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Synergistic Predation, Density Dependence, and t ~ v o m u s  da~nselfish Chromls c\iinin (Puma- 
centriche) and other species are attacked by 

Population Regulation in Marine Fish ~ L Y O  suites of predators, L Y ~ I C ~  themselves 

Mark A. Hixon and Mark H. Carr* 

Understanding natural causes of density dependence is essential for identifying possible 
sources of population regulation. Field experiments on a model system of coral reef 
fishes showed that small juveniles of Chromis cyanea suffer heavy mortality that is 
spatially density-dependent only in the presence of two suites of predators: transient 
piscivores attacking from above, and reef-resident piscivores attacking from below. In 
the absence of either kind of predator, early mortality of Chromis is virtually density- 
independent. Because piscivores may have regulatory roles in this and similar marine 
systems, overfishing these predators may have ramifications for the remainder of the 
exploited community. 

M a r i n e  fish populations are ~lotoriously 
iiynamic (1 ). This is because of strong year- 
to-year variation in the  recrultnient of JLI -  

ver-iiles generated largely during the pelagic 
larval stage, when developing larvae are 
subject to various mortality sources that 
appear to be mostly density-iniiependent 
(2) .  Despite these fluctuations, for any pop- 
ulatio~i n e ~ t h e r  to  ~o ext i~ic t  nor to increase - 
without limit, at least one de~nographic rate 
1;1~1st be density-deuendent a t  soine time 
and place (3-6)'. H&, we focus o n  the  per 
capita (proportional) natural mortality rate, 
n.hich is density-iiet3ende11t if it illcreases 

1 L 

with popu1atior-i size. Uniierstanding such 
sources of population regulation is particu- 
larly t ~ ~ n e l y  as marir-ie fisheries norldniiie 
reach a state of crisis due inostly to  overex- 
nloltation 17). , , 

Detecting natural ~llechanis~ns of de~lsity 
dependence in exvloiteii marine fishes has 
proven iiifficult because of a necessary re11- 
ance on in direct approaches based on often 
illlprecise catch iiata, typically with high vari- 
ance (1 ,  4). Konetheless, correlative a~lalyses 
of delilersal ibottom-orienteii) svecles indi- 

cate that juve~iiles that have recently set- 
tled to  the  bottoin may undergo iiensity- 
d e p e ~ i ~ l e n t  mortalitj- (8), which often ills- 
appears 111 larger juvenile and aiiult stages 
( 1 .  9) .  Such analyses have been supple- 
lne~l ted by recent small-scale field experi- 
lnents ~ i t h  reef fishes suggesting that den- 
sity-depeniient ~nortali ty may occur nit11111 
several weeks after settlement to  a reef 15). 
Ho~vever ,  the  sources of iielisity depen- 
i ie~ice remain largely unkno~vn,  although it 
is often hypothes~zeii that predators cause 
dens~ty-depeniie~it  ~nortali ty of early juve- 
niles of co~nlllercially valuable species (8, 
9) .  Here, we provide experimelltal corrob- 
oration of this hypothesis by demo~lstrating 
spatial i iens~ty iiepencience (6 )  in a coral 
reef fish. 

Coral reef svecies t ~ r o v d e  excelle~lt  
lnoiiel syste~ns for exploring iiensity ~ l e p e ~ i -  
der-ice after se t t le~nent  111 demersal fishes 
because they can be iiirectly observeii and 
experimentally manipulated in  situ. Kew 
settlers and predators of our study species 
are particularly well-suited study subjects 
because thev are easilv c o u n t e ~ ~ ,  cavturecl. 

are often the  targets of fisheries: resident 
piscivores, mostly grouper (family Serrani- 
dae), that inhablt the  salne reef as their 
prey, anii transient plsclvores, ~nostly jack 
(farnily Carangliiae), that regularly swim 
beti~reen reefs ( 1  1 ). Typical of elseivhere 111 

their ranee. Chronzis at  this site occur in  
<, , 

disti~lct  aggregations of tens of ~ndividuals, 
each group cer-itereii o n  a prollli~lent coral 
head, although fish ~v i th in  each aggregation 
are only loosely social relative to other 
group-living dalliselfish (1 2 ) .  Each summer, 
these aggregatior-is are replenished by groups 
of several to tens of s e t t l i ~ l ~  larvae that 
appear near each new l l ioo~l  (1 3 ) .  

T h e  ideal experilnental design to test for 
density-dependent inortality and ally role of 
predation (as well as co~npetit ion and re- 
cruit~nellt  l imi ta t~on)  is to ma l l i~u la te  or- 
thogonally the  density of the prey species 
and the  presence of predators, then com- 
pare the  subsequent survivorshlp of the  prey 
alnollg iiifferent treatments for a sufficient 
time ( 3 ,  5 ,  14) .  In the  past, this design had 
pro17en extre~nely difficult t o  ilnplelnent in 
studies of marine fishes because movement 
of both predators and prey between closely 
neighboring replicate sites rapidly swampeii 
maninulatio~ls of local abundance 115). W e  ~, 

01-ercame this problem by standardizing the  
isolatioll of coral patch reefs, which in- 
volved literally tra~lslocati~lg live reefs, cor- 
al lleaii by coral head, to a large sa~lii  flat 
behind the  fore-reef fro111 1991 to  1993 
(16).  This effort produced a matrix of 32 
similar natural reefs isolated bv 202 m from 
each other and a t  least 1 km froin the  
nearest ~lonexperiine~ltal  reef (17).  T h e  lo- 
cation of this inatrix was a n  area that re- 
ceived relatively few settling larvae (18).  
This alloweii us to control the  densitv of , A 

and manipulated ( 1 ~ ) :  W e  conduc;ed our nei~rly settleii Chromis i~rithout the  con- 
M A. Hxon Department of Zoology, Oregon State Un -  
versity. Cor;allis OR 97331-2914, USA. experiinents on the  Great Bahaina Bank foundi~lg effects of heavy natural se t t le~nent  
M. H Carr Department of B I O I O ~ ~  Unverst\; of Calfor- near the  Car~bbean  &larille Research Cen-  (10) .  T h e  isolation of the  reefs also effec- 
n ~ a  Santa Cruz, CA 95064, USA ter a t  Lee Stocking Island, Bahamas (10).  tively inhibited resiiient (no t  transient) pi- 
'Authorshp seauence determned by a c o n  toss. Here, as elseivhere in this region, the  plank- scivores from any tendency to emigrate to  

946 SCIENCE VOL. 277 15 AUGUST 1997 ~ ~ \ ~ \ ~ ~ . s c i e n c e r n a g . o r g  



other reefs, thereby maintaining our preda- 
tor manipulations and the  statistical inde- 
pendence of experi~nental replicates. T h e  
Chromis nere  free to emigrate, but this is a 
highly reef-attacheii species, anii there was 
n o  evidence that any tagged fish successf~ll- 
ly left one reef and colonized another (19) .  
W ~ t h  t h ~ s  system in place, we ran experi- 

Fig. 1. Add~ tve  effects of resldent and tran- Transrent ~redators 
slint predators on per capta mortal~ty rates Present (uncaged) Absent (caaedi , - 
of juvenlle C. cyanee for the frst 32 days 
after settlement n 1995. L~sted are the four Present 0.65 (i0.11) t 0.32 + 0.33 (iO.06) 
means (= SEM) of the cross-factored pred- f T 

predators 0.17 0.17 
ator treatments in = 6 reefs each). The I I 

arrows connecting each pa r  of mortality 
rates q~ve  the mean between-treatment 

i 4. 

Absent 0.48 (iO.1 2) t 0.32 + 0.1 6 (i0.04) 

mortalzy differences. Note that reefs w ~ t h  translent predators removed were enclosed withln cages. 
iue~i ts  manipulating predator and prey den- 
s~t ies  to e x a m n e  patterns and causes of 
mortality occurring shortly after the  larvae 
had settleii to the  reef (20) .  

From 1992 to 1994, field observations 

cross-factoring all four predator comb~na-  increasing their local density iiispropor- 
tmns (residents and transients, present and 
ahsent) each with eight densities of newly 

tionately as a function of Increasing prey 
density 126). I n  the  svstem we studied, 

and preliininary experiments showed that 
loss (mortality and emigration) from groups 
of new settlers shortly after settlement was 

settled~hTonzts [inani&ated i~7irhi1-i na tu rh  
limits (1 3)] in a regressLon iiesign of 30-day 
duration (22) .  This experiment delnonstrat- 

, . 
resident preiiators are incapable of such a n  
aggregative response because their move- 
ments among reefs are negligible over a 
period of weeks, e17en when reefs are much 
closer together than i ~ i  our experllnents 
(27) .  Accoriiingly, resident predators in  
the  absence of transient predators did no t  
cause detectable iiensitv depeniie~ice of, 

often density-depeniient o n  both continu- 
ous fore-reefs anii ~ a t c h  reefs, that resident 

ed that strong Llensity-depeniient nlortal~ty 
occurreii uneiluivocally only when both 

predatory fishes sign~ficantly affected survi- 
vorship iiuring this period, anii that there 
was substant~al morta l~tv  even in  the  ab- 

k ~ n d s  of predaiors were (Fig. 2). In  
the absence of either or both suites ofpred- 
ators. morta l~tv  was stat~sticallv dens~tv-  

sence of resident predators (1C). It was still 
~u- ikno~rn  whether oredators iniiuced densi- 

independent. ~ o i v e v e r ,  there \\,as a trer-id 
toi~rard density deoendence when only tran- 

newly settleii Chromis. ~ b a e v ~ e r ,  there was 
evidence of a n  aggregative response by 
transient preiiators, although the  shape of 
t h e  response function is presently un- 
knoivn. Remote t ime-lame viiieo observa- 

ty dependence, and  hat role was played by 
transient predators. 

In 1995, we determined the  relative 
magnitude of mortality caused by resident 
and transient predators. W e  examined the  

, 
sient predators were present, and although 
nonsignificant, the  power of this regression 
was only (2.20. Konetheless, there was no 

tlons (23)  of experimental reefs from dai171-i 
to  dusk In 1996 relealed tha t  reefs i171th 

indication of density iiepeniience in the  
co~nplete  absence of preiiators, and strong 
density dependence \\,as evident only when 
170th kinds of predators were present. \We 
concludeii that iiensity iiependence soon 
after settlelnent in  t h ~ s  system was induceii 
by a co~nbinat ion of resident and transient 
predators (23) .  

These results raise tn.o ~nechanistic 
quest~ons. First, how did predators cause 

effects of all four orthogonal combinations 
of predators (residents and transients, 
present anii absent) o n  a single density of 
Chromis (20 settlers per reef, approxiinately 
the  natural average (13)] in a randomizeii- 
block analysis of variance ( A N O V A )  de- 
sign (11 = 6 reefs per treatment) of 32-day 
duration. A fifth treatment, cage control, 
was addeii to explore any secondary effects 
of the  reef enclosures n.e used to excluiie 

high densities of Chromis settlers \Irere vis- 
ited more frequently by transient Caranx 
ruber jacks (mean  SEM = 4.4 & 2.1 
jacks/min) t h a n  reefs ivith low prey iier-i- 
sities (1.3 -t 0.4 jacks/min, Wilcoxor-i 
signed ranks test, P = 0.048, n = 13 paired 
ciay-long observations). 

Seconii. what is the  mechanism by 
which both resiiient and transient predators 
\Irere necessary to  induce strong density de- 

density-dependent mortality? Preiiators can 
induce density iiepeniience in their prey 
over srnall temporal and spatial scales by 
either or both of the two lnechanislns 124). 

transient predators (21) ,  but it proved to  be 
ineffective because ~ a r t i a l  cages clearly at- 

pendence in r-iei~rly settled Chromis? Al- 
though the  average effects of these preda- 
tors \Irere additive, their overall effect was 
synergistic. High variance in  the  relation 
between prey density and subsequent per 

tracted these piscivores to reefs. However, 
~llortality rates fro111 the  four cross-factored 
treatments \Irere additive, suggesting inde- 
pendently that the coillplete cages had no 
substant~al secondary effects 011 Chromis 

\Ve ha1.e n o  data regariiing the  first mech- 
anism: predators may increase their per cap- 
ita consunption rates disproportionately as 
a f~1nct1o1-i of increasing prey density. 
Known as a type I11 f ~ ~ n c t i o n a l  response, 

capita mortality reniiered the  regression 
nons~gnificant when only one suite of preii- 
ators was present (Fig. 2, B and C). Behav- 
ioral observat~or-is explain this discrepancy 
(29) .  Apparently, prey fish lack substantial 

survival beyond the primary effect of ex- 
cluding predators (Fig. 1) .  Specifically, res- 
ident predators accounted for a 0.17 ii~ffer- 
ence in averaoe ~llortality recardless of the  

this inechan~sin appears to be uncommon 11-i 
f~shes  125). T h e  seco~id ~nechanlsin is that 
predators luay alter their dispersion, thereby 

- , - 
presence (on uncageii reefs) or absence ( o n  
caged reefs) of transient predators. Tran- 
sient predators accounted for a 0.32 differ- 
ence in average mortality regardless of the  
presence or absence of resident predators. 
Although only the  results o n  day 32 are 

Fig. 2. The 30-day per caplta mortal~ty rates of 
newly settled C, cyanea on experimental reefs un- 
der four different predation regimes in 1996. Re- 
gresson statistics by treatment (n = 8 reefs each. 
s o d  circles): (A) all predators present-the unma- 
nipuated control (r2 = 0 804. P = 0 003. m = 

shown, this aiiditivity was characteristic of 0.01 5, b = 0 309) (B) only resident predators 1.0 

the entire experiment from day 12 onxard. present (r' = 0.024, P = 0.71 7. m = 0.005, b = 

\We concluded that trar-isient pisclrores had 0.325)' (C) only transient predators Present (r2 = 

nearly twice [he effect of resiiiellt piscivores 0.21 1, P = 0.252, m = 0.01 2, b = 0.1 12); and (Dl ......... ?.* .a. ., 
o n  the  survival of Chromis soon after settle- a predators absent (r2 0.001, P = 0.996. m << 

0.001, b = 0.275) Note that they intercepts (b) of 
nlent, that these effects were adiiitive, and the four regressions are slmllar and that the sum of o 5 101520253035 o 5 101520253035 
that cages were a n  effective and reasonably the regression slopes (m) from (B) and (c) (0 01 7) Initial number of settlers 
unbiased llleal-is of mal-ii~ulating the  Pres- nearly equals that from (A) (0.01 51, ndcating addtve average effects of the different predators (see Fig. 
elice of transient predators. 1). Plotted for comparson are results (mean I SEM) of the 1995 predator-manipulation experiment 

In 1996, we ran our main experiment by (open squares. n = 6 reefs each) and the 1996 mcrotagging experiment (open trange, n = 4) (19) 
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spatla1 r e f~~ges  only n.he1-i both sultes of 
predators are present. As translent preiiators 
raplj.ly appr~>acli a reef, C h ~ o m i s  and other 
fish invariably dive tor cover in  the  reef 
structure ( 1  5. 30). W h e n  resident predators 
are absent, this slielterlng response often 
allox\-s prey fish to escape fron-i passing tran- 
sient predators. \Vl-ien translent predators 
are ahselit, prey fish often escape from res- 
ident predators by s t a \ - ~ ~ i g  ill midwater 
above the  reef, where many (like C h ~ o m l s )  
teed 011 passing plankton ( I  2 ,  3 1 ) .  Under 
both these circumstances, successful preda- 
tor\- attacks n-auld be oatcliy in space atiil 
ti& because of varlabie shelter a<ailabilirr- 
(27)  and the ~lcissltudes of prey vigilance 
and predator stealth. Thus, mortality was 
liighly variable and statistically densit>--in- 
dependent 11-hen only one kinil of predator 
was present (Fig. 2,  B and C). Only in  the  
presence of both suites of predators were 
prey fish left ~ v i t h  relativel\- little refuge, 
sand~viched between the  attacks of resident 
plscivores belo\\- and transient pisclvores 
ahol-e in a n-ay that it-iii~~ced strollg ~ l e n s l t ~  
dependence (Fig. 2A) .  

Despite the exact ineclhanisms, these 
field experiments demonstrate tliat preda- 
tors are resoonsible tor WI~~IIII-eeneratior-iatiot-i - 
spatial densit\- dependence (6 )  in the tnor- 
talitv of recently settled reef flsh. O L I ~  f ~ ~ t u r e  
task is to determine whether this spatial 
density clependence translates to teliiporal 
density dependence necessar\- to regulate 
p o p u l a t ~ o ~ ~ s  ( 3 .  6 ) ,  anil n-lietlier there are 
other sources of reeulation. Or.erall, these " 

results lend credence to the hypothesis that 
predation o n  juveniles may naturally regu- 
late the  abundance of commercially 1-alu- 
able species (8. 9). 

These f~ndit-ins have cautiot-iarv ram~fi-  
cations for studies of population ilynarnics 
of marine fishes. First, the  common practice 
of measuring larl-a1 supply a t  a site bi- sam- 
pling iur.eniles weeks to lnonths after they 
have settled to  the  bottom (or 1.:- back- 
calculating settlenient densities 1-1- using 
otoliths) may miss density devendet-ice in 

! 

the  period sl-iortl\- after settlement, thereby 
leading to tlie false conclusion that mortal- 
ity after settlelnelit is ilensit>--independent 
( 3 .  32).  Sec~)ni l ,  if synergistic predation IS a 
niaior source of dens it^ de~endet-ice in ex- , 
ploited fishes, then simple estilnates of nat- 
ural mortality in multispecies fisheries mod- 
els are likely to yield erroneous results. 
Third, overfishi~ly stocks of piscivorous spe- 
cies, as m-idely occurs to grouper and lack in 
troplcal reglons (33) ,  ma;- ha1.e ratnifica- 
tions tor the dynamics of other pop~~la t ions  
in the food web (34) .  Understanding the  
sys tem~~ide  effects of fishing clearly requires 
ktio~vledge of interactiolls b e t ~ r e e n  target 
species and the  remalt-ider of the  exploited 
communit:-. 
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rare zarcf~si-~es (Sj,/,?os'hs spp.) and a srapper ;ih:- 
,aru,s s,:?ag:,s), but by far, mostly lacks ;particularly 
Zaraiilx rhbe.1 IJrIke t s  precators, C, cj'jarca IS l o t  
f~shed by hamars 

12. B. A, ce Boer Bu,~' ?/!a:. Sci 28 553 (1 978) 
13 H. P A. Sweatmai iEcoi tv,:sa1sg? 55 4E9 (1 985'1 

showed that settemert I the Pacf~c C n ~ o m ~ s  caer- 
~,!ea IS factatec by the preseice of conspecif~cs 
\Llhen we compared arge cont iuous fore-reefs w th  
patch reefs located beh rd  the fore-reefs at our Ba- 
ham an ste. group szes of C. z!,mea that hac rewly 
settee were stat~st~cally n d s t  igushabe,  averagig 
(zSE'v11 16.5 ;+ 1 .E) fsh  per group ;31 maxmum' on 
fore-reefs and 16 7 (= 3.0) fsh  per group (43 max-  
mum) o r  patch reefs 1 to - 4  mZ n area (Marr -  
Wh~trey u-test P = 83 48, ,? = I 5  groups each) 
Therefore we focusec our experlmeits o i  patch 
reefs of man~pulable s~ze, approx~matey 9 m2 In 
area, certany a real st c spata scale for t hs  system 
[see (3) a i c  (E) for d~scuss~on:. 

14. A S h cr at., A l r ~ ,  Re/ Ecoi Sjsr 16, 269 (-985).  
15 >dl A. Hixor n Ti;e Eco!sg)oiFsi;esor C'rs!Reefs 

P F Sale. Ec. {Academ c Press. San D~ego. CA, 
19911, pp  475-5838 

1 E Trarslocated reefs, each averagrg 1 ' coral heacs 
20 to > I00 cm In d~ameter, grew on oose rubbe 
a i c  so c d  l o t  have to be broken off the bottom The 
coral heacs were moved unharmed undewater on 
the certra elevator platform of a specay  cesg ied 
motorzec catamarar [ l o ) .  Th ro~~gh  the summer of 
199E, the corals hac s u r ~ ~ v e d  w e  I the r new oca- 
tlons. Translocated reefs usec r each exper ment 
had beer recoloi~zed by fshes to ratura cens tes. 

17 Natural soation dstances of patch reefs In t hs  re- 
gion range broadly. up to several kometers. 

13 Dr~fter studes by B. Hickey and E Elliott !University 
of Washington] showed that tidalcurrent water that 
br~ngs settlement-competent larvae to our experi- 
mental reefs frst passes over several kilometers of 
shallo\v fore-reef. givng lan~ae ample opporturity to 
settle before arriving at our expermenta reefs. 

- 9 In 1996 we microtagged and transplanted 20 new 
settlers of C/7ro,mis to each of four translocated reefs 
s m a r  to the experimental reefs, but solated by only 
100 m frotn each other and nearby unmanipuated 
reefs Overthe nex: month. these fish disappeared at 
a per capita rate (mean ? SEM = 0 44 ? 0 10: 
comparable \wth that on expermenta reefs exposed 
to predat~on I F I ~ .  2A:. Importantly, desp~te 10 ex- 
haustive searches over the month of a reefs ~"41th1n 
200 m of the release sites, none of the m s s r g  
tagged f~sh appeared on any ie~ghborirg reef. sub- 
stantatng that dsappearance In t hs  system s tan- 
tamount to mortaty Moreover even on cont~nuous 
fore-reefs, of 95 new settlers microtagged In seven 
cs tnc t  s o c a  groups and followed for a month, only 
one f~sh emgrated successfully ;to a group only 5 m 
away) For microtaggng methods see R M. Buck- 
ley. J. E. West D. C Doty, Bhii ?/!a:. Scl 55. 846 
(1994): ,1 S. Beukers, G. P. Jones. R.  M. Buckley, 
;viar Ecoi Prog Se:. 125, E l  (1 995) 

23 For pscvore man puatons resdent predators were 
captured ~~nharmed by d~vers with hand nets, 
tagged. and released at least 2 km from the study 
slte Transent predators were excluded from reefs 
by large cages (2:) For Ci;'-.m!s manipulations. 
numbers of larger fish on exper'menta reefs were 
frst adjusted to a narrow natural range (two to four 
fsh  per reeL1. New settlers, icentfed by ther small 
slze (<2 cm total ength) anc partial p~gmentat~on 
,mostly gray r appearance), were then captured on 
the fore-reef w~ th  BNCKE nets ( T  \LI Anderson and 
'vl. Y.  Carr. E,?u BL-1. Fki; I press), placed In plastc 
bags of seawater n s tu  for transport, and released 
on expermenta reefs to a t t a i  cesred dersites for 
at east 24 hours before the start of an experment. 
To test whether t hs  transpart method a r t ~ f ~ c a y  n -  
creasec Cc:g~,s mortaty, we compared, In sepa- 
rate but complementary experments each year. per 
cap ta mortaty among three treatments: ;I) groups of 
urcapturec f~sh, :II) groups of fish capturec a i d  re- 
turred to the same ocatior after beng transported 
h a l t ~ ~ a y  to exper~menta reefs a i d  back, and ( I  
groups of flsh expermentally transpaitec to new 
reefs. Analyss of varance of these treatments i c -  
cated r o  deleter~ous effects of handng or trans- 
pantng ::O). 

21. Crcuar reef-ercosure cages, constructed of 1 5- 
cm nylon mesh, were 6 m In dameter and extended 
from the surface to the bottom ;3 to 4 m deep). They 
)?.ere attachec to the bottom by earth anchors, 
sealed by heavy chair and supported by floats Al- 
though mpertneabe to larger f~sh, the cages were 
trarsparent to movemerts of newly settled Chrom,~ 
and other sma fshes Parta control cages consst- 
ed of four l e t  panels nterdgtated w ~ t h  four open 
panels so that transient predators could enter. 

22. For related examples of the regression approach, 
see G E Forrester, Occotog!a 103, 275 (1 995); 
M A. Steee Eco!ogj' 78, 129 (1 997). 

21; The fact that the!,) rtercepts of the mortaty cu-es 
(an estimate of the urderlyirg dens~ry-1n3ependeit 
mortal ty rate) were nearly cent c a  foi caged reefs 
ack~ng a precators :0 275 Fig. 2D) a rd  uncagec 
reefs exposed to a precators :0 33: F I ~  2A) IS 

further evcerce that the reef enclosures die ro t  ar- 
t~f~c~al ly affect the backgrouic mortaty of the study 
f~sh. Note also that moeaty  rates from the exper- 
ment n 1995 (as w e  as previous years) were s m a r  
to those I 1996 ( F I ~ .  2), endng credence to the 
temporal generaty of our results. Analyss of nstan- 
taieous per capta mortaty rates reveaec that the 
major peroc of censty depeicence occurrec d u r i g  
the frst 5 days of the experment 

24 'i"4 \it: 'vlurcoch a rd  A. Oaten Ads,. Ezol. 3cs. 9. 1 
i1975\ 
$ - -, 

25 \LI 'i"4 'vlurdoch and , Bence, r Preda:ror D,?ccr 
srs!rsirect tmpscts orAqhat!c Commhr!r!es. W. C. 
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Conversion by Peyer's Patch Lymphocytes of 
Human Enterocytes into M Cells that 

Transport Bacteria 
Sophie Kerneis, Anna Bogdanova,f Jean-Pierre Kraehenbuhl, 

Eric Pringault*t 

The epithelium that lines the gut is impermeable to macromolecules and microorganisms, 
except in Peyer's patches (PPs), where the lymphoid follicle-associated epithelium (FAE) 
contains M cells that transport antigens and microorganisms. A cultured system that 
reproduces the main characteristics of FAE and M cells was established by cultivation 
of PP lymphocytes with the differentiated human intestinal cell line Caco-2. Lymphocytes 
settled into the epithelial monolayer, inducing reorganization of the brush border and a 
temperature-dependent transport of particles and Vibrio cholerae. This model system 
could prove useful for intestinal physiology, vaccine research, and drug delivery studies. 

Most microorganisms must cross epithelial 
barriers to exert their physiopathological ef­
fects and to interact with mucosa-associated 
lymphoid tissue (MALT). In the intestine, 
PPs are the major sites of antigen and micro­
organism sampling, which leads to immune 
responses or tolerance (J, 2). MALT is sep­
arated form the lumen by the FAE, which 
contains M cells. These epithelial cells trans­
port foreign material to MALT and display 
large intraepithelial pockets filled with B 
and CD4 T lymphocytes, macrophages, and 
dendritic cells. Many pathogenic microor­
ganisms exploit M cells to cross the digestive 
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epithelial barrier (3). Thus, passage of anti­
gens and microorganisms through M cells is 
an essential step for the development of mu­
cosal immune responses and the pathology of 
many infectious diseases. Because M cells are 
a minor population in the FAE, they are 
difficult to characterize biochemically; 
hence, little is known about their cell biol­
ogy. The ultrastructure and the transport 
capacity of M cells have been documented 
by morphological analysis and immunohisto-
chemistry. However, the study of molecular 
mechanisms of microorganism-M cell inter­
actions and signal transduction pathways 
that control translocation and cytoskeletal 
reorganization has been hampered by the 
lack of in vitro M cell models. Here we 
report the establishment of an in vitro model 
in which specific properties of FAE and M 
cells can be analyzed by biochemical and 
quantitative methods. 

The analysis of MALT and FAE in im-
munodeficient mice (4) suggests that FAE 

and M cell formation could be regulated by 
the presence of immune cells. A subclone of 
the human, differentiated, absorptive, en-
terocyte cell line Caco-2 clone 1 (5, 6) was 
cultured with freshly isolated murine PP 
lymphocytes. We seeded Caco-2 cells by 
adding 3 X 105 cells on the lower face of 
6.5-mm filters (3-|mm pore Transwell filters, 
COSTAR, Cambridge, MA) and culturing 
them overnight. The filters were then trans­
ferred in the Transwell device with the ep­
ithelial cells facing the lower chamber of the 
cluster plates, as adapted from Kaoutzani et 
al. (7). Epithelial cells were cultured until 
they were fully differentiated (14 days). 
Lymphocytes were isolated from PPs of 
BALB/c mice (8). Dissociated cells were 
analyzed by FACScan (fluorescent analyzer 
cell sorter) flow cytometry (Becton-Dickin-
son). Sixty percent of the cells were B cells 
[detected with a monoclonal antibody 
(mAb) to mouse B220 (CD45)], and the 
remaining 40% of cells were CD3 T cells 
(detected with a mAb to mouse CD3). This 
ratio corresponds to that described for PP 
follicle cells (9). Macrophages and dendritic 
cells, representing about 0.4% of follicle 
cells in such preparations, were not detect­
ed. The lymphocytes survived in culture for 
up to 7 days. Lymphoid cells (106) were 
added in the upper chamber facing the ba-
solateral side of the Caco-2 cells. The cul­
tures were maintained for 1 to 7 days. 

Lymphoid cells migrated through the 
pores of the filter and settled into the epi­
thelial monolayer without altering the po­
larity of Caco-2 cells, as reflected by the 
maintenance of cell polarity markers (Fig. 1, 
A through C) and of transepithelial electric 
resistance of the monolayers (about 300 
ohm • cm2) during the 7 days of culture. 
Within 2 days, the lymphocytes accumulat­
ed in intraepithelial pockets, as already de-
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