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Herbivory in Asymbiotic Soft Corals 
Katharina E. Fabricius,* Yehuda Benayahu, Amatzia Genin 

A zooxanthellae-free soft coral from the Red Sea feeds almost exclusively on phyto- 
plankton, a mode of nutrition so far unknown for corals. Herbivory was also found in three 
other azooxanthellate soft corals. In tropical oligotrophic waters, phytoplankton biomass 
density may be an order of magnitude higherthan that of zooplankton. Use of this resource 
allows these azooxanthellate cnidarians to be highly productive in flow-exposed oligo- 
trophic reef waters. 

Soft  corals are an important group of sessile 
marine invertebrates in tropical and tem- 
perate waters. They are the second most 
common benthos component in coral reefs 
of the Indo-Pacific and the Red Sea, in 
which their abundance can be higher than 
that of hard corals (1 ). Their feeding organs 
are characterized by relatively poorly devel- 
oped stinging cells (nematocysts) ( 2 ) ,  and 
their tentacles are branched so that rows of 
narrowly spaced pinnules are arranged in a 
comblike structure around each of the eight 
polyp tentacles. Thus, the surface area used 
for passive suspension feeding in soft corals 
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is much larger than in stony corals, whose 
tentacles do not carry pinnules. 

We  have studied the diet of the common 
reef-inhabiting soft coral Dendronephthya 
hemprichi from the northern Red Sea and 
assessed the composition of its food and 
rates of food intake in field experiments. 
Most reef-inhabiting corals live in symbiosis 
with unicellular algae (zooxanthellae), 
which translocate enough photosyntheti- 
cally fixed carbon to the host to fully cover 
the host's carbon demand in its character- 
istically nutrient-depleted environment (3). 
Dendronephthya hemprichi does not contain 
zooxanthellae but is successful in coexisting 
with or even outcompeting symbiotic reef 
corals. The arborescent colonies embody 
dense filters with up to eightfold ramifica- 
tion, and the pinnules are the smallest filter 
elements, with diameters of only 45 to 55 
ym. Gap width between the pinnules is 60 
to 80 ym. These structures seem more suit- 
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able for suspension feeding than for preda- 
tory capture of prey. We  demonstrate here 
that suspension feeding on phytoplankton 
is the principal mode of nutrition that fuels 
this rapidly growing (4) soft coral. 

Three lines of evidence indicate that D .  
hemprichi feeds on phytoplankton: (i) Epi- 
fluorescence microscopy of the gastrovascu- 
lar cavity of freshly collected D.  hemprichi 
showed high concentrations of small (3 to 
20 ym)  phytoplankton cells (5). (ii) Chlo- 
rophyll a degraded to phaeopigments in ac- 
tively feeding colonies, a process indicative 
of phytoplankton digestion (6). (iii) Phyto- 
plankton gradually accumulated in starved 
corals after their reintroduction to natural 
seawater. 

The  observations under the epifluores- 
cence microscope confirmed that D .  
hemprichi was free of autofluorescence and 
epiphytic algae and did not  contain zoo- 
xanthellae. A great majority of the ingest- 
ed algae were eukaryotes, whereas very few 
blue-green algae were taken in. This con- 
trasts to  the great proportion of blue-green 
algae in cell numbers and biomass in phy- 
toplankton populations of tropical waters 
(7) and may be related to the small size of 
blue-green algae cells (<3  km) .  

The concentrations of phytoplankton 
pigments (chlorophyll a and its degradation 
products, phaeopigments) in the corals were 
quantified in order to estimate rates of phy- 
toplankton intake and decomposition. 
Concentrations were determined fluoro- 
metrically, after a standard acetone-extrac- 
tion technique (8), in colony branches with 
a known number of polyps (9). For the 
experiments, colonies 4 to 5 cm tall growing 
on small polyvinyl chloride plates were kept 
in a flow chamber (18 cm by 15 cm in cross 
section) in continuouslv redaced seawater. , A 

The were suspended on metal-free 
wire awav from the elass walls in such a wav 
that each colony \as exposed to unob: 
structed laminar flow of 4 to 10 cm/s (10). 

The chlorophyll a gradually decomposed 
to phaeophytin in the gastrovascular cavi- 
ties of the colonies. Ten  colonies were k e ~ t  
in natural seawater in the flow chamber. 
After 3 days of feeding on the natural phy- 
toplankton, the ratio of chlorophyll a to 
total photopigments in the colonies was 
0.23 (k0.04 SD), as compared with 0.69 ? 
0.02 SD in the seawater. The  seawater in 
the flow chamber was then replaced by 
filtered water (filter Dore width was 0.7 
km) ,  and the changes in concentrations of 
plant-derived pigments in the colonies were 
recorded over 48 hours by random sampling 
of branch tips of the colonies for pigment 
extraction. Within the first 14 hours, chlo- 
rophyll concentrations decreased at a rate 
of 3.5% per hour in these starving colonies, 
whereas phaeopigment concentrations did 
not change. Around 14 hours after the ini- 



tiation of the measurements. the ratio of 
chlorophyll a to total photopigment 
reached an average value of 0.13 -t- 0.04 SD 
(Fig. 1A). From this time on, both chloro- 
phyll and phaeopigment concentrations 
dropped at similar rates. The decrease in 
chlorophyll a in starved corals and its deg- 
radation to phaeopigments are clear indica- 
tors of digestion of phytoplankton trapped 
in the gastrovascular cavity (1 1). 

To determine rates of phytoplankton in- 
take, successive pigment measurements 
were carried out on 20 actively feeding 
colonies k e ~ t  in the flow chamber with 
continuously replaced natural seawater. Be- 
fore the ex~eriments, the colonies were 
kept in filteIed seawaier for 3 days, hence 
their eastrovascular svstems were free of 
phytoilankton at the beginning of the mea- 
surements. Rates of chlorophyll a intake 
depended on the flow environment of the 
colonies (Fig. 1B). Within the first 10 to 12 
hours, intake rates were 0.0063 -t- 0.0032 
kg of chlorophyll a per polyp per hour (k 
SD) in colonies exposed to a flow of 4 to 5.9 
cm/s (linear regression analysis over the first 
10 hours: N = 60. R2 = 0.79). At  a flow 
rate of 6 to 7.9 cm/s, intake rates were 
higher (0.0104 & 0.0029 yg per polyp per 
hour) ( N  = 60, R2 = 0.92), and at a flow 
rate of 8 to 10 cm/s, intake rates were 

0.0291 +. 0.0079 pg per polyp per hour ( N  
= 90, R2 = 0.93). These rates equal 9.0 +. 
4.8, 15 +. 4.1, and 41.0 2 11.4 yg of carbon 
per polyp per day, respectively, if a chloro- 
phyll a to phytoplankton carbon mass con- 
version factor of 1: 60 is assumed (1 2). Am- 
bient chloro~hvll a concentrations in the . , 
seawater averaged 0.25 mg/m3(15 mg of 
carbon per cubic meter) during the experi- 
ments. The phytoplankton clearance effi- 
ciency, calculated by normalization of phy- 
toplankton intake rates by the flux through 
an imaginary plane with the area of the 
polyp's cross section (9.6 & 1.2 mm2), in- 
creased from 1.7% (at a flow rate of 4 to 5.9 
cm/s) to 4.5% (at a rate of 8 to 10 cmls). 

In contrast to the high rates of intake of 
phytoplankton, we found very little zoo- 
plankton prey in the polyps of D. hemprichi 
(13 ). with an average of less than 0.02 items . , ,  

per polyp (mostly planktonic mollusks and 
copepods). Mean prey size was 508 ym, and 
the rate of zooplankton carbon intake was 
0.21 kg of carbon per polyp per day. Phyto- 
plankton 'filtration supplied two orders of 
magnitude more carbon to the diet of D. 
hemprichi than did zooplankton capture. The 
concentration of zooplankton carbon in the 
seawater during the experiment averaged 3.5 
mg of carbon per cubic meter (14). 

A microscopic examination of three 

other reef-inhabiting asymbiotic octocorals 
(D. sinaiensis, Scleronephthya corymbosa, and 
Acabaria sp.) showed that the gastrovascular 
cavities of these s~ecies also contained large 

Fig. 1. (A) Decrease in the ratio of 0.3 
chlorophyll a to total plant-derived 
photopigments in polyps of D. 6 
hemprichi over time. The curve n~ 

shape is the result of a steady de- 8 
crease in chlorophyll a concentra- ( 0,2-i 
tions within the polyps, due to de- 
composition to phaeopigments. B 
Photopigment concentrations re- 
mained initially constant but began 3 
to drop after about 12 to 15 hours. g O.l - 
The decreasing ratio of chlorophyll a 8 
to total photopigments is evidence 
for the digestion of the ingested phy- 6 
toplankton by this soft coral. Each g 
data point averages six measure- 2 0.0 

quantities of phitoplankton cells. Mechi- 
nisms of phytoplankton intake by octocor- 
als and biochemical adaptations to this diet 
are still unknown (15). To date, cnidarians 
have been considered carnivorous (1 6). Our 
work clearly shows that this generalization 
is incorrect. 
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A major question addressed by tropical 
reef studies is how do the corals maintain 
their high levels of biological productivity 
in a nutrient-impoverished environment 
(17). One explanation is the symbiotic as- 
sociation with zooxanthellae. Efficient re- 
tention of food particles carried over the 
reef is a second mode of energy supply. 
Zooplankton, and detritus with bacteria at- 
tached, have been discussed as main nutri- 
ent sources for the predominately filter- 
feeding coral reef inhabitants (1 8), whereas 
phytoplankton has until now been neglect- 
ed in most trophic studies of coral reefs and 
reef invertebrates, despite its great biomass. 
It is now imperative to evaluate the extent 
of herbivory among cnidarians and other 
filter-feeding reef benthos in order to assess 
the contribution of phytoplankton to the 
high-gross productivity of reefs. 

ments from a colony kept in the flow 0.0 10.0 20.0 30.0 40.0 50.C 
chamber in filtered water (filter pore 
width, 0.7 km). Error bars indicate 1 
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Native Escherichia coli Om pF Porin Surfaces 
Probed by Atomic Force Microscopy 

Frank A. Schabert,* Christian Henn, Andreas Engelt 

Topographs of twordimensional porin OmpF crystals reconstituted in the presence of 
lipids were recorded in solution by atomic force microscopy (AFM) to a lateral resolution 
of 10 angstroms and a vertical resolution of 1 angstrom. Protein-protein interactions were 
demonstrated on the basis of the AFM results and earlier crystallographic findings. To 
assess protein-lipid interactions, the bilayer was modeled with kinked lipids by fitting the 
head groups to contours determined with AFM. Finally, two conformations of the extra- 
cellular porin surface were detectetat forces of 0.1 nanonewton, demonstrating the 
potential of AFM to monitor,donformational changes with high resolution. 

T h e  outer membrane protects the Esche- channel at a resolution of 20 A (5). 
richia coli cell against hostile agents and In pursuit of our goal to acquire sub- 
facilitates the uptake of nutrients ( I  ). The nanometer-scale surface information of a 
latter activity is mediated by porins ( 2 ) ,  of membrane protein embedded in the lipid 
which matrix porin [OmpF (3)] is a major bilayer, we imaged 2D OmpF-phospholipid 
species. X-ray crystallography has resolved crystals adsorbed to freshly cleaved mica in 
the atomic structure of this trimeric chan- 

buffer solution by AFM (6). Double-layered 
rectangular OmpF crystals expose only the 
periplasmic surface to the aqueous environ- 
ment (7). In a manner similar to the dissec- 
tion of gap junctions (8), mechanical dis- 
placement of the top layer of crystals with 
the AFM stvlus revealed the extracellular 
surface of the lower layer. Most likely as a 
result of electrostatic forces mediated by di- 
valent cations, this lower layer remained 
firmly attached to the negatively charged 
mica surface (9). Steps at which the top layer 
broke off revealed both the corrugated extra- 
cellular surface (Fig. 1, left side) and the 
smooth periplasmic surface (Fig. 1, right 
side) of the porin trimer, as well as the 
packing of the two layers with respect to 
each other. 

The periplasmic surface contains regular- 
ly arranged triplet channels that protrude 
less than 5 A from the lipid surface. This 
surface was rather resistant to deformation by 
the stylus, reflecting the tight packing of the 
protein in the lipid bilayer. Thus, periplas- 
mic surfaces could be scanned at least 10 
times at forces below -0.3 nN (9). Unpro- 
cessed topographs exhibit fine structural de- 
tails (see Fig. 2A, left panel) that are en- 
hanced by averaging (inset). The lateral res- 
olution was determined to 8 A by the Fourier 
ring correlation function (9). Quantitative 
analysis of the root-mean-square (rms) devi- 
ation of each pixel has revealed deviations 
smaller than 1 A over the lipid moiety and 
the threefold symmetry axis of the trimer 
(9). To assess the accuracv of these t o ~ o -  . , 
graphical data, we generated a model of the 
2D crvstal takine into account the atomic 
structire of theuporin trimer (4) and the 
position and orientation of the trimers with- 
in the unit cell as determined by AFM, 
without including the lipid bilayer. Aver- 
aged surface contours determined by AFM 
could thus be directly compared to the pro- 
tein structure from x-ray analysis. As dis- 
played in Fig. 2A (right panel), subtle fea- 
tures such as the three ~rotrusions clus- 
tered about the threefold symmetry axes or 

nel protein (4). The strands of the p barrel 
forming the pores are connected by short Fig' Steps Of lhe OmpF 

porin sheets imaged by turns on the periplasmic surface and by AFM, The cormgated ex- 
loops of variable length on the extracellular tracellular surface (left 
surface. When reconstituted in the presence side) and the smooth 
of phospholipids, OmpF porin assembles periplasrn~c surface (right 
into various two-dimensional (2D) crystal side) were visualized si- 
forms. Electron microscopy of negatively muRaneously at a loading 
stained, double-layered trigonal and rectan- force of 0.1 nN, after care- 
gular crystals led to the 3D structure of the ful displacement of the up- 

per layer. The topograph 

Ma~nce E. MJI er lnstltute for M croscoplc Struct~ra BI- 
was recorded with a 

o ogy, Bozentrum, vn1vers1t4t Base. Ch-4056 Base. 'I' (Dlgaal In- 
$,A, t70r ann struments, Santa Barbara. -., ,-", ,", ,". 

'Present address: lnstitut fur Physik Lehrstuhl Physikvon 
California) and oxide-sharpened Si,N, tips on a 100-pm-long cantilever with a spring constant k = 0.1 N/m 

MakromolekOlen, Humboldt-Univ~rsitP zu Berlin, D- (Olympus Ltd., Tokyo, Japan). Rectangular unit cells (a = 135 A and b = 82 A) that comprise two trirners 
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