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Ancient Mesoamerican peoples harvested latex f rom Castilla elastics, processed 
it using l iquid extracted f rom lpomoea alba (a species o f  morning glory vine), 
and fashioned rubber balls, hol low rubber figurines, and other rubber artifacts 
f rom the resulting material. Chemical and mechanical analyses o f  the latex and 
o f  the  processed rubber indicate tha t  the enhanced elastic behavior o f  the 
rubber relative t o  the unprocessed latex is due t o  purif ication o f  the polymer 
component and t o  an increase in the  strength and number o f  interchain in- 
teractions that  are induced by organic compounds present in  I. alba. These 
ancient peoples' control  over the  properties o f  latex and processed rubber gave 
rise t o  the Mesoamerican ball game, a central r i tual  element in all ancient 
Mesoamerican societies. 

Xncisnt hlesoamelican peoples \\ere process- 
111g lz~bber by 1600 B.C. ( I  ). \\.hic11 predated 
develol~n~mt of the x ulcaniration process by 
3500 years. They made solid lubber balls. solid 
and 11ollo1~ nlbbcr human figurines. \vide rub- 
ber bands to haft stone ax heads to n.ooden 
handles. and other ~telus ( 2 ) .  The) used liquid 
mbber for medicines, l ~ ~ i n t e d  with it. and spat- 
tered it on paper that \vas then burned in ritual. 
The ball game. pla).ed on a ball court nith a 
solid lubber ball. was a l e y  el.ent in ancient 
Llesoamerican societies ( 3 ) .  The Popol 1 iilz. 
the hlaya origin story. caph~res the game's re- 
ligious and sacred fiil~ction by pining the ball 
playing slalls of the Hero Twins against those 
of mil lords of the ~lndern orld. using complex 
imager?. of human sacrifice, fertility. and regen- 
eratioil (4 ). Slxteeath-cenh~ry Spaaish inx.aders 
reported that apart from its religious signiti- 
cancs the ball game also was a sportillg ewnt in 
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which colltellders gambled for land. sla\res. and 
other I aluables. 

The ran material for most hlesoamerican 
tubber balls and for other hlesoame~ican nlbber 
artifacts is a latex acquired ii.om the Cti~tilki 
eltisiicci tree ( 5 ) .  The tree is indigellous to trop- 
ical lonland Mexico and Central America. 
Cn.srilltr latex is a st ick white liquid that IT hen 
dried is too brittle to retain its shape. Sixteenth- 
centtlly Spaniards relate that ancient hIeso- 
american peoples processsd the ravl material by 
mixing C el~i~i icn latex L? it11 juice fiom Ipu- 
iiiocJii trlhli (6) (a species of morning glory 
line). one cll1onlc1r.r noting that "iilli is the 
resin from a tree that grams in tlle hot lands . . . 

\ ~ . h a l  they mix it wit11 another. the resin coas- 
ulateh" ( 7 ) .  Pedro hlal.ryr. the Spanish royal 
clronicler. commented that "the) make tlleie 
balls from the juice of a certain 1 ills . . . once 
traasfoimed into a mass they gixe ~t the form 
thsy desire" ( 8 ) .  In the present st~~d!., \\ e in1.e~- 
tigated this processing tecl~nolog>.. the extent to 
nhich it improves the mechanical prope~t~es  of 
late\: for balls. ~zibber bands. and hollow figu- 
rines. and the chemical changes responsible for 
Ilroperty dfielopn~ent. 

Rubber artifacts are poorl> preser~red, hut 

[S Benzer, Proc. Natl.  Acad. Sci. U.5.A 58, 11 12 
(1967)j. The abscissa represents the number of pos- 
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archaeolog~sts hale recolered a fen hundred 
anclent Mesoa~ilericall examples. The oldest 
archaeological specimens are 12 solid rubber 
balls recovered at the Manati site in Veracmz. 
hlexico. Tile six we examined range from 13 to 
30 cm in diameter and n-eigh from 0.5 to 7 kg. 
The hvo oldest Manati balls date to 1600 B.C.. 
on the basis of radiocarbon dates (I) .  Ma~lati 
(1600 to 1100 B.C.) is an Olmec ritual burial 
slte located in a swampy region along the Ion-er 
Coatzacoalcos River. Other rubber artifacts 
n w e  dredged from the Cenote Sagrado de Sac- 
rificios, a water-filled limestone sillhhole at the 
site of Chichen ltz6 on the >-ucatan Peninsula. 
Cenote rubber artifacts. dated to between A.D. 
850 and 1550 on the basis of stylistic athibutes 
of associated artifacts. include slllall nodules. 
small solid balls. n.ooden tool handles wrapped 
in mbber, human figurines. human hands. a 
hollo~v human head. and a stone tool hafted 
a it11 a mbber band (9). 

The earliest dated ball court is the 1400 
B.C. (uncalibrated) earthen court at Paso de 
la LAl\mada, located in the Soconusco region on 
the coastal plain of Chiapas ( 1 0 ) .  Enclosed 
masonry ball courts proliferated in the Mid- 
dle Classic Period (A.D. 400 to 700). By the 
time of the Spanish invasion of the Americas. 
lersions of a ball game n.ere played in the 
region from Arizona to northern South ,4mer- 
ica. Se\.eral t lpes existed, including one in 
n.hic11 players hit a small mbber ball with a 
bat or stlcl<. T11e more common 1111)-ball ver- 
sion of the gains was still played in north- 
n,estern hlesoalllerica until around 1970 (1 1 ). 

We analyzed the Manati rubber balls ( 1 2 ) .  

and in Escuintla. Chiapas. we investigated 
traditional r ~ ~ b b e r  11roces~i1lg illethods. 111 ES- 
cuintla, the h ~ ~ l e r o s  (rubber-~vorliers) incised 
the bark of the C. eltrsticcc trees and collected 
tlle stick). r a n  latex in cups placed at the base 
of the trees. They cut a 5-111 Isngth of I. albn 
l ine.  stripped the leaves and flon-ers, and 
\\,rapped the \.ill? into a coil. After beating 
and crushing the coiled vine on a rock, they 
squeezed the juice into a bucket containing 
latex: about 50 1111 of the I crlbtr liquid extract 
was mixed \nth about 750 ml of the latex. 
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After approximately 15 min of stirring, the 
liquid latex solidified into a white mass, 
which was then removed from the bucket and 
formed by hand into a solid ball 9.5 cm in 
diameter. When bounced on the ground, the 
ball exhibited typical rubbery behavior, re- 
bounding into the air to a height of about 2 m. 

We investigated the differences in the me- 
chanical and chemical properties of the unproc- 
essed (dried) (13) and processed Chiapas C. 
elnstica latex to identify the mechanisms 
through which the processing technique alters 
and enhances the rubber's mechanical perfor- 
mance. The rubber samples from the ancient 
Manati balls were too highly oxidized and de- 
laminated for mechanical analysis. We quanti- 
fied differences in the elastic behavior of the 
dned latex and the processed rubber by oscil- 
lating parallel plate rheomehy, which measures 
the real (G') and imaginary (G") components of 
the complex modulus of a material. The dried 
latex and processed rubber samples have simi- 
lar G" values (25.8 to 30 kPa; strain sweep), 
whereas the G' value, which relates to elastic- 
ity, of the processed rubber (285 kPa) is about 
double that of the dried latex (157 kPa) (14). 
Processing C. elnstica latex with I. alba extract 
improves the elastic properties of the rubber. 
The increase in G' is indicative of increased 
stiffness and a higher degree of interchain in- 
teractions in the processed rubber, which are 
introduced by covalent cross-linking or by non- 
covalent interactions such as those involved in 
the packing of crystalline domains. 

In addition to elasticity, the rubber used for 
Mesoamerican balls, figures, and bindings re- 
quired initial formability (capacity to be de- 
formed plastically and retain its shape) and 
toughness (resistance to fracture). In a simple 
replication exercise, we compared the perfor- 
mance of C. elnsticn latex and processed rubber 
when fashioned into thin-walled, hollow cylin- 
ders and wide, thin, circular bands. Our field 
observations in Chiapas indicated that thin 
sheets (0.1 cm thick) of raw latex and of rubber 
processed with I. alba dry and become brittle 
within minutes. Historical sources indicate that 
ancient Mesoamerican peoples heated the pro- 
cessed rubber (15) when forming it. In our 
replications, we heated hvo rectangular samples 
(4 cm by 2 cm by 0.2 cm), one of dried, 
unprocessed natural latex and the other of the 
rubber processed with I. alba, in a laboratory 
oven at 200°C for 1 hour. The rubber was easily 
rolled while warm and adhered to itself, pro- 
ducing a closed cylinder, which suggests that 
the material is not a hlly cross-linked nehvork 
akin to vulcanized rubber. In contrast, the un- 
processed latex was brittle and developed long, 
longitudinal cracks upon rolling. Latex, like the 
rubber processed with I. alba, is flexible and 
compliant when warm, but latex lacks the elas- 
tic behavior that the processed rubber exhibits. 

The increase in the shear modulus of the 
processed rubber measured by rheometry and 

the differences in pliability and toughness evi- 
dent from the replication tests may reflect an 
increase in cross-linking, chain entanglement, 
or the degree of crystallinity in the polymer 
structure. The molecular structures of the dried 
C. elnsticn latex, rubber prepared from latex 
and I. alba, and a sample from one of the 
Manati rubber balls were examined by solid- 
state 13C magic-angle spinning (MAS) nuclear 
magnetic resonance spectroscopy (13C NMR) 
(Fig. I). All three samples showed the five 
resonances characteristic of cis-1,4-polyiso- 
prene (16), which is the polymer component of 
natural latexes and natural rubbers. The 'H-"C 
cross-polarization (CP) MAS NMR technique 
(13C CP NMR) was used to detect additional 
organic species that may be present in low 
abundance, such as cross-linking molecules. 
For the ancient Manati rubber sample, a small 
amount of trans-l,4-polyisoprene was detected 
(1 7). The 13C CP NMR spectrum of the pro- 
cessed rubber sample is unchanged relative to 
the "C NMR spectrum. The "C CP NMR 
spectrum of the unprocessed latex contains 
three resonances that are not present in the I3C 
NMR spectrum, which suggests the presence of 
carbon-containing components, including pro- 
teins (18). However, these components are not 

present after the latex has been transformed into 
rubber by treatment with I. all7a. Thus, the 
processing of latex into rubber using I. alba is, 
in part, a concentration and purification process. 

From NMR spectroscopy, there is no direct 
evidence of sulfur- or carbon-containing cross- 
linking groups in the processed rubber (19), 
although the observed change in mechanical 
behavior could arise from a number density of 
cross-links (about 1,1000) that is below the 
NMR detection threshold (about 1 weight %) 
(20). To identify molecules that are acti've in 
processing natural latex into rubber, we extract- 
ed I. alba juice with ether, purified it, and 
analyzed the resulting oil, which had previously 
been reported to induce latex coagulation but 
had not been characterized (21). In our experi- 
ments, use of the purified oil alone did not 
produce the same coagulation behavior as when 
the whole vine extract was used (22). The 'H 
and "C NMR spectra and gas chromatography- 
mass spectrometric (GC-MS) analyses of the 
oil showed multiple, closely related species, 
which made definitive spectroscopic assign- 
ments difficult but indicated the presence of 
methylene and methyl groups within aliphatic 
chains (23). Fourier-transform infrared (FTIR) 
spectroscopy confirmed the presence of aliphat- 

1 I 1 I I I I I I 
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Fig. 1. Solid-state 13C MAS (A to C) and 'H-13C CP MAS (D to F) NMR spectra of unprocessed latex 
(A and D), I. alba-processed rubber (B and E), and ancient Manati rubber (C and F). The 13C NMR 
spectra were obtained at 68.055 MHz by using a single-pulse experiment with a 7-ms 13C pulse 
length, a 15-5 recycle time, and 'H decoupling. The 13C CP NMR spectra were obtained by using 
a 7-ms 'H pulse length, a 2-ms contact time, a 3-5 recycle time, and 'H decoupling (Spectral Data 
Services, Champaign, Illinois). Spinning side bands (*) and a spectrometer artifact ( 5 )  are indicated. 
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ic metli)l and methylene groups and inilicated 
the presence of sulfonyl chloride and sulfonic 
acid moieties (24  ). These sulfur-containing or- 
ganic groups as2 capable of reacting ~vi th  al- 
lienes such as those in the polymer chain, and a 
bifilnctional molecule could act as a cross-link. 
Sulfon!l chlorid2s and sulfonic acids are also 
l i ~ ~ o ~ \  n to induce cyclization of I .4-polyiso- 
p r a ~  ( 2 3 ,  which introduces rigid segments 
into the poly~ner chain. A stnall numb2r of 
these segments n ould have the same effect on 
elastic behavior as \~.?-ould cross-l i~ks.  

Natural latex is an e~llulsio~l  composed of a 
cis- 1 .A-polyisopren2 phase. an aqueous phase. 
and insoluble colnponents ( 2 6 ) .  Our ''C NnlR 
data are consistent n i th  the presence of soluble 
proteins and othel. organic species in the pol4 - 
mer and aqueous phases. Treatment of the fluid 
latex suspenbion n ith the I. ci lhci  vine extract 
destabilizes the emulsion. uhich separates the 
polymer and aqueous phases. In contrast. sim- 
ple drying of'the latex produces a brittle matc- 
rial that does not eshibit elastic beha\-ior. con- 
sistent ~v i th  ~ t s  being a dried colloidal aggre- 
gate. This o b s e r ~  ation suggests that phase sep- 
aration is not the sole process that occ~lrs during 
coagulation of latex. and that processing in- 
creases entanglement and interactions among 
the polymer cllains. R-c propose that orzanic 
spccics ill thc 1101) 111cr phase of the ~tllprocesszd 
latcx scn.e as plasticizers. \thich reduce its 
viscosity h l  disl-ttpring inte~.actions bctnecn the 
polymer chains. Thc I e i l l ~ c i  extract sol~tbilircs 
the plasticizillg agents, thus al lowil l  chain en- 
ta~lgie~llc~lt  and interchain i~~tcract io~ls .  \111ich 
gi\-c rise to the rubbel7- hcha\.ior of thc pro- 
cessed nthber (?; ) .  The coagulated solid mate- 
rial is essentiall! a m o ~ j ~ h o u s ,  although powdcr 
x-ra! diffraction pro\-idcs cl  idcnce of solllc 
c q  stalline marcrial. Crystalli~le domains may 
act as aonco~alenr cross-linl<s. which inhibit 
mo\femeIlt of polymcr chains and lead to nth- 
bz1-j bchavior. T l~us ,  thc role of L cilhei  extract 
i11 the processing of natural latex into ~-ttbbcr 
im.011 es purificatio11 of the cis-1.4-poll iso- 
prene ~ztbbcr by phasc scparation and by rc- 
mo\al of plasticizing agents that inhibit inter- 
actions hr.h~-een the poll lllcr cllai~ls. 

111 sunmary. our data sho\v that I. cilhei-  
illduced coagulat io~~ of C, c/n.~ticn latex into a 
tough. compliant. zlastic l-ttbbcr arises from a 
combination oft \ \  o phenomena: ( i )  purification 
of civ-1.4-polyisoprcncc by lllealls of scparation 
of the aqueous phase and dissolutio~l of plasti- 
cizing organic species. n-hich leads to solidifi- 
cation and chain enta~lglcment: and (ii) an ill- 
crcasc in nonco\.alenr and co\.ale~lt (cross-link- 
ing) interchai~~ i~lteractiolls due to reactions with 
orga~lic sulfonyi chloridc or sulfo~lic acid spc- 
cics prcscllt in I c i lhc i .  hlcsoamerican people's 
successii~l expelime~lrs \I it11 this plant. \I hich 
altered thz mechanical propcrtics of latzx. Icd to 
thc cmcrgence of the hall game. a generatixe 
and integrating clerricnt in ancicnt \Icsoamcri- 
call religioi~s. ritual, and political life. 

References and Notes 
1. This date is given for t w o  solid rubber balls excavated 

a t  the Manati site in  Veracruz, Mexico [C. Rodriguez 
and P. Ortiz, El Manati, un Espacio Sagrado de ios 
Oimeca (Universidad Veracruzana, Jalapa, Veracruz, 
Mexico, 1994)l. 

2. C. Coggins and j. Ladd, in Artifacts from the Cenote of 
Sacrifice, Chichen ltza, Yucatan, C. Coggins, Ed. (Pea- 
body Museum of Archaeology and Ethnology, Har- 
vard Univ. Press, Cambridge, MA 1992), pp. 353-357. 

3. T. Leyenaar and L. Parsons, Uiama, The Baligame of 
the Mayas and Aztecs (Spruyt, Van Mantgem and De 
Does, Leiden, Netherlands, 1988); V. Scarborough and 
D. Wilcox, The Mesoamerican Baii Game (Univ. of 
Arizona Press, Tucson, 1991). 

4. D. Tedlock (trans.), Pop01 Vuh (Simon & Schuster, 
New York, 1985). 

5. Castilla elastica is native to  Mexico south of 21"N 
through northern South America Castilla eiastica 
grows chiefly in  the state of Tabasco, Yucatan, and 
Chiapas at altitudes o f  700 m or lower [P. C. Standley, 
Trees and Shrubs of Mexico (Government Printing 
Office, Washington, DC, 1920)]. 

6. lpomoea aiba is also known as Caionyction aculea- 
tum and lpomoea bona nox [S. J. van Ooststroom, 
Blumea 3, 547 (1940)]. 

7. T. Benavente, Historia de ios lndios de La Nueva 
Esparia (Editorial Porrua, Mexico, 1984). pp. 35-36 

8. P. Martyr, Decadas dei Nuevo Mundo (Soc. Dom, de 
Bibliofilos, Dominican Republic, 1964), vol. iI, p. 547. 

9. These artifacts, in the collections of the Peabody 
Museum of Archaeology and Ethnology, Harvard Uni- 
versity (Z), were extremely oxidized, and our pi lot 
study of one produced no useful chemical data. 

10. W. D. Hill, M. Blake, J. E. Clark, Nature 392, 878 
(1998). 

11. T. Leyenaar, Ulama: The Perpetuation in  Mexico of the 
Pre-Spanish Ball  Came Uliamaiiztli (E, j. Brill, Leiden, 
Netherlands, 1978). 

12. The samples were taken f rom t w o  ancient Manati 
balls (MlT 3 and MIT 4) in the form of cones, each 
w i th  a base radius o f  2.3 cm and a height of 7 cm. 

13. The latex was dried for 4 t o  5 days in air in dishes 10  
cm in diameter filled to  a height of 3 mm.  

14. Oscillating parallel plate rheometry was performed at 
room temperature on disks o f  sample material (25 
m m  in diameter and 3 m m  thick). At  room temper- 
ature, for a strain sweep of 0 t o  I % ,  C', = 157 kPa, 
C"L = 30.0 kPa, G , = 285 kPa, and C ', = 25.8 kPa 
(subscripts L and R refer t o  latex and rubber). For a 
frequency sweep o f  100 rad s-'  t o  0.01 rad s-'  a t  
0.6% strain, C ,  = 257 kPa t o  C ' ,  = 110 kPa, C ', = 

50.3 kPa to  C ' ,  = 30.9 kPa, G', = 335 kPa t o  C , = 
212 kPa, and G", = 48.5 kPa t o  C', = 17.4 kPa. 
These values may be compared w i th  the shear mod- 
ulus of modern vulcanized rubber ( C '  -= 3.34 :' lo i  
kPa a t  30°C) [C. D. Hodgman, R. C. Weast, S. M. Selby, 
Eds., Handbook of Chemistry and Physics (Chemical 
Rubber, Cleveland, OH, 1958). p. 15531. Polymer 
glass transition temperatures (T,) determined by dif- 
ferential scanning calorimetry (DSC) are indicative of 
the mechanical behavior of polymers, and a rubbery 
material typically has a T, significantly lower than its 
working temperature. D ~ C  was performed on dried 
latex and on processed rubber ( f rom -100°C t o  
300°C a t  a heating rate of 10°C min-'). The T, values 
of the unprocessed and processed Chiapas latex are 
similar [T,(dried iatex) = -63°C; T,(rubber) = 
-62"C], a d  they do not  account for the macroscop- 
ically observed difference in  mechanical properties. 

15. 1. Kelly, in Notes on Middle American Archaeology and 
Ethnology (Division of Historicai Research, Carnegie 
Insti tut ion of Washington, Cambridge, MA, 1943). 
vol. 1, no. 26, p. 164. 

16. The principal resonances in the 13C NMR and liC CP 
NMR spectra appear at 135 pprn (C"), 126 pprn (CP), 
33 ppm (C'), 27  ppm (C'), and 24  pprn (C'); carbon 
designations refer t o  cis-1,4-polyisoprene (Fig. 1). 

17. The appearance of a new resonance at 40 ppm and 
broadening at the base of the peaks in the 15- t o  
35-ppm region are consistent w i th  the presence of 
trans-1,4-polyisoprene [ I 3 4  ppm (C'), 124 pprn (Cll), 
40 pprn (C*), 30 pprn ( C ) ,  and 16  ppm (C")]: isomer- 

ization from the cis t o  the trans form is slow but 
thermodynamically favorable. 

18. The "C CP NMR spectrum of the unprocessed latex 
contains resonances (77 ppm, 117 ppm, and 173 
pprn) that  are no t  present in the 3 C  NMR spectrum. 
The resonance at 173 ppm is characteristic of amide 
carbons in  a polypeptide chain. 

19. If inorganic sulfur were present as a cross-linking 
species, the resonances of the corresponding sulfur- 
bound carbon atoms should appear at 56 to  58 ppm, 
35 t o  45 ppm, and 13 to  16 ppm, but no such peaks 
were observed. Similarly, the sulfur content was not  
significant in  the energy-dispersive x-ray analysis of 
the latex and processed rubber samples. 

20. F. W. Billmeyer, Textbook of Polymer Science (Wi ley-  
interscience, New York, 1971). 

21. in our laboratory, 20 m l  of the juice f rom the pressed 
morning glory vine was extracted three times w i th  20 
m l  of diethyl ether. The ether was removed in  vacuo 
f rom the combined organic phases. The product was 
redissolved in to toluene, purified w i th  activated car- 
bon, and dried w i th  magnesium sulfate. The toluene 
solution was evaporated t o  dryness, yielding 5 m g  of 
yel low oil. The oi l  was redissolved in  a small amount 
of acetone and dispersed in  30 m l  of water, and the 
acetone was removed in  vacuo [S. C. Wildman, A. V. 
McMullan, R. Griggs, Science 97, 471 [1943)]. 

22. To evaluate the coagulative properties of the oil, we 
treated 10 m l  of latex w i th  the aqueous dispersion of 
the oi l  (0.7 m g  mlk') but did no t  observe coagulaton, 
and the latex appeared unchanged. in the work of 
Wildman et ai. (27), the acetone used t o  prepare the 
aqueous dispersion of the oi l  was ostensibly removed 
by mi ld  heating before use of the dispersion for latex 
coagulation. We observed that  the addit ion of ace- 
tone induces latex coagulation. Because we found 
that  our aqueous dispersion of morning glory oi l  did 
no t  coagulate latex, residual acetone likely was 
present in  the aqueous dispersion used by Wildman 
e ta / ,  t o  induce coagulation; that  is, the behavior they 
observed was due in part t o  the presence o f  acetone. 
At  this t ime, the reason for the apparent inertness of 
our morning glory oi l  is not  clear, but i t  is possible 
that  the o i l  does no t  contain the same purported 
active species or that  the coagulation phenomenon 
observed by Wildman e ta / .  was due t o  the presence 
of acetone. 

23. The most intense peaks in the 'H  NMR spectrum in 
CDCl, were a sharp singlet at 1.25 ppm and a broad 
singlet at 1.29 ppm. The GC-MS data showed fragmen- 
tation of a (CH,), chain, and the isotopic ratios of 
coupled peaks were consistent with the presence of 
sulfur in these fragments. The presence of multiple, 
closely related species made definitive peak assign- 
ments difficult, but the spectra clearly indicated the 
presence of methylene and methyl groups ~v i th in  ali- 
phatic chains. These methods and thin-layer chroma- 
tography (TLC) indicated that at least three different, 
closely related species were present in the oil. However, 
these species appeared to  react with the chromato- 
graphic silica and could not be purified by TLC. 

24. The FTlR spectrum of the neat oi l  confirmed the 
presence of aliphatic methylene groups (2930 cm-', 
2925 cm- ' ,  2857 cm- ' )  and methy l  groups (1460 
cm '). A carbonyl group (1733 c m ' ,  1641 cm-'), a 
sulfonyl chloride group (1387 cm-', 1189 cm-'), and 
a sulfonic acid group (1221 cm-', 1097 cm-') were 
also apparent. 

25. Cyclization of 1,4-polyisoprene can be initiated by 
sulfonic acid or hydrolyzed sulfonyl chloride. Proto- 
nation of an alkene group in the polymer chain 
produces a carbonium ion, which can undergo elec- 
trophilic addition t o  the next alkene group in the 
polymer chain (intramolecular reaction), leading to  
cyclization. The analogous intermolecular electro- 
philic addition reaction of the carbonium ion to  an 
alkene group on an adjacent polymer chain would 
lead to  formation o f  a cross-link [G. Odian, Principles 
of Polymerization (Wiley, New York, ed. 3, 1991)]. 
Reactions of sulfonyl chlorides w i th  olefin groups to  
form p-halo sulfones is also known [J. March, Ad- 
vanced Organic Chemistry (Wiley, New York, 1992)l. 
N o  spectroscopic evidence of other common known 
cross-linking agents for 1,4-polyisoprene, such as or- 
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ganic peroxides, nitro compounds, azo compounds, or ulation, but addition of water alone does not produce in the United States, C. Coggins; at Harvard Univer- 
inorganic sulfur, was detected. this effect (26). sity, the staff at the Peabody Museum and Botany 
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and Engineering (Wiley. New York. 1985). lnstituto National de Antropologia e Historia (INAH) WilliamS. H. Lechtman, and the undergraduate Re- 
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search Opportunities Program at the Massachusetts 
Institute of Technology. 
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Requirement for Croquemort in 
Phagocytosis of Apoptotic Cells 

in Drosophila 
Nathalie C. ~ranc,' Pascal ~eitzler; R. Alan B. ~zekowitz,',~ 

Kristin White1* 

Macrophages in the Drosophila embryo are responsible for the phagocytosis of 
apoptotic cells and are competent t o  engulf bacteria. Croquemort (CRQ) is a 
CD36-related receptor expressed exclusively on these macrophages. Genetic 
evidence showed that crq was essential for efficient phagocytosis of apoptotic 
corpses but was not required for the engulfment of bacteria. The expression of 
CRQ was regulated by the amount of apoptosis. These data define distinct 
pathways for the phagocytosis of corpses and bacteria in Drosophila. 

Phagocytosis is the terminal event of the number of receptors as important for target 
apoptotic process ( I ,  2) and is also critical for recognition (2-4). Genetic studies indicate 
the engulfment of microorganisms (3). It has that some of these receptors participate in 
been proposed that the recognition of both phagocytosis of pathogens in vivo (5, 6). 
nonself (microorganisms) and effete self However, the multiplicity and redundancy of 
(corpses) may share common receptors (4). recognition mechanisms in mammalian sys- 
Blocking experiments have implicated a tems have made it difficult to evaluate the 

relative roles of these receptors in the phago- 
cytosis of corpses. Although several genes of 
Caenorhabditis elegans are involved in the 
phagocytosis of corpses (7-9), none of these 
molecules seem to act directly as a receptor in 
the recognition of the corpse. 

In Drosophila embryos, like in mammals 
and in contrast to worms. the clearance of aDo- 
ptotic cells is primarily mediated by macro- 
phages, hemocytes that become phagocytic at 
the initiation of developmentally regulated apo- 
ptosis (10). Croquemort (CRQ), a Drosophila 
CD36-related receptor, is specifically expressed 
on all embryonic macrophages (11). Human 
CD36 acts as a scavenger receptor (12-14) and 
also binds apoptotic cells in combination with 
the macrophage vitronectin receptor and throm- 
bospondin (15, 16). CD36 has the ability to 
confer phagocytic activity on nonphagocyhc 
cells on transfection (1 7, 18). CRQ expression 
in nonphagocytic Cos7 cells allows these cells 
to recognize and engulf apoptotic thyrnocytes 
(1 I). Thus, CRQ may participate in the removal 
of apoptotic cells during Drosophila embryo- 
genesis. We genetically evaluated the relative 

Fig. 1. Macrophages in crq-deficient embryos have very poor phagocytic 
activity for apoptotic cells. (A to F) In confocal micrographs, peroxidasin- 
stained hemocytes appear green, CRQ staining appears blue, 7-AAD- 
stained apoptotic corpses appear as bright red round particles, and the 
nuclei of viable cells appear as large red diffused components. All images 
are the sum of eight focal planes. (A) to (C) show a X40 magnified lateral 
view of the head region of (A) a In(2L)Cy homozygous embryo, (B) a 
Df(2L)al homozygous embryo, and (C) a W88 homozygous embryo. (D) 
to (F) show high-magnification views ( ~ 4 0 0 )  of their respective macro- 
phages. As compared with the wild-type distribution (A) and phagocytic 

activity (D) of macrophages within In(2L)Cy homozygous embryos, mac- 
rophages in Df(2L)al (B) and W88 (C) homozygous embryos accumulate 
in the head and around the amnioserosa and show very poor phagocytic 
activity despite their recruitment at sites of abundant apoptosis (E and F). 
Asterisks indicate the nucleus of each macrophage seen in these fields. (G) 
A chart summarizes the efficiency of phagocytosis of apoptotic corpses 
observed within each genotyped embryos assayed. Results shown are the 
mean P.I. -C SE; n is the total number of macrophages scored for each 
genotype. Dark blue, w; In(ZL)Cy/In(ZL)Cy red, w; In(ZL)Cy/Df(ZL)al; yellow, 
w; Df(ZL)al/Df(ZL)al; and light blue, w; W/W88. 
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