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Fluid Dynamics in Suspension-Feeding Blackfish

S. LAURIE SANDERSON,* JOSEPH J. CECH, JR., MARK R. PATTERSON

Measurements of flow patterns and water velocities inside the oral cavity of blackfish
(Orthodon microlepidotus), made with a fiberoptic endoscope and thermistor flow
probe, revealed that gill-arch structures act in blackfish as barriers that direct
particle-laden water to the mucus-covered roof of the oral cavity, where particles are
retained. Gill-arch structures have previously been assumed to be the site of particle
retention in suspension-feeding fishes. Water does not pass between these structures in
blackfish, and they do not serve as filters that separate particles from the water. These
results emphasize the importance of directly assessing flow velocity and direction inside
the oral cavity of vertebrate suspension feeders, particularly at the level of the filtering

elements.

large volumes of water past their feed-

ing apparatus to capture minute plank-
tonic prey. They belong to at least 12 fam-
ilies in nine orders (1) and make up
approximately one-third of the world fish
catch (2). Despite the ecological and eco-
nomic importance of these fishes, hypothe-
ses about mechanisms of particle entrap-
ment inside their mouths have rarely been
tested, and there have been no direct obser-
vations of particle retention. Most workers
have assumed that rows of cartilaginous
protuberances on the gill arches (for exam-
ple, gill rakers, branchiospinules) act as the
filter in suspension-feeding fishes (3). These
structures may operate as a sieve, retaining
particles larger than the pore size of the
mesh (4). If the gill-arch structures have a
sticky mucus coating, particles small enough
to pass between the mesh may be trapped by
direct interception, inertial impaction, grav-
itational deposition, or electrostatic entrap-
ment (5). By developing a quantitative ex-
perimental approach, we have documented
an unexpected mechanism of fish suspension
feeding. The techniques we used for flow
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visualization and measurement can be adapt-
ed to study the function of internal feeding
structures in a diversity of animals, including
suspension-feeding birds and bivalves.

Like other suspension-feeding species in
the family Cyprinidae, blackfish (Orthodon
microlepidotus) use a series of suctions to
engulf water in a pulsatile fashion. It is
thought that particles captured on gill rakers
are then transported by water currents to the

Fig. 1. Blackfish oral cavity, showing the locations where
instruments were inserted (A, B, C, and D). (Left) Sagittal
section. At location B, instruments were inserted at a right
angle to the plane of the photograph. The width of the
photograph is 11 cm. (Right) Head-on view of open
blackfish mouth with lower jaw removed. After water and

UPPER JAW

esophagus during a processing phase (6).
We obtained images of particle movements
and measured water velocities inside the
mouths of three adult blackfish [32 to 33 cm
standard length (7)] using a fiberoptic endo-
scope and thermistor flow probe (8) thread-
ed through a cannula implanted in the hyo-
mandibula or neurocranium. The unre-
strained fish fed freely on a mixture of dead
brine shrimp adults (4 mm long) or brine
shrimp nauplii (400 to 500 pm long), hydrat-
ed brine shrimp cysts (250 pm across), and
polystyrene microspheres (40 to 80 pm
across).

By inserting the tips of the endoscope
and thermistor less than 1.5 mm into the
oral cavity through the hyomandibula can-
nula, we positioned the instruments above
the channel between the lateral and medial
rows of rakers on the ventral region (cera-
tobranchial) of gill arch I (Fig. 1, location
B). Insertion through the neurocranium
provided access to the ceratobranchial of
gill arch II (Fig. 1, location C). Videotapes
of the endoscopic images confirmed that
particles were not entrained by any eddies
around the instrument tips. Videotaped
sequences were selected at random for de-
tailed analysis.

While the fish were feeding, only 3 of 228
particles that entered the field of view (3 to
4 mm in diameter) were actually retained by
the gill rakers (Fig. 2, left); the remainder of
the particles traveled across the field of view
in the channel between the rows of rakers.
In all, 84% of the particles (» = 168) were
carried dorsally toward the roof of the oral
cavity, whereas 16% were transported ven-
trally toward the floor. Almost all particles

particles entered the mouth (open arrows), particles (dots) were observed to travel (solid arrows) along
gill arches and palatal organ. Arrows at left of figure indicate that water exiting between the ventral
regions (ceratobranchials) of the gill arches is not filtered. Filtered water exits between the dorsal
regions (epibranchials) of the gill arches (not visible). The maximum width of the head is 5 em. [Left
photograph by L. Matteson; right photograph by L. Matteson and M. Massingill]
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Fig. 2. (Left) Unusual endoscopic image taken
through the hyomandibular cannula (Fig. 1, lo-
cation B) showing a particle (~80 pm in diame-
ter) retained by blackfish gill rakers (jagged shapes
in right background). Most particles were ob-
served to travel rapidly along the channel between
the two rows of gill rakers without contacting the
rakers. In order to provide an unobstructed view
of the rakers, endoscopic videotapes were also
taken without the thermistor flow probe inserted.
(Right) Typical endoscopic image of the anterior

pharynx (Fig. 1, location D) showing particles (~40 to 250 pm in diameter) aggregated in mucus along
the palatal organ and postlingual organ. The endoscope was retracted slightly in the cannula; the curved
edge of the cannula can be seen passing through the center of the image.

were moving individually; only one aggre-
gated clump, containing seven particles, was
observed. Because most of the particles
moved up the channel as the fish were
pumping water into their mouths, only a
few passed the endoscope during the pro-
cessing phase. Videotapes of the anterior
pharynx [Fig. 1, location D, along the mu-
cus-covered palatal organ and postlingual
organ described in (9)] showed that many
particles were in the form of aggregated
clumps, apparently bound together with
mucus, as they moved toward the esophagus
during both the pumping and processing
phases (Fig. 2, right).

As the signal from the thermistor flow
probe was displayed on an oscilloscope in
real time, we determined that the flow along
the channel between the lateral and medial
rows of rakers cyclically increased when the
hyomandibula and gill arches abducted after
the mouth opened, then decreased when
they adducted [Fig. 3 (10)]. If the gill rakers
acted like a sieve, flow velocity would be
expected to increase during gill arch adduc-
tion as the sieve pore area decreased (11).
Flow velocity along the channel was approx-
imately half of the velocity measured at the
entrance to the mouth (Fig. 1, location A),
but was comparable to that along the palatal

100

80

60

40

Flow speed (cm/s)

20 4 — +
0.0 1.0 2.0

Time (s)

Fig. 3. Flow velocity in the channel between the
two rows of gill rakers on gill arch I (Fig. 1,
location B) in a suspension-feeding blackfish.

organ (Table 1).

On the basis of these data, we propose a
model in which particle-laden water travels
rapidly along the gill arches to the lateral
margins of the palatal organ (Fig. 1); parti-
cles are trapped on the palatal organ as water
exits the oral cavity between the dorsal
regions of the gill arches (epibranchials).
Capture of suspended particles involves
their transfer from a through current passing
between the epibranchials to a surface cur-
rent along the palatal organ. This situation is
analogous to that hypothesized in suspen-
sion-feeding bivalves, in which complex
flow patterns and steep velocity gradients

Table 1. Flow velocities (cm/s) at four locations in the oral cavity of three suspension feeding
blackfish. The mean peak velocity in each feeding bout was calculated, then the mean of these values
(given below) was calculated for each specimen. Locations A, B, C, and D are illustrated in Fig. 1.
Numbers in parentheses are the total number of feeding bouts and the total number of peaks.

Location Fish Mean peak velocity + 1 SD Range
A X 118.3 = 11.3 (7, 328) 101.4 to 133.9
A Y 141.2 = 13.9 (12, 41) 104.8 to 147.0
A Y/ 136.3 + 11.8 (7, 66) 111.3t0 1454
B X 61.8 = 6.8(9,118) 53.2t0 73.6
B Y 54.3 £ 134 (8, 73) 354t 724
B Y/ 56.0 = 9.1 (5, 108) 48.7t0 70.2
C X 400 = 7.4(9,110) 289t0 52.9
D X 64.7 = 13.1 (8, 90) 39.8t0 809
D Y 4.2+ 82(6, 70) 326t 574
D Z 64.2 = 25.6 (8, 90) 25.0t0 103.4
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are generated where two feeding current
systems intersect (12). If this model is cor-
rect, water that escapes between the cerato-
branchials of the gill arches will not be
filtered.

Our results are not consistent with evi-
dence from x-ray films of suspension-feeding
bream (Cyprinidae) (13, 14). The films in-
dicated that 25% of individual Daphnia with
a 1-mm-diameter iron sphere glued to their
carapace were retained in the spaces between
the gill rakers. Hoogenboezem et al. pro-
posed a model (14) in which lateral rakers of
bream move actively into the spaces between
medial rakers on the adjacent arch, forming
a sieve with an adjustable mesh. At no time
did we observe blackfish gill rakers moving
independently of the gill arches, and the
gill rakers did not act as a sieve. Blackfish,
unlike bream, are able to retain particles as
small as 10 to 25 pm (15). Direct intercep-
tion of minute particles on a nonporous
mucus layer in blackfish circumvents the
problems of forcing water through finely
spaced filtering elements or of losing large
numbers of small particles through more
widely spaced elements. Endoscopic images
and flow velocities obtained from the oral
cavity of bream would establish whether
different filtration mechanisms have evolved
in confamilial species that possess the same
basic filtering structures. Alternatively,
many suspension-feeding cyprinids may
use the mechanism described for blackfish,
and the interspecific differences in size of
particle retained may result from differ-
ences in the rugose morphology of the
palatal organ and the viscosity of the mu-
cus produced (16).

In most sardines and herring (Clupeidae)
and anchovies (Engraulidae) that ram sus-
pension feed by swimming forward with an
open mouth, a number of gill arches meet in
the dorsal midline, and this geometry allows
the gill slits and rakers to extend farther
medially than in other fishes (17). In the
absence of an expansive mucus-covered
roof, the filtration mechanism described for
blackfish cannot operate. However, the un-
expected fluid dynamics that we observed in
the blackfish oral cavity prompt an examina-
tion of flow patterns and velocities in ram
suspension feeders. The entire process of
particle capture and transport to the epi-
branchial organs located dorsal to the esoph-
agus in such fishes (18) may be mediated by
water currents directed passively by the mor-
phology of the branchial apparatus itself as
the fish swims forward. Mathematical mod-
els of fluid motion at the level of the gill
rakers will allow prediction of the flow
velocities and raker morphologies that are
associated with the functioning of rakers as
barriers versus filters (19).

REPORTS 1347



REFERENCES AND NOTES

1. X. Lazzaro, Hydrobiologia 146, 97 (1987); S. L.
Sanderson and R. Wassersug, in The Vertebrate
Skull, J. Hanken and B. Hall, Eds. (Univ. of Chica-
go Press, Chicago, in press).

2. Food and Agriculture Organization of the United
Nations, Yearbook of Fishery Statistics, 1986 Catches
and Landings (FAO, Rome, 1988).

3. E. H. R. R. Lammens, Environ. Biol. Fish. 13, 289
(1985); J. R. Mummert and R. W. Drenner, Trans.
Am. Fish. Soc. 115, 522 (1986); D. B. MacNeill
and S. B. Brandt, Copeia 1990, 164 (1990); S. L.
Sanderson and R. Wassersug, Sci. Am. 262, 96
(March 1990).

4. R. A. Rosen and D. C. Hales, Copeia 1981, 441
(1981); K. D. Friedland, L. W. Haas, J. V. Merri-
ner, Mar. Biol. 84, 109 (1984); R. N. Gibson, J.
Fish. Biol. 32, 949 (1988).

5. A. G. Durbin and E. G. Durbin, Mar. Biol. 33, 265
(1975); D. 1. Rubenstein and M. A. R. Koehl, Am.
Nat. 111, 981 (1977); P. N. White and M. N.
Bruton, S. Afr. J. Zool. 18, 31 (1983); M. LaBar-
bera, Am. Zool. 24, 71 (1984); R. W. Drenner et
al., Trans. Am. Fish. Soc. 116, 272 (1987); M. E.
Northcott and M. C. M. Beveridge, J. Zool. London
215, 133 (1988).

6. F. A. Sibbing, J. W. M. Osse, A. Terlouw, J. Zool.
London Ser. A 210, 161 (1986); T. J. Ehlinger,

Can. J. Fish. Aquat. Sci. 46, 1250 (1989).

7. Fish were anesthetized with MS-222 (67 to 200
mg/l) during surgery. Data were collected within 1
to 4 days of cannula implantation.

8. The fiberoptic endoscope (0.7 mm in diameter, 0.5
m long, Instrument Technology, Inc.) was attached
to a charge-coupled device camera (Sony XC-37)
and a 0.5-inch VHS recorder (Panasonic AG-1950).
Videotaped images were digitized (24-bit color)
with the use of a RasterOps FrameGrabber 324
connected to an Apple Macintosh Ilcx. Digitized
images were Wiener filtered to reduce noise and blur
and then contrast stretched to improve overall visi-
bility. The thermistor flow probe (1.09 mm in
diameter) was heated by a feedback logarithmic
amplifier [modified from that in M. LaBarbera and
S. Vogel, Limnol. Oceanogr. 21, 750 (1976)], and
the output was sampled at 100 Hz by a microcom-
puter-controlled A/D convertor (GW Instruments
MacADIOS 411). The probe was calibrated from 0
to 147 cm/s and temperature-compensated from 20° to
30°C. Experiments were conducted at 24° to 25°C.

9. F. A. Sibbing, Environ. Biol. Fish. 22, 161 (1988).

10. Data were zero-padded if necessary and modified by
a Hanning window, and the magnitude FFT spectra
were calculated. During pumping, most of the en-
ergy was found between 1.75 to 3.50 Hz.

11. G. V. Lauder, J. Exp. Biol. 113, 151 (1984).

12. C. B. Jorgensen, Mar. Ecol. Prog. Ser. 11, 89

(1983); C. B. Jorgensen et al., ibid. 34, 69 (1986).

13. W. Hoogenboezem et al., J. Fish Biol. 36, 47
(1990).

14. , Can. J. Fish. Aquat. Sci. 48, 7 (1991).

15. P. C. Johnson and G. L. Vinyard, Trans. Am. Fish.
Soc. 116, 634 (1987); S. L. Sanderson, unpublished
data.

16. R. Wassersug, J. Morph. 137, 279 (1972);
— and K. Rosenberg, ibid. 159, 393 (1979).

17. G.]. Nelson, Copeia 1967, 389 (1967).

18. K. D. Friedland, ibid. 1985, 1018 (1985).

19. A. Y. L. Cheer and M. A. R. Koehl, IMA J. Math.
Appl. Med. Biol. 4, 185 (1987); J. Theor. Biol.
129, 17 (1987).

20. We thank Instrument Technology, Inc., for loan of
the endoscope and D. Reeves for technical advice
regarding its use; H. Fischer and L. Matteson for
preparing Fig. 1; J. Brandtand V. R. Algazi, Center
for Image Processing and Integrated Computing,
University of California, Davis, for help with image
processing of Fig. 2; and A. Cheer, R. Wassersug,
K. Liem, W. Hoogenboezem, D. Rueb, V. Chow,
D. Erickson, D. Castleberry, M. Choi, T. Hopkins,
and P. Young for advice and assistance. Supported
by a National Science Foundation Postdoctoral Re-
scarch Fellowship in Environmental Biology to
S.L.S. (BSR-8800190).

18 September 1990; accepted 2 January 1991

A Molecular Genetic Classification of Zooxanthellae
and the Evolution of Animal-Algal Symbioses

RoB RowaN AND DENNIS A. POWERS

Zooxanthellae are unicellular algae that occur as endosymbionts in many hundreds of
marine invertebrate species. Because zooxanthellae have traditionally been difficult to
classify, little is known about the natural history of these symbioses. Zooxanthellae
were isolated from 131 individuals in 22 host taxa and characterized by the use of
restriction fragment length polymorphisms (RFLPs) in nuclear genes that encode
small ribosomal subunit RNA (ssRNA). Six algal RFLPs, distributed host species
specifically, were detected. Individual hosts contained one algal RFLP. Zooxanthella
phylogenetic relationships were estimated from 22 algal ssRNA sequences—one from
each host species. Closely related algae were found in dissimilar hosts, suggesting that
animal and algal lineages have maintained a flexible evolutionary relation with each

other.

NIMAL-ALGAL SYMBIOSES ARE UBIQ-

uitous and typically dominant fea-

tures of shallow tropical seas. Of the
several kinds of unicellular algal participants
(1), the most abundant are coccoid, yellow-
brown dinoflagellates that are known as
zooxanthellae (2, 3). Photosynthetic pro-
duction by these symbioses, especially the
reef-building corals, is largely responsible
for the life and growth of tropical reef
communities (4). Zooxanthella hosts in-
clude various invertebrate taxa, but zooxan-
thella diversity (3, 5-7) is far less obvious
and has been difficult to evaluate. Most
zooxanthellae are referred to the genus Sym-
biodinium Freudenthal (3, 8), which present-
ly includes four species described as in vitro
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cultures and many cryptic forms (8, 9).
Symbiodinium taxonomy has been hindered
by a paucity of informative morphology,
especially in the vegetative (symbiotic) state
(10), by the possibility of host-associated
phenotypic plasticity (5), by difficulties in
obtaining in vitro cultures (5), and by the
absence of sex, which precludes formal ge-
netic analyses (3). The poor status of Sym-
biodinium taxonomy has limited our under-
standing of symbiosis ecology and evolu-
ton. We classified 22 zooxanthella isolates
using the polymerase chain reaction (PCR)
(11) to amplify small ribosomal subunit RNA
(ssRNA) genes from Symbiodinium (12), and
ssRNA sequence data.

Symbiodinium-like zooxanthellae were iso-
lated from hosts (Table 1) and their nuclear-
encoded ssRNA genes were PCR-amplified
with zooxanthella-specific primers as de-

scribed (12). The amplified DNA, which
corresponds to the ssRNA molecule less 103
nucleotides at either end (12), was first
analyzed with restriction enzymes. Three
common and three unique Taq I digestion
patterns [restriction fragment length poly-
morphisms (RFLPs)] were observed (Fig.
1). Taq I RFLPs A and B are predicted by
the ssRNA sequences from cultured Symbio-
dinium isolates (13), and all six RFLPs can
be related to one another by a single Taq I
site gain or loss (14). This implies that
individual host samples contain only one of
six detectable zooxanthella genotypes (15).
Zooxanthellae obtained from different indi-
viduals of the same host species (16) always
exhibited the same RFLP genotype (in a
total of 129 algal isolates from 20 host taxa
collected from nature) (Table 1). Since these
genotypes apparently represent biologically
distinct algae that associate specifically with
one or more host species, algal taxonomy
was investigated in greater detail.
Phylogenetic relationships among zoo-
xanthellae were estimated from ssRNA gene
sequences. Four cultured (13) and 18 fresh
isolates were compared. PCR-amplified
DNA was digested with Xba I and cloned
into the vector M13mpl8 (17), and two
relatively variable regions (13) were se-
quenced, yielding a total of 472 to 476
nucleotide positions from each isolate.
These sequences are obtained from a single
Xba I fragment and should represent about
one-half of the variability contained in entire
Symbiodinium ssSRNA molecules (13). Se-
quences were identical to one another or
differed by up to 35 nucleotides in 83
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