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from single infective stages (20, 21). Rapid 
response to selection during SPEs might also 
be explained by the evolution of mutators 
(22) and horizontal DNA transfer (23). How- 
ever, because rapid parasite evolution is usu- 
ally observed in new hosts, "new-host stress" 
might lead to unusually strong selection and 
rapid evolution as well. 

Mutations and recombination events are 
associated with changes in virulence in many 
SPEs (10. 18. 21. 2628). For example, in 

H uman health, animal welfare, and 
modem agriculture continue to be 
challenged by rapidly evolving pests, 

parasites, and pathogens. Adaptation of these 
antagonists to new hosts is often observed on 
time scales as short as days. Although many 
details about specific host-parasite systems 
are available, our understanding of virulence 
evolution, which is critical for dealing with 
newly emerging infectious diseases, remains 
rudimentary (1-3). Here I summarize what is 
known about parasite adaptation to their 
hosts, with particular reference to serial pas- 
sage experiments (SPEs), a form of experi- 
mental evolution and a powerful tool for 
studying adaptation. 

In SPEs, parasites (broadly defined to in- 
clude pathogens, protozoa, fungi, helminths, 
and small herbivores) are transferred from one 
host to another. During SPEs, parasites are 
propagated under defined conditions and their 
evolved characters are compared with those of 
the ancestral parasite. Parasite transfer is either 
artificial (for example, by injection) or through 
natural transmission in dense host cultures, re- 
laxing the conshints on real-world infectious 
processes. Hosts usually have low genetic di- 
versity and may be clonal or inbred lines. First 
used to develop vaccines, SPEs became a tool 
in many disciplines and are today among the 
preeminent practical applications of evolution- 
ary biology. They have provided insight into 
the evolution of virulence, local adaptation, 
host-race formation, the accumulation of dele- 
terious mutations, and the.maintmance of ge- 
netic diversity. 

Phenotypic Evolution 
A rapid increase of parasite-induced reduc- 
tion of host fitness is the most general result 
of SPEs (Tables 1 and 2 and Fig. 1) and it 
sometimes happens within only three passag- 
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es (66) .  The ability of passaged parasites to 
grow and to outcompete ancestral parasites 
also increases during SPEs (Table I), indicat- 
ing parasite adaptation to the new hosts. The 
rate at which virulence increases is most rap- 
id for RNA viruses, slower for DNA viruses 
and bacteria, and slowest for eukaryotes, 
which suggests that generation time and mu- 
tation rate determine the rate of change. 

Parasites passaged in a new host line be- 
come attenuated-their virulence and ability 
to grow in the former host are diminished 
(Tables 1 and 2 and Fig. 1). As virulence in 
the new host increases, attenuation in the 
former host increases as well (610). Recur- 
ring exposure to the former host promotes 
rapid reversal of attenuation, possibly be- 
cause genotypes favored in the ancestral 
hosts are not yet lost from the population 
(11-16). Attenuation may be so complete 
that a parasite evolves an altered host range. 
A variant of Dengue4 virus lost the ability to 
infect monkeys after 30 passages in cell cul- 
ture (1 7). Similarly, a nucleopolyhedrosis vi- 
rus passaged eight times through one moth 
species lost the ability to infect three of its six 
former host species (15). 

Live vaccines such as Theiler's yellow 
fever vaccine and Sabin's polio vaccine are 
attenuated parasites, which elicit an immune 
response without inducing disease. Because 
reemergence of virulence after vaccination is 
a risk (4, la), better insight into attenuation 
would be valuable. 

Mechanisms of Evolution 
Many SPEs are started with "cocktails" that 
are likely to include a variety of parasite 
genotypes. Evolutionary change in these ex- 
periments may be rapid because the favored 
genotypes were present in the initial cocktail 
(9, 16). In contrast, SPEs started from one 
parasite transmission stage reported slower 
evolutionary responses. Only RNA viruses, 
well known for their high mutation rates (19), 
responded rapidly in SPEs even when started 

yellow fever hr&, attenuation is correlated 
with a point mutation that alters the second- 
ary structure of the 3'-untranslated region 
(29). Attenuation of the live polio vaccine is 
mainly caused by two mutations with addi- 
tive effects (30). Attenuation of bacteria re- 
sulted from the loss of plasmids (31) or of 
chromosome segments termed pathogenicity 
islands (32). These reports might, however, 
distort the general picture because SPE pro- 
tocols have not been adequate to assess the 
role of accumulated genetic change or to 
estimate the impact of different mutations 
across replicates of attenuated lines. 

During most SPEs, many infective stages 
(> 100) are transferred during each passage 
(usually <60), which excludes genetic drift 
as the chief explanation for virulence evolu- 
tion and attenuation. However, if fewer par- 
asites are transferred, repeated population 
bottlenecks occur, increasing the rate at 
which deleterious mutations become fixed 
and decreasing the rate at which beneficial 
mutations become fixed. When only one or a 
few parasites are transferred at each passage, 
genetic drift can result in a failure to adapt 
to new hosts (33) and in declining fitness 
(34). Repeated transmission bottlenecks are 
thought to have played a role in the evolution 
of the endosymbiontic bacteria of aphids (35) 
and of the human immunodeficiency virus 
(36). A second mechanism that might fix 
deleterious mutations is hitchhiking, in which 
weakly deleterious mutations are carried 
along with a selected beneficial mutation. 

Within-Host Competition Drives the 
Evolution of Virulence 
In SPEs, the parasite strain with the highest 
numerical representation in the transferred 
inoculum has a selective advantage. The driv- 
ing force may be within-host competition and 
selection for higher parasite growth rate (37, 
38). SPEs support this hypothesis, as exem- 
plified by studies of an avian reovirus (25). A 
slowly growing strain, which resulted in in- 
fectious titers 100 times lower than other 
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strains, was repeatedly outcoinpeted by these 
other strains. During coiilfection SPEs, re- 
combinant viruses were selected that grew 

Increase of virulence Increase sf attenuation 

A 
with passage number in former host n 

Salmonella typhimurium 
(Bacteria) 

- 
9 r European corn borer 

inore rapidly than did the two "parent" strains 
when tested individually. More rapidly grow- 

(beetle) 

ing genotypes also evolved in other systems 
(21, 39). 

Correlated Evolution of Parasite Traits 
Increasing viiulence during selection for higher 
grow-th rate is lilcely to be the consequence of 
the diversion of resources fkom the host by the 
reproducing parasite, and as such might be a 

/i. 2 4 6 8 1 0  

Passages in mice 0 20 40 60 80, 100 120 
Passaaes on mer~d~c d~et 

hnctioilal constraint coinmon to all parasites. 
Further, both within-host growth and virulence 
con-elate positively with between-host trans- 
mission (24. 4&42), but this correlation does 

- 

25 / Theileria annulata 
(Protozoa) 

not seein to be conlmoil to all parasites. Pro- 
duction rates of different parasite life stages can 
trade off with each other, so that an increase in 
the production of one stage leads to a decrease 
in that of another stage. For example, some 
parasites possess behveen-host transmission 
stages with costly protective structures: such as 
the polyhediiil capsules of iluclear polyhedrosis 
viruses. Loss of these protective capsules d~lr- 
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Passages in mice Passages in vitro 

Bursal disease virus Poliomyelitis virus 
5 , .  - . a m  8Or ing SPEs accompanies increased nlthin-host 

growth rate (26) The malai~a agent Plnsi>iodz- 

11i?z propagates cloilally within its veitebrate 
host but must produce specialized stages for 
transmission to its vector. During serial passage 
in mice, clonal gro\vth foims became dominant 
and skains evolved that could no longer be 
hansmitted to the vector (43). A trade-off be- 
hveei~ different paiasite stages mas also found 
for the Chagas disease agent E?paizosoina 1 2 3 4 5 6  

Passages in chicken 
C I . L ~ Z ~  (44). Its viiulence in mice was high when 
passaged in mice alone and lower when passag- Fig. 1. Examples of the change in virulence [(A) through (C)] and attenuation [(D) through (F)] 

during SPEs. (A) Salmonella typhimurium in mice. (B) Trypanosoma brucei in  mice. Data f rom t w o  
passage series are shown. (C) Infectious bursa1 disease virus in  chicken. The size of the dots 
indicates the number of replicates (smallest dot, n = 1 t o  4; largest dot, n = 15 t o  20). (D) 
European corn borer (Ostrinia nubilalis) beetles passaged on a meridic diet became attenuated on  
corn. Several series are shown. (E) Theileria annulata passaged in vitro became attenuated in  cattle. 
(F) Poliomyelitis virus passaged in cell culture became attenuated in Cynomolgus monkeys. Data for 
(A) through (F) are f rom (70, 18, 33, 39, 48, 77). 

es included the insect vector (45). 
A higher within-host growth rate ill the 

host used ill the SPE accompanies reduced 
growth and vimlence in the previous host 
(Table 2 and Fig. 2). The antagonistic pleiot- 
ropy hypothesis explains this negative cone- 
lation in the fitnesses of a parasite in different 
hosts by stating that a gene that enhances 

A Nematode passaged in 80 1 f3 Wheat-adapted fungus 
n Quackenbush mice 2 ~assaaed on barlev 

fitness on one host decreases fitness on the 
other host (27, 46). For example. when the 
Sindbis RNA virus was propagated in cell 
cultures, mutants appeared that penetrated 
cells faster than the ~vild type but were atten- 
uated in mice. One mutation was responsible 
for both changes (27) Antagonistic pleiotro- 
py was also reported for chailges in Venezu- 
elan equine encephalitis virus (47) and polio- 
myelitis vii-us (30). Linkage disequilibrium 

0 I I 

8070 75 80 85 90 0 20 40 
Worms surviving in CH3 mice Fungal colonies on wheat 

until day 11 

can be ruled out as a general explanation for 
attenuation, at least for SPEs that have been 
started from single parasite individuals and 
that show consistency across replicates (20, 
21, 48). Fig. 2. Two SPEs in which a parasite fitness component was quantified in  every passage in the  

former and the current host. Numbers indicate the passage number. Diagonal lines indicate 
least-square regressions [in (A), r 2  = 0.52; in (B), r 2  = 0.961. (A) The nematode Nematospiroides 
dubius was passaged in the Quackenbush mouse line. Data are f rom figure 1 in (8). (8) Change in 
colony growth o f  a wheat-adapted isolate o f  the fungus Septoria nodorum during serial passage on 
barley. Data are f rom (9). 

Why Does Virulence Escalate in SPEs? 
Three not mutually exclusive hypotheses 
have been proposed to answer this question 
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Table 1. Examples of SPEs. Care was taken t o  represent all major groups of horizontally transmitted 
parasites. Priority was given to  studies wi th  more replicates and t o  studies wi th  controls. Studies wi th  
small transfer numbers were omitted (see text). Fitness refers t o  competitive ability relative t o  the 
ancestral strain. Growth refers t o  within-host growth. Attenuation indicates reduced survival, reproduc- 
tion, growth, or virulence in  the former host. Dashes indicate no information available; yeslno indicates 
that some replicates or combinations within a study showed attenuation, whereas others did not. 

(49). First, parasite-induced host mortality trun- 
cates parasite hansmission from one living host 
to another. Therefore, a parasite is expected to 
balance this cost with the benefits of killing the 
host, so that its fitness is maximized. The fitness 
optimum depends on the system, the ecological 
conditions, and the ficquency of multiple infec- 
tions (2, 37: 38; 50). SPEs support the presence 
of genetic correlations between virulence and 
other parasite fitness components, a lcey as- 
sumption of these models. Passaged parasites 
pay no costs for killing the host because trans- 
mission relies on the experimenter. Therefore, 
an increase in virulence during SPEs can be 
beneficial for the parasite. 

The second hypothesis states that under 
natural conditions, genetic diversity among 
host individuals prevents parasites from 
adapting to particular genotypes (51).  Be- 
cause hosts in SPEs are usually of low genet- 
ic diversity or even clonal, parasites may 
achieve high virulence because they adapt to 
specific genotypes. The notorious sensitivity 
of agricultural monocultures to parasites (52) 
is consistent with this "Red Queen" hypoth- 
esis, which states that genetic variation is 
beneficial because it hinders parasite adapta- 
tion and fuels host evolution for resistance 
(51, 53).  The benefits of genetic diversity in 
fighting natural enemies has been demon- 
strated for weeds with different breeding sys- 
tems (54)  and for multiple versus single mat- 
ed queens of social insects (55).  

A third hypothesis applies only to para- 
sites with different stages for within-host 
growth and between-host transmission. If 
there are trade-offs in the production of these 
stages, el,olution should favor a balance that 
maximizes ol,erall parasite fitness. Because 
the costly between-host transmission stages 
are not needed during SPEs, they will be lost 
and within-host growth rates will increase. 
However, declining production of the be- 
tween-host transmission stages may also be 

Increase in 
passaged host Attenuation Reference 

(former host) 
Fitness Virulence Growth 

Parasiteslhosts 

RNA viruses 
Poliomyelitis viruslcell culture 
Influenza A seal viruslchicken eggs 

yes (monkeys) (33) 
- (61) 
yes/no (mouse) (62) Neurovirulence influenza viruslcell 

cultyres 
Sindbb viruslcell culture 
Venezuelan equine encephalitis 

virus/cell cultures 

yes (mouse) (2 7) 
yes (mouse) (12) 

- 
- 
yes (man) 
yeslno (rat, mouse) 
yes (cell culture) 
yes (mice, cattle) 
yes (other legumes) 
- 

Infectious bursa1 disease viruslchicken 
Chicken influenza viruslchicken 
Yellow fever viruslrhesus, mouse 
Borna disease virus/mouse, rat 
Vesicular stomatitis viruslcell cultures 
Foot-and-mouth disease viruslcell culture 
Tobacco mosaic virusllegumes 
Avian reovirus/cell culture 

yes (primates) 
yes (monkey) 
yes (mouse) 
yes (ponies) 

Hepatitis Alcell culture 
Dengue-4 viruslcell culture 
Japanese encephalitis viruslcell culture 
Equine infectious anemia viruslcell 

culture 
DNA viruses 

yes (other moths) (15) Nucleopolyhedrosis viruslPseudoplusia 
includens 

Duck hepatitis viruslducklings 
Alcelaphine gammaherpes viruslcell 

culture 

- (4) 
yes (rabbit) (67) 

yes (man) (68) Influenza B viruslchicken eggs 
Bacteria 

Salmonella typhimurium/mice 
Rhodococcus equi/axenic medium 
Borrelia anserinalaxenic medium 

- (48) 
yes (mouse) (37) 
yes (chicken) (69) 
yes (Livestock, human) (70) 
yes (guinea pig) (71) 

Bacillus anthracislin vitro 
Legionella pneumophilalin vitro 

Fungi 
Septoria nodorumlwheat, barley 
Phytophthora infestanslpotato 
Paracoccidiodes brasiliensislin vitro 
Coccidioides immitislin vitro 

Protozoa 
Eimeria tenella and E. necatrixlturkey 
Trypanosoma bruceilmouse 
T. cruzilaxenic culture 

yes (wheat, barley) (9) 
yes (other potatoes) (6) 
yes (mouse) (72) 
yes (mouse) (73) 

Table 2. Summary of observed evolutionary 
changes (relative to  the ancestral parasite) during 
SPEs wi th  large transfer sizes in the host in which 
the passages were done and in the former host. 

- 

yes (mouse) 
- 

Trait 
Direction of 

change Plasmodium knowlesilman 
P. bergheilmouse 
Naegleria fowlerilcell culture 
Theileria annulatalcell culture 
Toxoplasma gondiilrat 
Babesia bovislsplenectomized cattle 

Helminth 
Nematospiroides dubiuslQuackenbush 

mice 
Arthropoda 

Tetranychus urticae (mite)/bean 

- 
yes (mouse) 
yes (cattle) 
yes (mouse) 
yes (cattle) 

Trait measured in  passaged host 
Virulence Increase 
Within-host growth rate Increase 
Competitive ability relative Increase 

t o  ancestral host 
Transmissibility Increase1 

decrease* 
Trait measured in  former host 

Virulence Decrease 
Within-host growth rate Decrease 
Infectivity Decrease 
Clearance rate in Increase 

vertebrate hosts 

*Depends on the system studied. 

yes (CH3 mice) (8) 

yes (tomato, (46) 
cucumber) 

yes (corn) (77) 
- (78) 

Ostrinia nubilalis (moth)/corn 
Nilaparvata lugens (planthopper)/rice 
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due to the accumulation of deleterious muta
tions. For example, growth of Plasmodium 
falciparum in cell culture frequently leads to 
deletions in the parasite genome (56), and 
pathogenicity islands are often lost during 
microbial growth in culture (32). 

The Evolution of Host-Race Formation 

Results from SPEs support the generalist-spe-
cialist trade-off hypothesis (46, 57) (Fig. 2), 
which is often discussed in relation to host-race 
formation (58). Other experimental tests of this 
hypothesis gave ambiguous results (59). Fitness 
boundaries might explain this discrepancy. Cor
relations between parasite fitness components 
are only meaningful if they are close to the 
fitness boundary of the parasite (2). At the 
fitness boundary, genes that code for higher 
fitness on both hosts or that affect only one host 
(being neutral on the other) are fixed by past 
selection. The remaining genetic variance is 
explained by genes with negative pleiotropic 
effects. The boundary can be reached when 
selection acts simultaneously to increase fitness 
on both hosts, a condition that might not hold in 
many natural systems. 

Conclusions 

The evolution of vertically transmitted para
sites (37, 42, 60) is better understood than the 
evolution of horizontally transmitted para
sites. Observations of horizontally transmit
ted parasites made during SPEs are concor
dant with evolutionary theory and help us to 
understand host-parasite interactions. SPEs 
indicate that within-host competition drives 
parasite adaptation and the evolution of vir
ulence, justifying the conclusion that any fac
tor that increases the frequency of multiple 
infections will lead to an increase in virulence 
(37, 38). SPEs do not reflect epidemiological 
aspects of parasite evolution, and thus what 
prevents virulence from increasing to high 
levels in natural populations remains un
known. The answer is likely to be found in 
the relationship between within-host growth 
and between-host transmission. To better un
derstand the evolution of virulence, we have 
to connect within-host to between-host evo
lutionary dynamics. Antagonistic pleiotropy 
and host genetic diversity are likely to play 
important roles in this relationship. 
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