
both T1 and T2 transgenic plants (Fig. 4C). 
The a~nount of NPTII protein was not af- 
fected by ~nfection in T3 plants, in which 
the NPTII transgene does not share homol- 
ogy with the CaMV promoter. The d~str~bu- 
tion of NPTII proteln between dark green 
island and chlorotic vein border tissue of Tl 
transgenic plants (Fig. 4C) reflected that of 
GUS activity (Fig. 2B). 

Suppression of the NPTII gene might 
have occurred through ~nterference from the 
adjacent GUS gene. Alternatively, CaMV 
infection might result in host regulation of 
the 35s RNA promoter. Therefore, we test- 
ed the effects oPCaMV infection on expres- 
slon of the GUS transgene of the T3 con- 
struct (Fig. IA),  for wh~ch viral homology is 
limited to the CaMV 35s RNA promoter 
sequence. CaMV ~nfect~on suppressed GUS 
expression in T3 transgenic plants with the 
same symptomatic pattern as that in T I  
transgenic plants (Fig. 1C). However, silenc- 
ing in T3 transgenic plants 'was not likely 
mediated by posttranscriptional inechanis~ns 
because the construct lacked viral RNA ho- 
mology. Nuclear rrm-on experiments re- 
vealed that transcri~tion of the T3 GL'S 

A ,  

transgene was inhibitid in infected plants, 
despite concurrent transcription of the 
CaMV ~ninichro~noso~ne (Fig. 4A). We sug- 
gest that transcriptional silencing of the 3SS 
RNA promoter in the CaMV minichromo- 
some does not occur in the presence of post- 
transcriptional silencing. However, tran- 
scriptional suppression of the CaMV 35s 
RNA promoter in the T3 constrrrct suggests 
that viral transcription could potentially be 
down-regulated in those infections that do 
not result in recove~y from symptoms as in 
B .  rapa. Such regulation could explain the 
differential accumulation of CaMV In chlo- 
rotic and dark green tissue observed in the 
absence of posttranscriptional silencing (15). 

Thus, plants respond to pathogen inva- 
sion by regulating pathogen gene expres- 
slon, apparently at both transcriptional and 
posttranscriptional levels. Posttranscrip- 
tional suppression of viral genes results in 
posttranscriptlonal cosuppresslon of trans- 
genes that share sequence hornology with 
the virus. Sequences homologous to the 
viral nrornoter can be s~lenced at the tran- 
scriptional level. Posttranscriptlonal sup- 
pression of gene expression appears to take 
precedence over transcriptional regulation, 
possibly by preventing transcriptional sup- 
presslon of the same gene, thereby link~ng 
cytoplasmic and nuclear gene regulatory 
mechanisms. 

Most gene silencing phenomena that 
have been described in plants occur as a 
result of transformation with transgenes (5, 
9) .  Gene silencing can also be elicited by 
viruses in the absence of transgenes (3, 4). 
It is not clear whether this response is an- 

t~pathogenic or whether it is more broadly 
related to regrrlat~on of highly expressed 
genetic elements. 
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Contingency and Determinism in Replicated 
Adaptive Radiations of Island Lizards 

Jonathan 6. Losos," Todd R. Jackman, Allan Larson, 
Kevin de Queiroz, Lourdes Rodriguez-Schettino 

The vagaries of history lead to the prediction that repeated instances of evolutionary 
diversification will lead to disparate outcomes even if starting conditions are similar. We 
tested this proposition by examining the evolutionary radiation of Anolis lizards on the 
four islands of the Greater Antilles. Morphometric analyses indicate that the same set of 
habitat specialists, termed ecomorphs, occurs on all four islands. Although these similar 
assemblages could result from a single evolutionary origin of each ecomorph, followed 
by dispersal or vicariance, phylogenetic analysis indicates that the ecomorphs originated 
independently on each island. Thus, adaptive radiation in similar environments can 
overcome historical contingencies to produce strikingly similar evolutionary outcomes. 

T h e  theory of historical contingency pro- 
poses that unique past events have a large 
~nfluence on subsequent evolrrtion (1 -3). A 
corollary is that repeated occurrences of an 
evolutionary event would result in rad~cally 
different outcomes (4). Indeed, faunas and 

J B. Losos, T R. Jackman, A Larson, Department of 
Bio!ogy. Campus Box 1137. Washngton Unversty, St 
LOUIS, MO 63130-4899, USA 
K, de Queroz. Dvsion of Amohibians and Reotles. Na- 

floras that have evolved in s~milar environ- 
ments often exh~bit more differences than 
similarities (5-7). These differences in evo- 
lutionary outcome probably result from 
clade-specific factors that cause taxa to re- 
spond to similar selective factors in differ- 
ent ways, as well as from unique historical 
events and subtle environ~nental differenc- 
es in the different areas (2 ,  8). Here we 
show that such factors w~l l  not always lead 

tiona Museum of Natural ~ i s t d ~ ,  Smithsonian instituton, to disparate outcomes. 
Washington, DC 20560, USA. Anolis lizards are a dominant element of 
L. Rodriguez-Schettno, lnstituto de Ecologia y Sstem- 
Btica, CTMA, Carretera de Varona km 3.5. Boyeros, La the Caribbean fauna' On each of the 
Habana 10800. Aoartado Postal 8029. Cuba. of the Greater Antilles (Cuba, Hispaniola, 
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losos@b~odec wustl.edu blages are co~nposed of species that differ in 
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Table 1. Hypotheses tested with DNA sequence data. A significant in numbers of changes on the two trees. Z is the normal approximation 
result denotes rejection of the stated hypothesis. D is the difference in when n > 100 (25). "Difference" is the difference in negative log likelihoods 
length between the most parsimonious tree (8889 steps) and the tree between the maximum likelihood tree (-In L = 41,059.9) and the tree 
constrained to conform to the stated hypothesis. T, is the test statistic for constrained to conform to the stated hypothesis. t is the Student's t test 
the Wilcoxon signed-ranks test, n is the number of characters that differed statistic. 

Hypothesis D n Z Parsimony Likelihood t Likelihood 
Ts P value difference P value 

Monophyly of ecomorph class 
Crown-giant 
Grass-bush 
Trunk 
Trunk-crown 
Trunk-ground 
Twig 

Shortest tree with 
16 ecomorph transitions 
15 ecomorph transitions 
14 ecomorph transitions 

habitat use. The same set of "ecomorphs"- ecomorph classes have occurred (Table 1) each island, the sequence by which they 
species specialized to use particular structur- (19, 20). Although similar sets of eco- have evolved differs among islands (Fig. 
a1 microhabitats-occurs on each island, morphs have evolved independently on 1C) (21). 
excea  that two ecomomhs are absent from 
~amaica and one from ~ u e r t o  Rico (9). 

We measured six morphometric charac- 
teristics that are closelv linked to habitat use 
(1 0, 1 1 ) for members of each ecomorph class 
from each island to investigate whether the 
ecomorphs constitute objectively recogniz- 
able classes (1 2). Our analvses reveal distinct . . 
ecomorph classes; members of an ecomorph 
class are more similar to other members of 
that class from different islands than they are 
to members of different ecomorph classes 
from their own island (Fig. 1A) (1 3). 

The presence of the same set of eco- 
morphs on each island suggests that either 
ecomorphs evolved only once and then, by 
colonization or vicariance. occu~ied all four 
islands, or that each ecomorph evolved in- 
dependently on all four islands. Because six 
ecomorph classes exist (crown-giant, grass- 
bush, trunk, trunk-crown, trunk-ground, 
and twig; the classes are named for the 
microhabitat that constituent species nor- 
mally use), the single-evolution hypothesis 
predicts that only five instances of the evo- 
lution of new ecomorphs have occurred (as- 
suming that one ecomorph is ancestral). By 
contrast, the recurring evolution hypothesis 
(9) predicts that none of the ecomorph 
classes form a monophyletic group and that 
17 to 19 evolutionary transitions between 
ecomomh classes have occurred (14). . -, 

Phylogenetic analysis based on mito- 
chondrial DNA sequences (15, 16) for 55 
species (1 7) indicates that, with two excep- 
tions, members of the same ecomorph class 
from different islands are not closely related 
(Fig. 1B). Statistical analyses (18) indicate 
that none of the ecomorph classes consti- 
tutes a monophyletic group relative to 
members of the other classes and that at 
least 17 evolutionary transitions among 

Fig. 1. (A) UPGMA phenogram showing that members of the same ecomorph class cluster in morpho- 
logical space regardless of geographic affinities. Branch lengths are proportional to the distance separat- 
ing species or clusters in morphological space. Letters indicate the island on which a species is found (C, 
Cuba; H, Hispaniola; J, Jamaica; P, Puerto Rico). The shading of the branches connecting the ecomorph 
classes has no significance. (B) The most parsimonious tree derived from the molecular data indicates 
frequent transitions among ecomorph classes. The lengths of the branches have no significance. (C) 
Topology of the four ecomorphs common to all islands, extracted for each island separately from the most 
parsimonious phylogeny. 
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One hvwothesis to exwlain the reweated mass: number of subd~gita lameae on the second and Hedges, Caribb. J. Sci. 26, 7 (1 990)]. Hence, de- 
, . 

evolLltioll of the salne icomorph tipes is third phalanges of pedal dig~t IV; and snout-tc-vent pending on the phyogenetic reationshps of these 
length (svl), forelimb length, h~ndlimb length, and tail two speces, we may underestimate by two both the 

that the diversity of morphological variants lenqth. Mean \/slues were used for each species, TO number of evolutionaw oriqins of ecomorehs and the 
that can be produced by anoles is con- 
strained to these ecomorphs. However, the 
existence of several Greater Antillean spe- 
cies, usually restricted to montane areas (9) ,  
and many mainland species (22) that are 
not members of any of the ecomorph classes 
shows that morphological diversification 
among anoles is not constrained to produce 
only members of these ecoinorph classes. 
Rather, the recurring evolution of ecologi- 
cally and morphologically similar species in 
these replicatg adaptive radiations suggests 
that adaptation, rather than constraint, is 
responsible for the predictable evolutionary 
responses of Anolts lizards. 

The phylogenetic analysis reveals only 
two cases In which an ecomorph has 
evolved more than once 011 a single island. 
Interspecific competition, which is intense 
among anoles (23) and may drive their 
adaptive radiation (9, 24), is probably re- 
spons~ble; once an ecomorph niche IS filled 
on an island, other species are excluded 
froin utilizing that niche. Thus, the impor- 
tance of historical contingency depends on  
the frame of reference: Among islands, it 

remove the effects of body slze, interspecific regres- 
sions were conducted for each variable against sv (all 
variables were In transformed); res~dual values were 
used In subsequent analyses. To reduce the dimenson- 
aity of the data, a principal components (PC) analysis 
[H. Hotelling. J Educ. Psychol. 24, 41 7 (1933); H. H. 
Harman, Modern Factor Analysis (Univ, of Ch~cago 
Press, Ch~cago. ed. 3, 1976)] was conducted cn the 
residual variables, In sv was also included so that the 
analysis considered both size and shape. The first four 
PC axes accounted for 95.8% of the variance. We then 
used the unweghted pared group methcd using ar~th- 
metic averages (UPGMA) [R .  R. Sokal and C. D. 
Michener, Univ. Kans. Sci. Bull, 38, 1409 (1 958)] to 
v~sualize the similarity reaticnshps of speces in a mcr- 
ohcogica space defined by these fcur PC axes. 

13. The UPGMA analysis indicates that members of 
each of the ecomorph classes cluster together In 
morphological space. UPGMA and other cluster~ng 
methods sometimes dstort smiarity relationships 
[K. de Que~roz and D A Good Q. Rev Biol  72 3 
( I  997)], however, drect examination of the Euclide- 
an distances (that IS the dstance separatng two 
species in the multvarate space determned by the 
four PC axes) confirms that every speces is closer to 
a member of t s  own ecomorph class than t 1s to any 
member of any other ecomorph class. The probabl- 
t y  that random assgnment of spec es to ecomorph 
clusters w I  produce an arrangement in which the 
speces are clustered by ecomorph class to the ex- 
tent seen In the real data (that 1s w ~ t h  no speces out 
of place) 1s much less than 0 0001 

14 The uncertanty depends on whch ecomorph is an- 
cestral. For examnle, f the ancestor were a trunk 

instances in which the.same ecomorph eholved mul- 
tiple tmes on the same sand.  

17. Those 55 speces included the outgroups D~j~lolae- 
mus daiwini and Polychrus acut ir~str is~ Ecomorph 
species were a subset of those used in the morpho- 
metric analysis, w~ th  the addtion of the Hispanioan 
twig anoe A, she,nlani. 

18. To test a hypothesis of ecomorph monophyly we 
used PAUP* to find the shortest tree w'th the con- 
strant that an ecomorph class arose once and d d  not 
subsequently gve rise to members of any other eco- 
morph class. The Wilcoxon signed-ranks test was 
then used to investigate whether the most parsmoni- 
ous tree requred significantly fewer changes than the 
tree constra'ned to show monophyly of an ecomorph 
class [A. Templeton. Evolution 37, 221 (1 983)' A. Lar- 
son in Molecular Ecology and Ei/olution, Ap,nroaches 
and Applications B. Schienvater, B. Stre~t, G P. 
Wagner, R De Salle Eds (Brkhauser, Basel, Sw~tzer- 
land, 1994), pp 371-3901 Each ecomorph class was 
tested separately. We also determned the phylogeny 
that requred the fewest instances of ecomorph evo- 
u ton  and was not signficanty longer than the most 
parsmonious tree PAUP" was used to f~nd the short- 
est tree that included as sster taxa a par of species (or 
clades) that were Inferred to have evolved the same 
ecomorph ndependenty on the most parsmonous 
tree. Ths constrant generally lowered the number of 
transtons among ecomorphs from 17 to 16 PAUP 
searched a trees constrained in th~s manner and 
found the one requrng the fewest DNAchanges This 
tree was then compared to the most parsmonous 
tree w~th  the use of the W~lcoxon sqned-ranks test. 

has little discernible effect ~n that the same anole, then no nktances of trunk anole evolut~on Add~tonal constraints were appl~ed i t h e  same man- 

eco,norphs evolve on each island, whereas would be required, but four nstances of trunk- ner to further reduce the number of orgins of eco- 
ground anoles would be required. By contrast, f the morphs untl all trees requirng fewer transitons were 

w i t h ~ n  each island, prior evolutioilary ancestor were a trunk-ground anole, only two In. sgnificanty longer than the most parsmonous tree. 
events limit the options available to partic- stances of trunk anole evolut~on would be requred. The same hypotheses were tested with the K~shno- 

ular species and deterlnine the direc- because t h s  ecomorph occurs only on two sands. Hasegawa test. comparng the maxmum- l~ehood  
whereas trunk-ground and most other ecomorphs tree to trees constrained as above [H. Kishino and M. 

tions 1x1 which evolution can proceed. occur on all four sands. These f~gures also assume Hasegawa, J. Mol, Evol. 29 170 (1 989)] 
conservat~vely that one ecomorph 1s ancestral to a1 19. To estmate the number of evolut~onary transtions 
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Lensk~, Science 267, 87 (1 995) done at 53" to 61 "C Al~gnments of sequences en- morph classes. Treat~ng the states as unordered 

4 S. J. Gould, I/donderful Life. The Burgess Shale and coding five transfer RNAs (Trp Ala, Asn, Cys and yielded the same estimate of the number of instanc- 
the )Nature of Histo~y (Norion, New York. 1989). Tyr) were constructed on the bas~s of secondary es of ecomorph evoluton inferred from ths  phylog- 

5. G, OrIans and In Coe'/olution, structural models [Y. Kumarawa and M. N~sh~da. eny. Nonecomorph species (21 spec~es), most of 
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6 J A. Wens The Ecology ofBird Communities (Cam- been deposited G ~ ~ B ~ ~ ~  method estmates the number of transtions among 
brdge Unv. Press, Cambrdge 1989) 16. The most parsmonous phylogeny was estmated ecomorphs consewatl\'el~, because all ancestral 

7. R E. Ricklefs and D. Schluter Eds.. Species Diver- usng PAUP* [D L Swofford, Phylogenetic Anaiysis nodes are assgned to one of the ecomorph classes 
in Ecologicai Ccxnmunities. Historical and Using Parsimony, version 4.0.0d60 (Smthsonian In- 20 All trees w ~ t h n  four steps of the most parsmonious 

graphical Pers~ectl'/es (Unv of Chca90 Press, Ch -  st tuton, Washington, DC 1997)] with 100 heurstc tree also lead to the nference of 17 transltlons, al- 
cago, 1993) searches usng random addton of sequences and though reconstruct~ons for pari'cular ancestral 
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9 E, E Warns In Lizard Ecology' Studies o fa  12/lode/ tion in PAUP* w ~ t h  the follow~ng parameters empr -  21 To invest~gate whether the phylogenet~c topology of 
Organism R B Huey. E. R Pianka, T W Schoener c a  base frequencies a trans~ton-transverson ratlo ecomorph evolut~on was the same on all four slands, 
Eds (Haward Univ Press, Cambr~dge, MA 19831, of 2 (estmated from the most parsimonous tree as we examned the four ecomorphs present on a four 
pp. 326-370. 2 049 and rounded down) and equal rates of sub- islands. F~gure 1C shows that each sland exhb~ts a 

10. T C Moermond, Behaviour 70, 147 (1 979). Ecology st tuton among sites. Although we d d  not Include all different topology. For each sand separately we exam- 
60, 152 (1 979) ecomorph spec~es n thls analysis, almost all non- ined each of the 15 possbie topooges for four taxa to 

1 1 J B. Losos Ecol. M'onogr. 60 369 (1 990) sampled speces are closely related to a sampled determne whether any topology 1s e~ther the most par- 
12 We measured Ive adult males of 46 species of Greater member of the same ecomorph class from the same smonious tree or is statistcally ind~st~nguishable from 

Antiiean Anolis Speces were assgned to an ecomorph island. The two exceptions are rare spec~es from the most parsimonious tree for all four islands, I! no 
class a pr~or on the basis of morpholog~cal, behavioral, Hispaniola (A daJr1ingtoni and A koopmani) that may topology met ths criteron, then the data would indcate 
and habitat data. The following measurements were not be closely related to members of the same eco- that ecomorph evouton d d  not occur in thesame man- 
made of (usually) 10 to 15 indvduals of each species. morph class on that island [K L Burnel and S B. ner on a,i islands. For each island we found the most 
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parsimon~ous tree conforming to each of the 15 possl- 
ble phylogenetic topologles for the four ecomorphs (in 
the case of the two tw~g anoles on Hispaniola, we used 
A. insolitus because A. sheplani is the sister taxon of 
Cuban twig anoles and is nested with~n a clade of Cu- 
bar species) using the "backbone constra~nts" option In 
PAUP', which constrans the relationships of a subset of 
the taxa but allows the remaining taxa to occur any- 
where on the tree (that is, the subset of constrained taxa 
does not necessarily form a monophyletic group, but 
the relationships among these taxa must conform to the 

constralnt). We compared each of these trees to the 
most parslmonlous tree (Fig. 1B) uslng the Wilcoxon 
signed-ranks test. In addb~on, we compared the maxi- 
mum-likelihood tree with each constralnt tree using the 
K~shino-Hasegawa test. Each of the 15 possible eco- 
morph topologles was rejected for at least one island. 
Hence, we conclude that the topology of ecomorph 
evolution Mered among ~slands. In addition, when an- 
cestral ecomorph states were reconstructed with par- 
simony, each island exhibited a different order of eco- 
morph evolution. 

Monoallelic Expression of the 
In terleukin-2 Locus 

Georg A. Hollander,* Saulius Zuklys,? Corinne Morel,? 
Emi ko Mizoguchi, Kathrine Mobisson, Stephen Simpson,$ 

Cox Terhorst, William Wishart, David E. Golan, 
Atul K. Bhan, Steven J. Burakoff* 

The lymphokine interleukin-2 (IL-2) is responsible for autocrine cell cycle progression and 
regulation of immune responses. Uncontrolled secretion of IL-2 results in adverse re- 
actions ranging from anergy, to aberrant T cell activation, to autoimmunity. With the use 
of fluorescent in situ hybridization and single-cell polymerase chain reaction in cells with 
different IL-2 alleles, IL-2 expression in mature thymocytes and T cells was found to be 
tightly controlled by monoallelic expression. Because IL-2 is encoded at a nonimprinted 
autosomal locus, this result represents an unusual regulatory mode for controlling the 
precise expression of a single gene. 

IL-2  is a growth factor important in the 
regulation and differentiation of lympho- 
cytes and natural killer cells (1 ). Produced 
bv a subuouulation of activated T cells, IL-2 . . 
also plays a pivotal role in the generation of 
an adoptive immune response. Decreased 
secretion or the complete absence of IL-2 in 
humans is associated with primary and sec- 
ondary immunodeficiencies (2). Mice ho- 
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mozygous for an IL-2 null mutation 
(IL-2-/-) have a comuromised immune svs- 
;em with alterationsAof both cellular aAd 
humoral functions (3). Overuroduction of . . 
IL-2 results in an impaired immune re- 
sponse with autoimmunity, breaking of 
clonal anergy, and suppression of certain T 
cell functions (4). IL-2 expression, there- 
fore, is firmly controlled by multiple signal- 
ing pathways emanating from the T cell 
receptor and antigen-independent corecep- 
tors (5). These signals regulate the tran- 
scri~tional control of ubiauitous and T cell- 
specific factors, which transactivate tran- 
scription of the gene encoding IL-2 in vivo 
through binding to the promoter and en- 
hancer sequences using an all-or-nothing 
mechanism (5). Coreceptors also transduce 
signals that stabilize IL-2 mRNA (6). 

The number of functional IL-2 alleles 
mav also determine the amount of IL-2 uro- 
duced. Therefore, we investigated whether T 
cells heterozygous for the IL-2 null mutation 
produce less IL-2 than wild-type T cells. We 
stimulated CD4' T cells purified from wild- 
type and heterozygous mice. The amount of 
IL-2 produced by concanavalin A (Con A)- 
treated IL-2'l- T cells was decreased bv half 
when compared with that produced by T 
cells from wild-type mice (Fig. 1). As expect- 
ed, Con A stimulation of IL-2-1- T cells did 
not result in detectable IL-2 secretion. 

Was each heterozygous CD4+ T cell pro- 
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ducing only half of the amount of IL-2 pro- 
duced by wild-type cells, or were only half of 
the CD4+ T cells secreting amounts of IL-2 
comparable with that secreted by wild-type T 
cells? Concurrent transcription from both 
(that is, the mutant and the wild-type) alleles 
of the IL-2 gene would lead to the first result, 
whereas the latter result would be obtained if 
allele-specific expression occurred from only 
one of the two couies of the IL-2 eene. To " 

distinguish between these two mutually ex- 
clusive models, we determined IL-2 secretion 
at the single-cell level. Mature CD4+ thymo- 
cytes and CD4+ peripheral T cells were stim- 
ulated with Con A and subsequently stained 
for the presence of IL-2 (7). About half of the 
CD4+ T cells from 3- to 4-week-old het- 
erozygous mice stained positively for IL-2 
(Fig. 2, A and B, left). In agreement with 
these data, limiting dilution assays showed 
that the relative frequency of IL-2-secreting 
CD4' T cells was diminished by a third to a 
half in heterozygous mice in comparison with 
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Fig. 1. The genotype of IL-2 mutant mice controls 
the amount of IL-2 secreted. IL-2 production in 
response to Con A stimulation. Purified T cells from 
heterozygous and homozygous IL-2 mutant mice 
and from wild-type mice were stimulated in vitro by 
Con A in RPMl 1640 medium (Gibco-BRL) supple- 
mented with 10% fetal bovine serum (Sigma), pen- 
icillin, streptomycin, and 2-mercaptoethanol. After 
24 hours in culture, serial dilutions of supernatant 
were assayed on 5 x lo3 CTLL-20 cells in the 
presence of mAb to IL-4 (1 1 B11). Proliferation was 
measured by FHIthymidine incorporation during 
the last 4 hours of a 24-hour assay. The graph is 
representative of three independent experiments 
and each experiment had less than 10% variability. 
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