
use temporally conservative nutritional re- 
sources.such as bacteria. 

The relatively constant environmental 
conditions and physiological adaptations of 
shallow-water benthic organisms in the Ant- 
arctic are similar to  thosein the deep sea (31, 
32). Planktotrophic echinoderm larvae in 
McMurdo Sound during the austral winter 
and spring and in the deep sea \vould be 
exposed to similar nutritional environments 
(33); therefore, similar nutritional modes 
may be expected for these larvae. 
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Oceanic Dimethylsulfide: Production 
During Zooplankton Grazing on Phytoplankton 

About half the biogenic sulfur flux to  the earth's atmosphere each year arises from the 
oceans. Dimethylsulfide (DMS), which constitutes about 90% of this marine sulfur 
flux, is presumed to  originate from the decomposition of dimethylsulfoniopropionate 
produced by marine organisms, particularly phytoplankton. The rate of  DMS release 
by phytoplankton is greatly increased when the phytoplankton are subjected to  grazing 
by zooplankton. DMS production associated with such grazing may be the major 
mechanism of DMS production in many marine settings. 

IMETHYLSULFIDE (DMS) IS UBIQ- 
uitous in the surface waters of the 
ocean and appears always to be 

present in concentrations far in excess of the 
concentrations expected at atmospheric 
equilibrium (1). This large concentration 
gradient between the oceans and the auno- 
sphere drives almost half the biogenic sulfur 
flux to the earth's atmosphere (2). DMS 
constitutes about 90% of the flux of biogen- 
ic sulfur from the ocean to the atmosphere. 
As a result, considerable attention has been 
hcused on the distribution and dynamics of 
DMS in ocean water in an effort- to under- 
stand mechanisms controlling its flux to the 
atmosphere (3, 4). 

T ~ ~ ~ D M S  in seawater appears to originate 
from algae, most likely produced by the 
decomposition of dimethylsulfoniopropio- 
nate (DMSP), a tertiary sulfonium com- 
pound analogous to the quaternary ammo- 
nium compounds (for example, glycinebe- 
taine and proline) that are widespread in 
marine organisms ( 5 ) .  As with these ammo- 
nium compounds, DMSP may be involved 
in regulating cellular osmotic pressure in 
algae (6, 7). Decomposition of DMSP ap- 
pears to occur mainly by an enzymatically 
catalyzed elimination reaction, yielding 
DMS and acrylic acid (8) (Fig. 1) .  First 
discovered in the marine alga Polysiphonia 
fastigiata by Challenger ( 4 ,  DMSP has sub- 

sequently been documented in a wide range 
of marine algae (9) .  Many marine algae 
produce DMS in the normal course of me- 
tabolism (7, 8) .  Exact mechanisms and fac- 
tors controlling DMSP decomposition in 
the ocean remain unknown. 

Sieburth (10) reported that decomposi- 
tion of DMSP originating in the alga Phaeo- 
cystis resulted in the accumulation of acrylic 
acid in the guts of penguins. We reasoned 
that, somewhere in the food chain, the 
decomposition of DMSP must also have 
resulted in loss of DMS to the water col- 
umn. Furthermore, this process might occur 
throughout the marine food web. There is 
widespread evidence that zooplankton and 
other - filter-feeding invertebrates ingest 
DMSP-containing plants with no adverse 
effects (11). 

We investigated the production of DMS 
during gazing by the marine copepods La- 
bidoceva aestiva and Centropages hamatus on 
the dinoflagellate Gymnodinium nelsoni. 
Feeding experiments were conducted in sily- 
lated 1-liter glass bottles with silicone rub- 
ber stoppers containing 750 ml offiltered ( 5  
km) seawater. Four treatments were exam- 
ined: with no organisms, with phytoplank- 
ton alone, with phytoplankton and zoo- 
plankton, and with zooplankton alone. We 
monitored DMS in the headspace of the 
bottles (12) to minimize disturbance to the 

phroplankton and the small input (5 to 10 g m-' 
year- ) of particulate organic carbon [G. T. Rou~e 
and N. Staresinic, in The Deep Sea Ecology and 
Exploitation (Royal Swedish Academy of Science, 
Stockholm, 1979), pp. 19-23], feeding lawae 
would probably use bacteria and DOM as nutrition- 
al sources. 
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plankton suspensions. Phytoplankton densi- 
ties were set to 500 cells per milliliter, 
zooplankton to 30 to 40 animals per liter. 
These densities are higher than oceanic den- 
sities but occur in certain coastal situations. 
We selected these densities to ensure that 
measurements could be made over a 24- 
hour period. At the end of the experiment, 
the densities of phytoplankton and zoo- 
plankton were determined by direct count- 
mg. 

The results of these ex~eriments demon- 
strate that ingestion of phytoplankton by 
zooplankton releases DMS into the water 
column (Fig. 2). Using the weighted mean 
of linear least squares fits to the individual 
runs, we found that the rate of DMS pro- 
duction in bottles with zooplankton and 
phytoplankton averages 24 times that in 
bottles with phytoplankton alone. Bottles 
containing zooplankton alone and seawater 
without organisms showed no significant 
DMS production. 

The weighted least squares slope for DMS 
concentration versus time in the phyto- 
plankton bottles indicates a DMS produc- 
tion rate for the alga of 23 x 
(1.16 x 10-l~. 95% confidence) mol per 
cell per day. We know of only one other 
published estimate of DMS production by 
phytoplankton: ~~menomo&as carterue, 
1.3 x 10-l5 mol per cell per day (at 35 parts 
per thousand) (7). The volume of cells of G. 
nelsoni (-2.4 x lo-" liter) is about 30 
times that o f H ,  cafierae (-8 x 10-l3 liter), 
which may in part account for the difference 
in cell-s~ecific rates of DMS ~roduction. 

We estimated intracellular concentrations 
of DMSP by filtering known quantities of 
phytoplankton onto glass-fiber filters and 
treating the filters with base (13). The con- 
centration of DMSP in G, nelsoni was about 
280 mmol per liter of cell volume. In H. 
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