
Evaluation the Rate of Evolution in Natural introduction (8 ) .  T h e  descendants of the  
transplanted guppies tnatured a t  a later age 

Population§ of Guppies (Poecilia reticulata) and larger size t h a n  the  control population 
found below the  barrier waterfall (Table 

David N. Reznick,* Frank H. Shaw, F. Helen Rodd, 1 ) .  They also produced fewer, larger off- 

Ruth G. Shaw s p r ~ n g  per litter and devoted a smaller 
proportion of their consurned resources to 
reproduction early i n  life than  did guppies 

Natural populations of guppies were subjected to an episode of directional selection that frotn the  control population. Their  life 
mimicked natural processes, The resulting rate of evolution of age and size at maturity histories had thus evolved to  be similar to 
was similar to rates typically obtained for traits subjected to artificial selection in labo- those of guppies naturally occurring in  
ratory settings and up to seven orders of magnitude greater than rates inferred from the ion-predat~on cornmunit~es.  
paleontological record. Male traits evolved more rapidly than female traits largely be- W e  evaluated the response to selection 
cause males had more genetic variation upon which natural selection could act, These by fish in  the El Cedro River 4 (7) and 7.5 
results are considered in light of the ongoing debate about the importance of natural years after the  introduction. Males from the  
selection versus other processes in the paleontological record of evolution. experimental site evolved delayed tnaturity 

and a larger size a t  maturity within 4 years 
(Table 1) .  N o  feinale life history trait 
showed a significant change by 4 years. By 

N a t u r a l  populations of guppies in  Trinidad community. Above the  falls, there were n o  7.5 years, females from the  experimental 
are found in  simple co~nlnunities replicated guppies and only the  sinall guppy predator site also matured at a later age and larger 
in a series of drainages ( I )  that can be R .  hnrtii. Guppies from below the  barrier size than those from the  control site (Table 
characterized as either high or low preda- waterfall were introduced above the  water- 1 ) .  N o  other aspect of the  female life history 
tion. In  high-predation communities, gup- fall and hence moved from a high- to a had changed significantly by 7.5 years. 
pies are found wit11 the  pike cichlid, lowpredation site. Therefore, for this replicate, only some 
C~enicichla aka,  and other species of cichlids W e  evaluated the  response to  selection components of the  life h~story have evolved 
and characins. Some of these species prey in  the  "Iripo River study 11  years after the  thus far; all changes are in the  satne direc- 
preferentially o n  large, mature-size classes of 
guppies 2 ) .  Predators are Table 1. Comparisons of gupples from low-predation (experimental) sites with those from high- 
upstream portio~ls of each drai~lage by rap- predaton (control) s tes ,  made in controlled laboratory conditions on the second generation of abora- 
ids or n-aterfalls, yielding low-predation tory-reared fish from each locality. followng the methods of previous studies (7, 8).  Differences between 
colnlnullities, co.occur populations that are observed under such condtions are assumed to have a genetic basis and thus 

the killifish ~ ~ ~ , ~ ~ l ~ ~  haltti, ~~~~~l~~ is all provide evidence that evolut~on has occurred, The means are least square means derived from the 
statistical comparisons of these values (22) and are adjusted for covar~ates and unequal sample sizes (7, 

that preys "l guppies' 8). Sample szes  for the control in the Arpo R~ver were 30 males and 29 females; for the experiment. 24 
higll-~redatioll sites e x ~ e r i -  males and 22 females. In the El Cedro River 4-year assay, the control included 44 males and 43fernales; 

ence significantly higher mortality rates the exper~mental Included 42 males and 43 females, In the El Cedro River 7.5-year assay, the control 
than those frotn lo\\-predation sites (3). Included 36 males and 40 females; the experimental included 129 males and 110 males, "Response" is 

Whell reared in ulliforln laboratory con. the est~mated response to selecton, or the dfference between the control and experimental values, The 

ditioIls, guppies from high-predatioll sites s ta ts tca  s~gnfcance of the response is based on an analyss of variance (7, 8). Signficance is based on 
one-tailed probab~tes  because the comparat~ve studies provided a basis for predicting how the 

attain lnaturity at age populat~ons would evolve in response to the ~ntroduction. "Rate" is the estimated rate of change in 
size their froln lolv-pre- darwins, calculated as  (nX2 - nXl)/At, whereX1 andX2 are the values of the trait at the beginning and 
dation communities. They also devote more end of the time interval, respectively, and At IS the length of the interval in years. We estimated XI and 
resources to  each litter, produce more, X2 using the values of the traits for the control and introducton populations, respectively. Gngerich (I 1) 
slnaller offspring per litter, and produce lit- reports that artificial selection experiments attaned rates of 12.000 to 200,000 damins, with a geomet- 
ters lnore frequently guppies froIu ric mean of 58,000 danvns, In contrast, the geometric mean rates for the fossil record range from 0.7 

to 3.7 darwlns, with the estimated rate beng inversely proporiional to the time internal over which it was 
predation localities (4, 5 ) .  "111 of these dif- evaluated: ns, not significant, 
ferences have a genetic basis (5 ) .  T h e  dif- - . , 

fere~nces in mortality rates among high- and 
ion-predation co~nrnunities provide a po- 
tential lnechanis~n driving llfe history evo- 
lution (3. 6). 

W e  evaluated the  role of nredators in 
selecting for these patterns by creatlng two 
episodes of directio~lal selection (7 .  8 ) .  In  
two streams (tributaries to the  El Cedro and 
Aripo rivers), we found waterfalls below 
\v111ch were guppies in a high-predation 

D. N Reznck. Deoariment of Bology, Unversty of Ca -  
forn'a, R vers~de CA 92521 USA 
F H. Shaiw and F. G. Shaw, Deoaltmen: of Eco'ogy 
Evolution and Behavor, Un~vers~ty of M nnesota, St. 
Pa~ll, MN 551Ci8, USA. 
F H. Rodd Center for Pop~l laton Bology, Universty of 
Caiforna, Dav s, CA 9561 6. USA. 

'To whom corresoondence should be addressed. E-ma I. 
GUPY@ucracl .ucr.edu 

Measurement 
1 u means (standard error) Response Rate (1 0" 

R dawins) Control Experimental 

Male age (days) 
Male slze (mg) 
Female age (days) 
Female slze (mg) 

Male age (days) 
Male size (mg) 
Female age (days) 
Female size (mg) 

Male age (days) 
Male slze (mg) 
Female age (days) 
Female s ~ z e  (mg) 

Aripo River (I I years or 18.1 generations) 
48.6 ( I  . l )  58.2 (1.3) 9.6* 
67.5 (1.6) 76.1 (1.9) 8.6* 
85.6 (2.2) 93.5 (2.6) 7.8* 

162.3 (6.4) 189.2 (7.4) 26.8* 
El Cedro River (4 years or 6.9 generations) 
60.6 (1.8) 72.7 (1.8) 12.1* 
56.0 (1.4) 62.4 (1.5) 6.4* 
94.1 (1.8) 95.5 (1.8) 1.4 (ns) 

11 6.5 (3.7) 11 8.9 (3.7) 2.4 (ns) 
El Cedro River (7.5 years or 12.7 generations) 

47.3 (1 . I )  52.5 (0.6) 4.9 
71.5 (1 . l )  74.4 (0.7) 2.9* 
75.8 (1.8) 80.4 (1 .O) 4.61' 

141.8 (5.1) 152.1 (3.2) 10.3* 

1934 SCIENCE \ OL 275 ?S MVIARCH 1997 http://\vn\v.sc1e11cemag.org 



tlc111 as 111 the  , 4 r 1 ~ o  exaer~ment .  
W e  analyzed the  response to selection 

for just the age and size at maturity in males 
and the  age and size at first parturition in  
females because these traits responded to 
the  lnanipulation in hoth  experiments. For 
each trait, we estimated the  response to 
selection (R)  as the  difference between the  , , 

mean of the  trait for lab-reared guppies from 
the  control and experimental populations 
(9)  (Table 1) .  T ie  then used R to quantify 
the  relative rate of evolution in terms of 
darwins (1 L?. 11 1. T h e  estimated rates of 
phenotypic evolution range from 3700 to  
45,000 darwins (Table 1 ) .  They are similar 
in  magnitude to rates that have been ob- 
tained by artif~cial selection and four to 
seven orders of magnitude greater than 
those observed in the  fossll record (1 1 ). 

O n e  notable result in  the 4-year assay for 

the  El Cedro R ~ v e r  is the 10-fold difference 
b e t ~ r e e n  the  sexes for the  rate of change 111 

the  aee at maturit\ and a 3- to 5-fold dlf- - 
ference for the  size at maturity (Table 1) .  
W h e n  the  same co~nparisons are made in  
the 7.5-year assay, the  relative rate of 
change ("Rate" in Table 1)  for Inale age was 
still higher than that for female age, but the 
difference n.as far less pronounced; the  ab- 
solute amount of change (R)  was approxi- 
mately equal. Males appear to have evolved 
to  a n  end point within 4 years, so the  
? r 
I .3-year result averages the  same amount of 
change over a longer ~nterval  of time. O n  
the  other hand,  fernales continued to 
evolve over the entlre 7.5-year perlod. Dlf- 
ferences in  the  estimated rates of change 
can also be attributed to chanees in  the  
exper~rnental conditions betneen the  4- 
and 7.5-\ear assay5 (1 2) .  

Table 2. Heritabilities and genetic variance-covariance matr~ces G. We used restricted maximum 
I~kel~hood estimation (23) to estimate the genetic variance and covariance for the age and size at 
maturity. Data were derived from the same experiments that were used to evaluate the response to 
selection (Table I ) .  Heritabiltes and genetc correlations are reported, with genetlc variances and 
covariances In parentheses (24); ns, not signifcant. 

Males Females 

Age S1ze Age S1ze 

Ar~po River 
Age 0.89* (0.01 77) 0.91 * (0.01 69) 0.08 (ns) (0.0006) 1.68 (ns) (0.0040) 
S ~ z e  0.88* (0.01 78) 0.09 (ns) (0.0093) 

El Cedro River 
Age 0.59* (0.01 67) 0 52t (0.0077) 0.451. (0.0031) 0.55 (ns) (0.001 8) 
S ~ z e  0.998* (0.01 35) 0.09 (ns) (0.0037) 

Table 3. Estimates of the llnear selection gradlents and standardlzed coefflcents of seectlon for the two 
ntroduct~on experiments The seectlon gradlents P = G R where G '  IS the Inverse of the addltve 
genetlc variance-covarance matrx and R IS the vector of responses to selecton (Table 1) These values 
were dvlded by the estmated number of generatons durlng the experiment and multplled by the 
phenotyplc standard devlatlon estlmated from the control populaton to yield the standardlzed coeffl- 
cents reported here Values are not reported for the El Cedro females at the end of the 4-year assay 
because there were no sgnlflcant changes In the tralts In queston at that pont Coefflclents of seecton 
S were estmated as  S = Pp where P IS the phenotyplc variance-covariance matrlx A computatons 
were based on log-transformed data Confidence intervals for P and S glven In parentheses, were 
calculated by parametric bootstrap If the lower confdence Im~t IS greater than zero then the coeffclent 
IS sgnf~cantly greater than zero (25) 

Populat~on Parameter P S 

Aripo River 
Males (univariate) Age 0.068 (0.042, 0.1 80) 

S ~ z e  0.065 (0.046, 0.1 1 1 )  
Males (bivarate) Age 0.1 93 

Size -0.127 
Females (unvariate) Age 0.290 (>0.045) 

S ~ z e  0.01 3 (>0.003) 
El Cedro River: 4-year assay 

Males (bvariate) Age 0.220 (0.01 9, 1.31) 
Slze 0.071 (-0.23, 0.369) 

El Cedro River: 7.5-year assay 
Males (unvariate) Age 0.057 (-0.034, 0.883) 

Size 0.001 (-0.106, 0.103) 
Females (unvarate) Age 0.1 72 (0.079, 0.659) 

Size 0.281 1>0.032) 

T h e  results for the  Aripo River compar- 
ison are similar to those for the  7.5-year 
assay o n  the  El Cedro; the  relative rate of 
change in male age at maturity n.as t w c e  
the  rate of female age, and the absolute rate 
of change was 23% greater (Table 1) .  T h e  
rate of change in size Iras slightly less for 
males than for females. If the  Dattern of 
evolution n.as silnilar to  that in the  El 
Cedro River, with males rapidly evolving to  
a new value then levellng off before the  
11-year assay xhereas the fenlales contin- 
ued to chanee, then this co~nnarison would 

L, , 

also tend to underestimate the  rate of evo- 
lution in males relative to females. 

Inferences about the  strength of natural 
s e l e c t i o ~ ~  requlre estimates of generatLon 
time (13) and the genetic variance-covari- 
ance matrix (Table 2) (14) ,  which quanti- 
fies the  genetic variation available for a 
response to  natural select~on. T h e  heritabil- 
ities of male age and size at maturity Irere 
high and significantly greater than zero 111 

all four estimates (Table 2).  These values 
are exceptionally high for life history traits: 
a more typical value is between 0.1 and C.2 
(15) .  T h e  corresponding values for age and 
slze at first ~ a r t u r i t i o n  in fernales were lo\\.- 
er, with the  only significant value being for 
the age at first parturition in  fe~nales from 
the  El Cedro River (Table 2) .  O n e  possible 
explanation for the difference in  the  heri- 
tabilities of Inale and female traits is that 
some of the  genetic variation for these traits 
in  rnales is associated with the  Y chromo- 
some, as reported for other species of Poeci- 
liid fishes (1 6). 

T h e  genetic correlations betxeen age 
and size a t  maturity (males) and age and size 
at first parturition (females) were very high 
for the  Aripo River study and moderately 
high for the  El Cedro River study. Thev 
xe re  significant for hoth male comparisons 
(Table 2). T h e  absence of significance for 
eclually high correlations in the  female data 
1s attributable to the  lower heritabilities for 
these traits in  females. T h e  eenetic basis of 
age and size is thus broadly overlapping. 
Selection o n  one trait strongly influences 
the  evolution of the  other ( 9 ,  14).  

T h e  selection gradient P (Table 3 )  esti- 
mates the  chanee in  relative fitness as a 
function of the  change in  a trait as other 
traits are held constant. A nositive coeffl- 
cient implies that fitness increases as the  
value of the  trait increases, whereas a neg- 
ative coefficient irnolies that fitness in- 
creases as the  value of the  trait decreases 
(1 7). T h e  bivariate P coefficients for rnales 
o n  the  Aripo River indicate strong direct 
selection for increased age at maturity but 
weaker selection for decreased size at matu- 
rity (Table 3 ) .  T h e  values for age and size 
increased together over time because of the 
positive genetic correlation betwee11 them 
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(Table 2). The (3 coefficients for Aripo 
River females and El Cedro River males 
imply strong direct selection for increased 
age at maturity but weaker direct selection 
for increased size at maturity. Finally, the 
7.5-year assay of El Cedro females indicates 
that direct selection on size was somewhat 
stronger than direct selection on age. 

Coefficients of selection S are an alter­
native way of characterizing the process of 
natural selection (Table 3): S estimates the 
covariance between a trait and fitness. It 
incorporates the effects of direct selection 
on that character and the indirect effects of 
selection on correlated characters. When 
rates of evolution are compared, a given trait 
may evolve slowly because the intensity of 
selection on it is low, its heritability is low, 
or its rate of change is affected by selection 
on a correlated trait. We can use these co­
efficients, in combination with the other 
classes of information, to evaluate the causes 
of the apparent differences in the rate of 
evolution of males and females on the El 
Cedro River (Table 1). The rate of evolu­
tion tended to be higher in males (Table 1), 
possibly because males had higher heritabil-
ities for these traits (Table 2). The most 
instructive comparison is between the 4-year 
values for males and the 7.5-year values for 
females because this avoids the bias caused 
by males reaching a plateau at 4 years. The 
coefficients of selection for age are higher 
for males than for females, but the magni­
tude of the difference (0.310 for males versus 
0.091 for females) is smaller than the differ­
ence in the rate of evolution or the response 
(Table 3 versus Table 1). Similarly, in the 
Aripo River, the rate of change in male age 
at maturity is greater than that for female 
age, but the coefficient of selection is much 
higher for females. It thus appears that the 
differences in rate between the sexes are 
attributable to the differences in the herita-
bilities of the traits, with females evolving 
more slowly because of their lower genetic 
variance for age and size at maturity, rather 
than because of weaker selection on female 
traits. 

If evolution can be so fast, why does it 
appear to be so slow in the fossil record? 
First, evolution is only sustained in response 
to a changing environment (18); when a 
new optimum is attained, no more evolu­
tion is expected [El Cedro River males in 
this study (19)]. Second, if environmental 
conditions vary erratically, so will patterns 
of evolution, as seen in Galapagos finches 
(20). Evaluating evolution with the fossil 
record averages across intervals of no 
change, intervals of rapid change, and pos­
sibly includes reversals in the direction of 
change, yielding an estimate of rate aver­
aged over the entire interval (11). The net 
effect could well be no measurable change 

in morphology, or "stasis." On the other 
hand, sustained directional selection can 
support far more rapid directional change 
than seen in the fossil record. 

The evidence from studies of microevo-
lution (19, 20) bears on the current debate 
over micro- versus macroevolution and the 
patterns of change recorded in the fossil 
record. In the fossil record, there is a well-
established pattern of periods of little or no 
change (stasis) punctuated by brief intervals 
of rapid change associated with the origins 
of new taxa. Some have argued that selec­
tion among individuals within populations 
(natural selection) cannot account for these 
large-scale trends in evolution (21). Specif­
ically, Gould and Eldredge argue for the 
necessity of bursts of speciation followed by 
species selection to sustain the rapid change 
associated with punctuations in the fossil 
record (21). Our work cannot address the 
efficacy of mechanisms other than natural 
selection, but it extends our understanding 
of what is attainable through this process. It 
is part of a growing body of evidence that 
the rate and patterns of change attainable 
through natural selection are sufficient to 
account for the patterns observed in the 
fossil record (18). 
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nature of the G matrix and the results of the 1000 
simulations: (i) One-sided confidence intervals are 
reported when singularity of more than 2.5% of the 
sampled G set the upper confidence limit at infinity. 
The one-sided value equals the 25th value of 1000 
simulations (rank ordered from smallest to largest) 
and hence is equivalent to the lower bound of a 95% 
confidence interval. (ii) Confidence intervals with low- 
er and upper bounds are reported when the simula- 
tions allowed us to set both an upper and lower limit 
to the distributions. The reported values are the 25th 
and 975th values of the 1000 simulations. (iii) Bivari- 
ate estimates of p and S were only possible for the 
males from both experiments. The only data set for 
which we could estimate the confidence limitsfor the 
bivariate analysis was the El Cedro males, for both 
the 4- and 7.5-year results. Here the limits mark the 

two-dimensional range of the 950 simulated values 
closest (in Euclidean distance) to the estimates. (iv) 
Standard errors were not estimable for the bivariate 
estimates of p and S for males from the Aripo River 
because of the near singularity of the G matrix. In this 
case, the difference between P values for age and 
size at maturity are more pronounced in the bivariate 
analysis, which takes the high genetic correlation 
between them into account, than in the univariate 
analysis. 
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Local Hormone Networks and Intestinal A I ~ ~ O U ~ ~  TSHP was produced by both IELS 

T Cell Homeostasis and epithelial cells, epithelial cells pro- 
duced considerablv more TSHB than did an 

Jin Wang, Michael Whetsell, John R. Klein* 

Neuroendocrine hormones of the hypothalamus-pituitary-thyroid axis can exert positive 
or negative immunoregulatory effects on intestinal lymphocytes. Small intestine epithelial 
cells were found to express receptors for thyrotropin-releasing hormone (TRH) and to 
be a primary source of intestine-derived thyroid-stimulating hormone (TSH). The gene 
for the TSH receptor (TSH-R) was expressed in intestinal T cells but not in epithelial cells, 
which suggested a hormone-mediated link between lymphoid and nonhematopoietic 
components of the intestine. Because mice with congenitally mutant TSH-R (hytlhyt 
mice) have a selectively impaired intestinal T cell repertoire, TSH may be a key immu- 
noregulatory mediator in the intestine. 

T h e  intestine constitutes an important 
host barrier to foreign antigen entry. This is 
reflected in the extensive complexity of the 
intestinal immune system, which is charac- 
terized by novel lymphocyte subsets (1) and 
by bidirectional intercellular communica- 
tion between lymphocytes and epithelial 
cells (2). We recently demonstrated a role 
for neuroendocrine hormones in the devel- 
opment and regulation of intestinal T cells, 
in particular the TCRaP, CD8aP intraepi- 
thelial lymphocytes (IELs) (3, 4). Here, we 
describe a pathway of hormone synthesis 
and use mediated by thyrotropin (TSH), 
which links components within the small 
intestine and is used in local IEL immune 
regulation. 

Freshly extracted small intestine cells 
(5) were characterized by flow cytometric 
analysis (6,  7). Populations of epithelial 
cells and lymphocytes were enriched to 
>97% purity, as verified by reactivity with 
monoclonal antibody (mAb) G8.8, a 
marker of murine epithelial cells, and a 
mAb to the CD45 leukocyte-common an- 

tigen (LCA), a marker of nucleated hema- 
topoietic cells (8-10) (Fig. 1). Purified 
IELs and epithelial cells were assayed for 
expression of the TSHP gene by reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) (1 1 ). This yielded PCR products 
of the predicted size from both the IEL- 
enriched fraction and the epithelial cell- 
enriched fraction (Fig. 2), which were con- 
firmed (12) by DNA sequence analyses 
(1 1 ). Because TSH production is controlled 
in part by TRH, purified IELs and epithelial 
cells were assayed for TRH receptor (TRH- 
R) gene expression by RT-PCR (1 1). A 
PCR product of the anticipated size was 
obtained from intestinal epithelial cells, 
whereas no PCR product was obtained from 
intestinal IELs (Fig. 2). The PCR product 
identified in epithelial cells was verified by 
reamplification using a nested upstream 
TRH-R primer located within the amplifi- 
cation region (1 I) ;  this resulted in a single 
band of the anticipated 146-base pair size 
with sequence homology to murine TRH-R 
(11, 13). 

Secretion of TSH by IELs and epithelial 
Department of Biological Science and Mewin Bovaird 
Center for Studies in Molecular Biology and Biotechnol- was measured by immu- 
ogy, University of Tulsa, Tulsa, OK 74104, USA. nosorbent assay (ELISA) (14) using super- 

'To whom correspondence should be addressed. E-mail: natants of cells cultured with and without 
john-klein@centum.utulsa.edu TRH according to published protocols (1 5). 

equivalent number of IELs ( F ; ~ .  3A), with 
maximal secretion occurring at to 
M TRH. This secretion pattern, including 
the high-dose prozone effect of TRH, is 
similar to previous reports of TRH-induced 
TSH secretion (15). TSH was detected in 
epithelial cell supernatants as early as 1 
hour after stimulation (Fig. 3B), implying 

IEL Epithelial 

Fig. 1.One-color flow cytometric analyses, show- 
ing reactivities of LCA and epithelial cell antigen 
(G8.8) mAbs for IELand epithelial cell populations. 
C, isotype-species-matched control mAb. 

Intestinal 
IEL (euthymic) epithelial Cells IEL (nude) 

Fig. 2. RT-PCR analyses of gene expression in 
intestinal lELs and intestinal epithelial cells from 
euthymic mice and intestinal lELs from congeni- 
tally athymic nude mice. Lane 1 (in each panel), 
base pair standards; lanes 2 to 4, RT-PCR-ampli- 
fied gene products for TRH-R, TSHP, and TSH-R, 
respectively; lane 5, primer controls in the ab- 
sence of cDNA templates; and lane 6, controls for 
DNA contamination of RNA (that is, PCR analyses 
of RNA preparations after treatment with deoxyri- 
bonuclease but before cDNA construction). 
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