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Interacti ons 
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Introduction 

Probably a very small biochemical cha nge will give a hos t sp ecies 
a substantial degree of resistance to a highl y adapted microorgan 
ism. Thi s has an important evolutionary effect. It means tha t 
it is an advantage to the indiv idual to possess a. rar e bioch emical 

phenotype. For just because of it s rarity it will be resistant to 
diseases which attack th e majority of its follows. (Haldane 1949) 

\s is clear fro m this pass a.ge, Halda .ne recogniz ed tha t the tem pora ry resis-
1;,.nee conferred by rarit y cou ld lead to the ma.inten a.nee of alleles involved 
111 antagon isti c coev olu tion . He th en set ou t to explain the 'surprising diver
sity revealed by serologica l test s,' and suggested that some of the prot eins 
1111covered in these test s 'may play a. p a.rt in disease resistance.' 

Ou r purpose here is to review some of the more important theoreti cal 
11.11demp irica l advances since Haldan e's time. We begin by con sider ing sim
ple genet ic models of ho st -p ara.site inte ract ions, with a parti cu lar interest 
in whether such intera ct ions are exp ected to result in (1) sta ble equilibria 
for allele frequencies, (2) stable limit cycle s of sm all ampl itud e, (3) stab le 
limi t cycles of large amplitu de, o r {4) un sta ble oscilla tions (see Fig. 1). We 
suggest that un st able oscillations, as well as stable osc illa tion s hav ing larg e 
am plitudes, can lead to the loss o[ geneti c diversity, and discuss ways in which 
div ersity could be pro tected, or at least re-suppli ed , if lost . 

We the n extend th e discussion to cons ider the poly gen ic basis of resis
tance, and discu ss the molecular eviden ce for the acc ru al of resista nce genes 
in verteb rate genomes. It is clear that a profound revolution has taken place 

in our understanding of the genetic ba sis of dis ease res ist ance . The mol ec
ular mechanism s for accelerating the genet ic evo lu t ion of para sites and for 
expressing gen etic variation during t he lifetime of a.n individual host could 
not have been anticipat ed in Haldane 's time . We then consider the ro le that 
pa rasiti sm might play in the maintenan ce of sexua l reproduction and the evo
lution of recombination rntes in hos t populat ions. Fi nally, the evoluti on of 
inducibl e phenotypic responses to para sit ism are con side red . Beca use of the 
primac y of dis ease resistance in biomedica l research , most of t he discussion fo
cus es on th e verte brate immun e syst em. Nonetheless , advances in that arena. 
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igure 1. Phase planes showing the fre uen 
frequency of a matching parasit ll 1 qh. cy of a host allele against th1· 

·1·b . ea c e w ,ch result . . t t· (cqui I num, as observed in th I I b m m ec ion: A) stab!(, 
d . . e moc e Y Mode (1958) d d 

con itions in the model b Cl ·k ( , an un er very strict 
small ·orbit', as observed ~1d a~-\ 1976);. (B) stable limit cycle having a 
by Seger (1988); (C) outward :\.~~n rat_mutation es in the two-locus model 
eith er the host or the paras·t p b g cycl~s, leadmg to fixation of alleles in 

i e, as o served m the on I d(1976) ; and (D) stable limit cy I h . e- ocus mo el of Jayakar 
mutatio n rates in th e model b cSe avi(ng a large orbit as observed under low 

d . ' Y eger 1988) and und t fi 
an no irugration in the model by Clarke , e~ s ro~g tness effects 
or D lead to the loss of divers·t ·th . h (1976). The s1tuat1ons for either C 

J y e1 e1 t rough <let . . t· (C)pro cesses (D). ermrnis 1c or stochast ic 

ha~c provided unexpected insights into the d . . 
resistance traits that can b Ii d es1gn and operati ng pr inciples of 

· e app e more broadly. 

2 Instability of host-parasite int eract ions 
One of the first genetic models of ant . . 
by Mode (1958). In au analys·s f . lag?rnst1c coevolution was cont rib uted 
fl d I o smg e gene-for gen ' . t . 

ax an a _rust described by Flor (1942) Mode - e m eract1ons between 
polymorph1sm could readi ly exist . ' found that a stab le genetic 

Mode's model was followed by Ja yakar's (197 . • 
ent assumptions concerning the t· b . 0) model, which made differ-

cl'ff gene ic as1s of the inte t· very J erent conclusions Jay ak . . d , rac ion and reached 
. ·. ai a:;sume first that both par asit e and host 

I,,,,,, II 1/11 II 

1,,11· 11,,ploid , 1111d1li1111,m,11 1, will, all,·11' II 111111d11111•(( ho HL11 wit.Ii 1dl1·l1• 
\ l,111 uot ,1ll1·11·11 ll11w,•\1 1 1,,11,,~11, with ,dl1·l1· b ro11ld i11f1·rt both host 
l\·1ws <'q11a.lly. St,111111 freq111•nciesµ, w,lli dill, ·1c•11l 111il1al of A and B, he fo1111d 
1 li,d . paras it<' a.llc·l1 s1111 · b wo11ld 11 .lly fix before host allele A was lost from th e 
p11p11la.tion; and that host alleles A and a would persist in the frequencies 
1lwy were at when allele B was lost from the para.site population. 

.Jayakar then introduced fitn ess differen ces. Hosts with allele a were less 
Iii than hosts with allele A (as if th ere were a cost to a -bearing hosts for 
lwi11g resistant to B-bea ring parasites ), and parasites with allele b were less 
Iii t itan parasit es with allele B (as if there were a cost to b -beari ng par asites 
101 being infective to bot h host ty pes). Under these biologically realistic 
1 onditions, t here were oscillati ons a.round an internal equilibrium poin t. But 
111plots of successive recursions of host allele frequency against para.site allele 
lr('quency, the oscillations were seen to sp iral out until one of the alleles fixed 
(as in Fig . IC). Hence, in th e first indi cation of geneti c cycling, the re was a 
loss of geneti c diversity in either the host or the para.site (see Figs 10 and 11 
111Jayaka r 1970). 

Following these models, Clark e (1976) examined two separnLc singlP-lorns 
mode ls: one of specific resistance, as in the flax-rust interaction exami11<'d 
liy Mode (1958 ), and one of genera l resistance, analogous to Ja yakar's lll()dd 
of general virul ence just discussed. However, whereas Mode (1958) fo1111d a 
stab le polymorphism in his model of specific resistance , Clark<' r<'porkd a 
sta ble polymorphism for only a very restricted rang e of parameter values. 
Regarding these conditions he stated that (his italics): 

Thes e condit ions can be specified, but th ey need not concern us 
because under all other conditions, . . . the system moves into a 
stable limit cycle which will also maint ain joint polymorphisms in 
hosts and parasites. 

It is the cycles that interest us here. Such cycles had been recognized as 
import ant in ecological models (May 1972), but t hey had been under app re
ciated in t heoretical popu lation genet ics (Clarke 1976). Clarke then adde d 
that when the conditions ar e set at their most ext reme (meaning here that 
when parasites match their host s , the host dies; and that when parasites do 
not match, the parasite cues): 

... t he sys tem goes into a pecu liar sort of cycle, in which the fre
quenc ies of the genotypes and phenotypes move round the outside 
edge of the diagram (plot ting host gene frequency agai nst parasite 
gene frequ ency). Th us hosts and pa rasit es are alt ernatively poly
morphi c, presumab ly with some waiting at t he corne rs for new 
muta tion s to occur. 
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l/ 1·11C1·, (' l,111,,,'M o11tlv 1 \ /" '' 11!, 11•, 1Nl111111• 11' 11d,. 1°1 1\1•11 1,,.1 1111ci111 iii •,lil 
li1· i111p l.1111 • 11 1-1 11 1i11t111HI,, ,rnd 1110s t 111 1, IN 1111 11•,1Il1o1I ,•1wf.i, d iv,·111.y ,·1111I" ' r111 1ii ,I 
i11th e ab sc:ut·c•of s l,.ib l<· 1•1piililJ1111; n11dH,·, 011dis t.l1<•id1·11i.1111t d iV!'rHiLy , 1111 
be lost: when th e fitness d f<'f ls 11r<· d in ·. B<·ll's ( I!>82) two l<wu:; mod,•I 111 
time -lagged, frequency -depc11d<'1d. :,elect ion lat er makes cl<'M :1 pr olil<•rn Ilrnl 
is hinted at in Clarke's ana lysi s of stron g fitne ss effec ts. 'l' li<· p robi<·111 1 

that host -paras ite interaction s may lead to (1) stab le ljmit cyc /f,s• of' l111p,, 
amplitude, allowing the possibility of stochastic loss of allele::;,or (2) 1111I',' 
undamp ed oscillations that will lead to the loss of alleles (Fig. 1C). fo ge1wrn l 
oscillations of these potentially diver sity-purging typ es are ca used by bol Ii 
strong fitn ess effects and time lags (see Bell's Fig. 2.17), and it is exact/\ 
th ese kinds of effects that favor recom bination (Hut son and Law 1981, IJc·II 
1982) . May and Anderson (1983) obt ained simila r results in their model s tol 
freque ncy-d epen den t selection, but added that making paras ite transmis siw1 
depend ent on host density ma.de the fluctuations even more extrem e (see Fig 
5 in May and Anderson 1983) . Since tim e lags , strong fitness effects, and 
density -dependent transmission are expected to be common feat ures of host 
parasite inte racti ons, some med1anism is needed t.o prevent the extinctio11 
of rare alleles. In the absence of such a mechanism, it is hard to see how 
antagonistic coevolutio n alone could lead to the long-te rm maintenance of 
genetic variation . In what follows we discus s some ways that variation could
be protected . 

D iversit y prot ection 

3 .1 Mu tat ion 

It is possib le that variation could be cont inuously re-suppl ied by mutation. 
Using deterministic computer simulations, Seger ( 1988) found that high rate s 

3 
of mutation (m = 10- ) resu lted i11oscillations of relatively low amplitude. 
Reducing the mutation rate, however, increased the amplitude of the oscilla 
tions until the orbits became dangerou sly close to the boundar ies (Figs 3-5 
in Seger 1988) . For reasonab le rates of muta tion (m = 10- 1 ), alleles could 
be lost by dri ft, resulting in the kind of mutation -selection oscillatio n envi
sioned by Clarke (1976). Seger (1988) also found that intermediate rates of 
recombination tended to greatly reduce the amplitude of the oscillations, but 
made no claim that such rates of recombinat ion should be expected to be
evolutionarily stable. · 

Mutation -driv en antigenic variat ion of influenza A virus promotes genetic 
diversity in th e virus popu la tion within a cyclic epidemiological pattern. Po int 
mutations alt er the amino acids of the virus coat protein called hemagglutinin 
which allows varian t viruses to escape immunological clearance (Wilson and 
Cox 1990). Mutat ion rates can be as high as 10- 3 per nucleotide site p er year 

I I II NA l'oly1111•1,,·11·l,1•111µ; po ly111orplri< 
1'111110111111,I N,·i 1•11;1,) ,111,111I" " ''(Si . I 1111·1 H11d lloll11.11d 1!)87). 'l' llla~, 

I 1· 1 111, l1111l1111l11111 . , 111 1, 1· 1'1 
1111 11·~11,•d co ll ' " I L. ·act th e dcvelopmc11to toss

I ii, vir,1,I ,1111l,1,tio11i,11,.i ,111l1<•t11•l,·<11·1 lo 1·01111<1,. 

,, ,r•,l.a111·1•. . b t hosts to counter rapidly 
. . .. I I )' lt>ll"•livcd vert e ra e . . . P . t 

( ) ill' nwcl1a.n1s111u sl < i 
O 

• f t ·body spec1fic1ty. om . . . r l fine tunmg o an 1'" "Ivi11g parasit es is the 111ut,1wna l It 'd equences th a t code th e an t igen-
. t . , led to the nuc eo I e s . d 

,1,1r1at 1ons are arge . d C 0) Th e process 1s terme 
. . . f t 'bod ies (Wilson an ox 199 . . d' 'd l

' "' 11lill'11ngsite o an 1 . th ·oughout the life of an ID iv1 ua
I t t'on because it occurs r 8 24 h 11 

,,,11at ic 1ypermu a i - 3 to 10- 4 per nucleotide site per 1 - r ce 
lu,~t. at an acce lerated rate, 10 . . I d t heoretic al evidence suggests that 

l 1989) Empmca an J'f
' \'!'le (French et a . . . d th k' et ics of lymphocyt e pro I -

. f ·ate IS matche to e Ill . affi .
1lri,; pa rticular muta ion I that code for hig h mty 

·t . 'd convergence to sequences . d' 
,·rnt ion to perm1 rap1 / 1991) These high affinity antibo Jes can 
,,rd,igen-binding sit es (Agur e~ a:. al . cl fer immunological memory. 

. . J'f1 t' e of the 111d1v1du an con . 
1wrn1st for the e im . ·t w variants to overcome un -

i t' ·n pro tems perm 1 s ne .
Mutation of hemagg u mi ·' .. · ¥aves of influ enza infection 

. . .. f t' and leads to recunmg ' . .·
i11t1111tyto pnor m ec ions . t ks each wave of vJral va11a nts 

t . The ho st response ra c JI 1
i11one host genera JOn. Th'. . ario resemb les th e single a e e 

. . e response is seen I .
1,y an epigenetic imm un .' f . . d ·ng entrain ed cyclica van a-

t t' ·s ·uffi.c1ent or pro uc1 d 
lllode ls whereby mu a ion I s · t I th1·s case resistan ce is an acquir e

• I d es 'stance tra1 s. n · ' . . 
Iion in vuu ence an r I • d' ·c1 I a 1d leads to an ad d1t.1ona· I 1·£t'me of an m 1v1 ua ' 1 1Lrait that persis ts for t le I e t 

level of cyclical behavior. t'b c1· aga inst a particular influenza 
h • valence of an 1 0 ies d 

Figure 2 sh ows t e pr~ . en 1947 and 1957. Individuals expose 
varia nt that circulated widely betwe_ . evidenced by the high 

. • d ·mmuno log1ca l memo 1y as 'h ' 
l,o this varian t retame I d . 1961 1971 and 1977. 1 is 

'b 0 c1· in surveys conducte m , . 78)preva lence of ant, ies . . • 77 (Nakajima et al. 19 ,
19

influenza variant was found circ~a tmg f;g~1;9~; provided a suitably large co-
l)resumably because individ uals orn a. er . . n Therefore mutatio n 

t endemic transnuss10 •
hort of susceptible s to suppor ·t · and persist in host popula-

A t a.de immune recogm w n . 
allows influenza o ev . . ear to perm it persistence. . h t d mograph1 c processes app . 
tions. In add1t1on, os e . . t . . during · this gap in transm1s -

l 1 Wb re was the vanan v11us . 
on a globa sea e. e ·Id . an alterna te host species ,sion? Perhaps in ano ther part of th e wo1 or m 
su ch. as aqu at1'c birds (Gorman et al. 1992). 

3 2 Movem ent 
. . . be throug h movement between 

Another way to protect gene tic vanat16on nH1ay·tton' s idea is that if there are 
· (H ·it 198 ) arm 

structu red populat ions am1 on Id b. pected to oscillate out of phase
I t . , they wou e ex 

multiple subpopu a wns, bl then migr ant s for one 
l . . t as seems reasona e,

with each other. If t us is rue, 11I . d. acen t popu lations tha t have 
popu lation are very likely to resto re a e es m a J 
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Figure 2. The prevalence of antibodies directed against a particular influenza 
A variant (A/FM/1/47) as a function of age in the human population of 
Sheffield. The three lines represent the age-distributions at three successiV(' 
sampling times. Notice that a.II individuals born before or during the period 
of endemic transmission of the variant have a high probab ility of retaining 
ant ibodies for a long period of time . Individuals born after 1957 failed to de 
velop antibodies as the variant was no longer in circulation in that community 
(after Stuart -Harris 1981). 

been lost, and vice versa . Such replacement, of course, depends on the rat e 
of migration and the likelihood that two populations do not ever become 
in phase long enough for there to be a. simultaneous loss of alleles in both 
populations. The latter problem is certainly diminished as the number of 
populations excha nging individuals increases. 

The movement of hosts is certainly important in the epidemiology of in
fluenza A virus, where broad host specificity allows long-distance transport 
by a variety of vertebrate hosts (Hinshaw and Webster 1982). Our current 
understanding of the epizootiology of wildlife rabies provides another example 
of how geographic subd ivision and movement can maintain genetic diversity. 

On a continenta l scale, host-adapted varia11ts of the rabies virus a.re ge
ographically localized in North America (Fig . 3). The variants a.re char 
acterized by a single antigenic profile which predominates in a single host 
species, with occas ional spillover into alternate host species (Smith 1989). 
Movement of infected individuals between sub-populations permits the virus 
to invade new popu lations and leads to a disjunct distribution when observed 
at one point in time. A rabies variant associated with raccoons (Procyon 
lotor) spread across the state of Florida. in a. matter of decades then leaped 
to the middle Atlantic states in the mid 1970s. An antigenic profile typical 
of fox ( Vulpes spp.) rabies is found in the northwest part of North America. 
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(Il!Dstetes and C111tornla) 
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Figure 3. Geograph ic distr ibution of rabies virus variants bas:d o.n antigeni_c 
profiles (from Smith and Baer 1988). A particu lar host sp~c1es 1s predomi
na te ly associat ed with ea.ch variant in the various geographic compartments 
and is denoted in the legend. 

and also in southern Ontario and Quebec, presumably as a result of an epi
demic wave that spread southward a.cross Canada. between 1946 and 1962. In 
st riped skunks (M evhitis mephitis ), two rabies antigenic profiles are found m 
th e center of the continent. One group appears to represent an endemic focus 
in the upper Mississippi valley. The same profile can be observed . in skunk 
isolates from California. A different antigenic profile can be found m skunks 
in t-he lower Mississippi valley a.nd westward through Te~as . This d_istinct 
vari~~f skunk rabies is tho ught to represent the expans 1~~ of ~n ep'.~~1111~ 
focus ce1~in Texas. The occurrence of both skunk vana.nts m M1ssotm 
and Arkansas in the centnd Mississ ippi valley is considered to be the result 
of the confluence of the two expanding rabies populations. 

These disjunct and melding distribut ions are consistent with Hamil ton's 

J 
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hypothesis (1986) tha.t movement between non -synchronized host-pa.rasite cy 
des can ma.iota.in global genetic diversity. However, contrary to the expected 
oscilla.tions, antigenic profiles appear to be relatively stable within geographi1 
compartments (Smith and Baer 1988). 

On a finer sea.le, cyclic beha.vior of rabies preva.lence can be observed i11 
an endemic focus of fox ra.bies in southern Ontario. In the cent ral core, th1· 
number of rabies cases shows a. periodic patt ern (Figure 4a). In areas sur 
roun ding the core population, the epidemiologica l pattern appears irregu lar 
(F igure 4b). It is thought tha.t the virus persists in the core population dut· 
to recurring invasion from marginal zones (Tinline 1988). At present, it is 
unclear whether this pattern is due to purely demographic processes (Coyn<· 
et al. 1989) or whether genetic turnover is occurring in host or para.sit<· 
popu lation s. The recent application of polymerase cha.in reaction method 
ology to genetically characterize rabies isolates has confirmed that syntopic 
host species share the same rabie s variant and that geographic differentiatio11 
does occur within compartments (Sacramento et al. 1992, Na.din-Davis et al. 
1993). If this mode of analys is is extende d to a longer time frame, then it 
should be possible to directly test Hamilton's assertion of the importance of 
population subd ivision and movement between compartm ents . 

The int eracti on between freshwater snails and digeneti c trematodes pro
vides another setting where Hamilt on's idea can be directly investigated. The 
larval stages of these helminths commonly steriliz e their snail hosts, and 
therefore impose a strong selective effect. Where it has been investigated, 
freshwater sna ils also have highly structured populations ( e.g. Mulvey and 
Vrijenhoek 1982, Phillips and Lambert 1987, review in Jam e and Dela.y 1991), 
and the associated trematodes have become adapted to infecting their local 
sna il popul ations (Lively 1989). This pattern is consistent with movement 
between isolated host popu lations serving to foster genetic diversity. What is 
needed is an estimate of the rate of migration among locally adapted popu
lations. Hamilton's idea would be strengthened by intermediate amounts of 
migration: enough to restore lost alleles, without homogeniz ing the locally 
adapted demes . 

4 Complex genetic interactions 

All of the models discussed above were concerned with very simp le genetic 
iuteractions: one locus with two alleles, or two loci, each with two alleles. It 
seems possible that more complex genetic systems might show less extreme 
oscillations. For example, Hamilton et al. (1990) found that increasing the 
number of parasite species as well as the number of loci involved in combating 
these parasites had the effect of reducing the amplitudes for host gene frequen
cies. In fact, after 7,000 generations in a computer simulation of the model, 
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Figure 4. The number of cases of fox rabies cases in A) Renfrew County and 
B) Prescott County, Ontario, Canada. Renfrew County is located in the core 
of an endemic rabies focus, while Prescott is at the periphery (from Tinline 

1988). 

the original variation at host resistance loci had not been reduced. However, 
the paras ites were asexual and their variation was continuously supplied by 
mutation (m = 0.005). Hence it is not clear that the antagonistic coevolut ion 
was sufficient to maintain genetic variation in both the host and its parasites. 

Cohen and Newman (1989) used a game theoretic appro ach that disre
garded mode of inheritance but only considered the evolutionarily stab le 
strategy for antagonistic relationships. They suggested that continual di
versificat ion of tactics was the inevitabl e outcome of these interactions. This 
theoretic al insight may help e>..1)lain why gene-for-gene tactic s might be over
laid with more complex viru lence and resistance traits. Comparative im
munological analysis reveals an evolutionary accrual of defense mechani sms . 
As innovative biochemical and cellular resistance traits evolve they are inte -
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grated with rather than supplant ancestral resistance mechan isms (Marchalo 
nis 1977, Cooper l!J76, Herzenberg et al. 1992). 

Mice selectively bred for resistance against a single nematode species (Hr 
ligmos omoides polygyrus) showed quant itative inheritance of t hat tra it (Brind 
ley et al . 1986). Although there a.re numerous examp les of resistance asso 
ciated with a. single locus, resistance traits are typically polygenic (Wa.keli11 
and Blackwell 1988). Given that each individual host harbors a commu nity 
of viral, prokaryotic, protozoan and meta.zoa.n para.sites and that resistanCl' 
to ea.ch parasite species may have a polygenic basis, then multilocus modelH 
shou ld be more intu it ively appealing . Furtherm ore Hamil ton's approach of 
using mul tiple parasites portends greate r realism of nat ural systems. 

5 M ultilocus ge netics and meta-populations 

Frank (1993) presented a model of antagonistic coevolut ion that evaluated 
popu lation dynamics as well as gene•frequency dynamics. In addition ( as i11 
the mode l by Hami lton el al. 1990) he also allowed for multiple loci. Finally, 
Frank's model included the possibility of extinction and recolonizat ion of 
demes. 

Frank's results show that the intr insic rate of increase for the parasitt• 
is the primary determinant of popu lation dynamics in both the host and 
the parasite . Slow growing para.sites lead to endemic disease and re latively 
stable popu lation sizes. Fa.st growing paras ites, by contrast , lead to epidemics, 
larger fluctuations in population sizes, and local ext inct ions . For rapidly 
growing paras ite populations, the probabi lity of extinction was also affected 
by the moveme nt rate . Low rates of immigrat ion and emigrati on increased 
the likelihood of local extinct ion, especially for the parasi t e (Frank's Fig. 4), 
by increas ing the waiting times for the introduction of currently advantageous 
genotypes. Fina lly, and curiously, the effect of infection on individual hosts 
did not affect the dynamics . 

Similar results were found for the gene-frequency dynamics . Relatively 
slow intrinsic growth by the parasite resulte d in moderate fluctuations in gene 
frequency, whereas explos ively growing parasites led to the loss of diversity 
during the crashes of local populations . Gene fl.ow among demes tended to 
stabi lize the meta -population . Hence, it would appear that greater complexity 
of genet ic systems is not by itself enough to guarantee the maintenance of 
resistance and virulence alleles, at least where paras ites are capab le of rapid 
population growth. 
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6 Do pa rasit es 't rac k' co 1nmon ge no types? 

The entrained cycling of host and para.site genotypes requires that pa.ra.sites 
different ially respond to, or track, host genotypes as they become common. 
However, whereas popu lation cycles a.re well known (e.g. Hudson and Dobson 
1991; also this volume), reciprocal entra inment of genet ic cycles is yet to be 
documented in the field. Nonetheless, recent studies have provided informa 
tion consistent with the crucial idea that parasites do evolve to infect the 
most common local genotypes. 

Ophiostoma 11.lmi i:; the fungal pathogen responsib le for Dutch elm disease. 
Genetic ana lysis of a recent outbreak of a viru lent subgroup indicated that 
fungal populations at the front of the epidemic were clonal and that genetic 
diversity increased toward the center of the outbreak . Th is paras ite is itself 
infected by a virus•like cytoplasmic factor. The prevalence of this factor 
is greatest in genetica lly homogenous fungus populations and decreases in 
more diversified populations (Brasier 1988), which is a pattern consistent 
with parasite trac king. 

Lively et al. (1990) compared the levels of infection by trematode larvae in 
natural popula.tions of coexisting sexual and pa.rthenogenetic fish ( Poeciliopsis 
spp.). The parthenogens are tr iploid, and their eggs require activation by 
sperm to initiate development; hence, the parthenogeus become sperm limited 
as they become common, and they cannot replace their sexual cow1terpa.rts . 
The resulting coex istence of sexua l and clonal. fi.sh means that a single clonal 
(but highly heterozygous) genotype can become and remain very common. 
Hence, one would expect to find that the para.sites of these fish are better at 
infecting the most common clone. An analysis of encysted trematode larvae 
( Uvulifer sp.) was consistent with this basic prediction : clonal fish had more 
parasites per unit length (and a. significantly lower residual variance) than 
did coexisting outcrossed fish. However, the result did not hold for a highly 
inbred founder popu lation of sexual fish in another area. In fact, the inbred 
sexua l fish had more para.sites per unit length than the clones (perhaps due 
to the greater homozygosity of the inbred sexual subpopulation). But, two 
yea.rs after sexuaJ fish were reintroduced by Vrijenhoek into the inbred founder 
population, the trend reversed, and clonal fish had more parasites and a lower 
variance than sexual fish (see also Vrijenhoe k 1993) . This rapid change by 
the parasite is evidence that they can rapidly track the changes in genotype 
frequency in natura l host popu lations . 

Jaenike {1993) recently showed similar tracking of a host by its parasite 
to an extreme degree . One strain of nematode, which was originally capable 
of infect ing four different species of Drosophila, lost the ability to infect one 
of these species in less than three years . During th is time the parasite was 
only exposed to one of the host species, which it could still infect. Hence, 
this study and the results of Boots and Begon (see Read et al. this volume, 
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Box 4) provides evidence for the evolution of host specificity, and the genc·li, 
trade -offs that are necessary to cause the cycling of genotypes . 

Additional indirect evidence of genetic tracking by parasites comes fro111 
reciprocal cross-infection expe riments . These exper iments test the idea thal 
parasites have become locally adapted to the ir host populat ions, which iH 
suggestive of tracking . Recent studies of natural trypanosome -insec t (Shykoll 
and Schmid -Hempe l 1991), aphid -pea (Via 1991), fungi-plant (Parker 1985), 
thrips -composite (Karban 1989), trematode-fish (Ballaben i and Ward 1993), 
trematode -snail (Lively 1989), and nematode-mouse (Quinell et al. 1992) a~ 
sociations have been consistent with the expectation of local adaptat ion i11 
structured coevolving populations, and add support for the assertion tlmt 
negative -frequency dependent selection from parasites mainta ins genetic di 
versity. In addition , the concept of host -tracking is critica l for the argument ~ 
perta ining to the advantages of sexual reproduction in the face of parasite • 
selective pressure. 

7 P aras itism and modes of host 
reproduction 

If host -parasite interactions do in fact provide an explanation for the maint<>• 
nance of genetic diversity, then they might also be a factor in the maintenanc<' 
of diversity-generating phenomena. such a.s sex and recombination (Ham ilton 
1975,1980,1982,1990, Levin 1975, Jaenike 1978, Glesener and Tilman 1978, 
Bremermann 1980, Lloyd 1980, Bell 1982). In its simplest form, the idea her(' 
is that if a sexual population is invaded by a rare mutant that reproduces 
solely by clona l means, it should be ab le to increase in frequency due to the 
advantage of not producing sons (Maynard Smith 1971). But as the mutant 
becomes common, it will also have the most common phenotype at resistance 
loci ; para.sites would rap idly counter the resistance tra it and dispropor t ion
ate ly exploit the common genotype. Th is kind of parasite -mediated select ion 
against common clones could prevent them from fixing. One of three poss ibil
ities then exist : (1) the clone comes into a stable equilibrium with the sexual 
population (2) the clone is eliminated from the population, which would be 
expected if the paras ite 'overshoots' ( due to a time lag) and continues to 
infect the clone even after it is driven to extreme rarity, or (3) the clone is 
driven to rarity , but does not go extinct. 

7.1 Diffi culties for th eory 

Regarding the last possibility, a clone could be driven to a single individua l 
and sti ll recover (because of its ability to reproduce without a mate). The 
clone would then be expected to engage in the same initial spread as that 
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initiated by the origina.1 ameiotic mutant, resulting in a parasi te-mediat ed 
oscillation in the frequency of the clone. This kind of result might cause 
a problem for the parasite theory of sex, because selection would favor the 
accumulation of clones . The advantage of sex would be eroded in direct 
proportion to the number of clones with different resistance phenotyp es. This 
is true unless there is some additional mechan ism that functions to eliminate 
clones as fast or faster than they are generated. Mutation accumulation 
by Muller's ratchet (Muller 1964, Bell 1988, Lynch and Gabriel 1990, Chao 
1990) may provide such a. mechanism. The idea here is that each time a host 
clone is driven to rar ity (but not extinction) by the parasite, the mutationa l 
load in the least -loaded clone should increase . Hence, parasites could prevent 
t.he fixation of clones, and Muller's ratchet could function to eliminate them 
(Lively 1992, Howard and Lively 1994). 

Along the same lines, there may be another problem for parasites, at least 
as they apply to the maintenance of biparental sex in hosts. In contrast to 
the situat ion of invasion by a invariant clona l lineage, consider the effect of 
an allele for selfing. In the absence of fairly severe inbreeding depress ion, the 
selfing allele should spread (Lloyd 1979). The problem here is that there is no 
single genotype associated with uni parental reproduction ( as there is for the 
situation involving obligately apomictic reproduction). Nonetheless, paras ite 
pressure could prevent the allele from fixing, leading to a stable level of mixed 
reproduction within individuals . Aggregation of sibs (as seems reasonable 
in plants) combined with density -dependent transmission of disease might 
be expected to push the equilibrium ( or point of attract ion) towards more 
outcross ing. Conversely , the intermix ing of families might be expected to 
push the equilibrium more towards complete selfing. 

One final concern for the idea that parasites maintain sex is that, for sex 
to be favored, the effect of parasites have to be severe (May and Anderson 
1983). One possible solut ion to this problem is truncation selection (Hamil 
ton et al. 1990). The idea is that the most intense ly infected indiv idu als 
will be less able to compete for some limiting and discrete resource, and as 
a consequence they will be unable to surv ive. Hence, parasites need not kill 
or sterilize their host to be effective in maintaining sex . In addition, as th ey 
point out, the elimination of ind ividuals under this kind of truncation se
lect ion is independent of the intensity of parasitism . Thus some intense ly 
infected individuals could still reproduce, which might act to protect genetic 
variation . Recent experimental evidence for possible truncation selection in 
the wild comes from the study of red grouse (Lagopus lagopus) infected by a 
nematode ( Trichostrongylus tenuis ). These parasi tes made the grouse more 
susceptible to predation; worm burdens for depredated animals were int er
mediate compared to randomly collected (shot) birds and those killed by the 
parasite (Hudson et al. 1992, Hudson and Dobson th is volume) . 
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7.2 Empirical support 

These difficulties a.side, the parasite theory is the best supported of the eco 
logical theories for the maintenance of outcrossing. In an elegant experim<'ll 
tal study, Antonovics and Ellstrand (1984) tested for frequency-dependc 11t 

selection, and whethe r it was generated by density-dependent or density 
mdependent factors. A density-dependent advantage to being rare would 
be eviden ce for the competit ion-based 'tangled bank' hypothesis (Bell 1982), 
provided the competitive advantage was not associated with a light parasiL<
load . A density-independent advantage to being rare would be evidence for 
the parasite hypothesis . By manipulat ing densities of plant tillers (Antho:r 
anthum odomtum), they found that rare genotypes had an advantage that 
was independent of density, but the exa.ct mechanism under lying the advan 
tage was not determined. In a lat er study, an unexpected invasion by aphids 
suggested that attack by this insect may either direct ly or indi rectly favor 
rare genotypes, due to the transmission of viruses (Schmitt and AntonovicN 
1986). 

The biogeographic distribution of parthenogenesis has also been found to 
b_e consistent with the parasite hypothesis for sex. For example, the dioc 
cJOus freshwater snail, Potamopyrgus antipodarum, contains both biparenta l 
and unip arental populations, as well as populations that are mixtures of both 
sexual and parthenogenetic individuals. Hence, the opportunity exists for 
rapid replacement of sexual females by parthenogenetic females. The fre
quency of sexual females in this species was found to be correlated with thr 
prevalence of infection by digenetic trematodes, which suggests that males 
and crossfertilizat ion have been lost from pop ulati ons where the parasite is 
rare or absent, and have persisted where the parasite is common (Lively 1987 
1992). It is not known whethe r infect ed snails arc more likely to be removed 
by truncation select ion, but beca use the para.sites consume the reproductive 
organs of infected individuals, the strong fitness effects required by theory 
(May and Anderson 1983) would seem to be met. 

. Schrag et al. (1994a) found strikingly similar results in their study of a 
simultaneously hermaphroditic snail from Nigeria. Two morphs of this snail 
exist in natural populations: an aphallic morph, which can either self fertilize 
or ~ross fertilize its eggs, but cannot donate sperm ; and a eupha llic morph, 
w~1ch can donate sperm to either a.phallic or euphallic individuals. As they 
~~111t out, the frequency of cross fertilization in the population must be pos-
1t1vely related to the propor tion of euphallic individuals it contains which 
is hig_hly variable (Brown and vVright 1972). In a thorough examin~tion of 
the biotic a.nd a.biotic correlates of euphally in this snail, Schrag et al. found 
that parasites were the best, predictor of the frequency of the euphallic type. 
Specifically, the most common trematode taxon explained most of the vari
ance in the frequency of euphallics, even after the effects of season and snail 
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age were statistically removed. Moreover, euphally is environm entally deter 
rnined (Schrag and Read 1992), and in those populations that develop the 
eupha llic morph, the induction of this condition seems closely timed so that 
broods exposed to the high ly seasonal parasites are cross fertilized (Schrag et 

al. 1994b). 
These correlational studies on snails tend to suggest that parasites in

fluence the level of uniparental reproduction such that, across populations, 
biparenta l reproduction is favored where there is a high risk of parasitism, and 
uniparental reproduct ion is favored where there is a low r isk of parasitism. 
With in populations, however, the parasite theory predicts that unipa.rental 
reproduc t ion should be associated with greater parasite loads. Moritz et al. 
(1991) in a study of para.site (mite) loads of sexual and pa.rthenogenetic geckos 
found that, where both reproductive modes were repr esented , parthenogenetic 
geckos were sign ificantly more likely to be infected, and they had significantly 
higher mite burdens . Moreover, in the 6 locations they samp led where mites 
were found on at least 25% of the geckos, pa.rthenogens were 150 times more 
likely to be infected than sexuals . This result held for multip le clonal types . 
Hence, as in the study of parasite loads in coexisting sexual and clonal fish 
(Lively et al. 1990) descr ibed above, para.sites do seem to disproportionate ly 
attack clones where both dona! and sexual types coexist. 

Similarly, Burt and Bell (1991) compa red paras ite-induced leaf damage for 
106 pairs of vegetatively produced suckers and sexuall y produced seedlings of 
American Beech (Fagus grandifolia) . For trees 0 .5 m ta ll, suckers had signif
icantly (1.7 times) more damage than seedlings. This asymmetry decreased 
with increasing tree height, until at 2 m there was no difference in the degree 
of damage between the two types. Hence there was a transient advantage to 
the sexually produced seedlings . 

7.3 Parasitism and recombin atio n 

The re are viable alternatives to the parasite theory of biparental sex, par
ticularly those that deal with the irreversible accumulation of mutations in 
obligately lliliparental populations (see Kondrashov 1988, Lynch and Gabriel 
1990). But, however sex is maintained, parasites could still be the primary 
force selecting for rates of recombination (Levin 1975). The most striking evi
dence of this comes from a study of excess chiasma frequency by Burt and Bell 
(1987a,b). They reasoned that longer lived species shou ld be selected to have 
higher rates of recombination to partially compensate for the disadvantage 
of long life in the face of rapidly evolving pathogens . For non-domesticated 
mammals, they found that a highly significant fraction (75%) of the variance 
in excess chiasma. frequency was exp lained by age at matur ity. 

As recombina tion shuffles genes within the genome between generations, 
gene re-arr angements perform the same function during the lifetime of an 
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ind ividual. This process is best understood in the ontogeny of the vertcbr1d, 
immune system. In fact, the permutational assortment of immunoglob11!111 
genes can be observed twice in the lif~time of a metamorphosing amphi!H.,11 
as it switches from aquatic to terrestrial habitats (Flajnik et al. 1987). 111 
analogy to somatic hypermutation, it may be convenient to consider this pH• 
cess as somatic hyperre combination because it occurs at a.n accelerated r111, 

during an individual's lifetime . Like somatic hypermutation, it is targeted l11 

specific parts of the genome, namely those t hat code for the antigen recepLn1 
of lymphocytes. 

Gene re-arrangements generate approx imately 108 spec ific a11ii11,1 to 1010 •11 
receptors from a limite d number, on the order of 103

, germline genes. Tl11 
array of antigen receptors, one specific type per lymphocyte clone, constitul• 
an individua l's pr imary immune repertoire, which becomes available for clo111,I 
expansion and somat ic hypermutation following exposure to pa.rasite antig<·11 
(Rajews ky et al. 1987). It is believed that this primary immune recepl.w 
repertoire is sufficient for initially recognizing any biochemical identity pos1•d 
by paras ites (Klein 1990). 

Mutation -driven var iat ion of parasite antigens provides only a temporn1 \ 
respite from negative selection by the vertebrate immune system . Typica lly 
th is window of vulnerability lasts for only several days as accelerated lyrnpho 
cyte pro liferat ion, mutationa l refinement and competition for antigen betw,·1·11 
cellular clones leads to a population of lymphocytes bearing high affinity t't ' 

ceptors that efficiently seek and destroy invading parasites (Klein 1990) . /\ I 
though parasites a.re considered to have rapid generation times perrnitti11~\ 
rapid genet ic evolution, this appears to be countered by somatic recornbin1, 
tion and mutation in long-lived vertebrate hosts . 

Parasites have also capita lized on gene re-arrangements for the soma.Li< 
evolut ion of virulence. Major epidemics of influenza A a.re associated with rC' 
assortment of the 8 RNA molecules that constitutes its genome (Webster et al 

1982) . In addition to recombination through sexual reproduction, some try 
panosomes ( e.g. Trypanosoma brucei) have an extensive library of genes th,tL 
code for surface coat proteins that are sequentially expressed via. a gene re 
arrangement mechanism (Barbet a.nd Kamper 1993) . Although textbooks de 
pict trypanosome population dynamics within the host as negat ive-frequen cy 
dependent cycles produced by the lag in immune clearance, the true pictur<" 
is more complex (Barry and Turner 1991). The initial progeny from a clonal 
infection are less viru lent and show pronounced cycles. Successive waves of 
progeny become more virulent and coexist with other previous progeny lead
ing to non-cyclic chronic infections illustrated in Figure 5. Nonetheless, the 
behavior of these interactions based on gene re-arrangements superficially re
sembles the cyclical genetic changes predicted by s imple gene-for -gene mode ls. 

In vertebrates , the set of germline genes coding for antigen-b inding recep-
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Figure 5. (A) The number of Trypanosoma rhodesiense trypomast igotes in 
the circu lation of infected mice after infection by a. single parasite clone (Lou
TAT 1). (B) Designation of daughter clones collected at different time points 
during the infection . (C) Virulence of the daughter clones as indicat ed by 
the survival time of mice of the same strain as the original infection (from 

Mansfield 1990). 

tors genes appears to have diversified over geologic time through gene dupli 
cat ion via unequal crossing-over events (Warr and Dover 1991). In the murine 
and human genomes, a.pproxima.tely 103 variab le (V) region immunoglobul in 
genes are available for re-arrangemen t a.nd incorporation into the primary 
immune repertoire. These \/-region genes can be grouped into a limited 
number of families based on nucleotide sequence similarity . In a compara
tive analysis, V-region gene complexity increases with the divergenc e of each 
chordate lineage. Elasmobranchs have a limited d iversity of V-region genes 
and are also characterized as having a more primitiv e genomic archit ecture 
(Hinds and Litman 1986). Higher vertebra.tes, except birds, possess a great er 
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number of V-region families and a greater number of members per family. 
The pattern suggests that immunoglobulin gene diversity increases with each 
derived vertebrate class. Curiously, birds use 25 pseudo -genes as donors of 
sequence motifs which are expressed in the single functional reading frame 
via. a. gene conversion mechanism to generate antibody diversity (McCormack 
et al. 1991). 

Within a vertebrate clade, the complexity of V-region families ca.n be dy
namic over evolutionary time. In rodents, family complexity can increas e 
in one family while decrease in another family over an interval of 1 to 30 
million years (Tutter and Riblet 1988). It remains to be seen whether these 
changes in genetic diversity correspond to shifts in the immune repertoire 
and if these shifts a.re a counterploy to parasite tracking. It would be espe
cially illuminating to evaluate immunoglobulin gene diversity in sexually and 
parthenogenetically reproducing sister taxa. 

These molecular observations provide generality for the role of recombi
national processes in media.ting antagonistic interactions. As with mutat ion, 
current theoretical models use a single recombination rate to express the 
!ability of genetic variation in parasite and host int eractions. Our present 
understanding of the genetic basis of virulence and resistance, especially in 
vertebrates, shows that these genes are subject to rates and processes that 
differ from other regions of the genome. Accounting for this intra.genomic 
heterogeneity of rates and incorporating the dynamics of somatic responses 
provide daunting challenges for future theoretical analysis of genetic coevo
lution. 

8 Evolution of phenotypically plastic 
responses 

The central tenet of Haldane's principle of parasites driving host genetic diver
sity is the importance of individuality. Modern agriculture and some natural 
systems discussed above (see Parasite Tracking and Modes of Reproduction) 
provide examp les of how parasites successfully exploit genetically uniform 
host populations. We have discussed how, in genetic terms, individuality is 
generated by mutation and sexual reproduction and why parasites may be 
important in these processes . The interaction be tween the genome and en
vironment further differentiates individuals within a population. Genotype 
by environment interactions figure prominently in the development of the 
resistant phenotype because of the predominance of inducible defenses. 

As exposure to natur al enemies, or intensity of exposure, becomes unpre
dictable and the fitness consequences severe, then the benefit of inducib le 
defenses increases (Lloyd 1984, Lively 1986, Harv ell 1990, Clark and Harvell 
1992) . Host- paras it.e interactions are characte rized by features that promote 
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induci ble defenses: (1) mutations which pro duce novel virulence traits appear 
sporad ically; (2) movement of parasite infectious stages or infected individ
uals may be haphazard; (3) climatic or local environment conditions may 
favor transmission on an irregular basis; and ( 4) reservoir or intermediate 
host population dynamics may alter transmission independent of the focal 
host . Most importantly, the suite of potential parasite species that can infect 
a host species is greater than the number of species an individual host encoun
ters dur ing its lifespan. All of these aspects favor the evolut ion of inducible 

resistance traits. 
Germ-free animals have a. paucity of immunocyte s compa red to healthy 

anima ls reared in even the relatively sanitary conditions of the laboratory 
( Gordon and Pesti 1971). This indicates a significant inductive effect of 'be
nign' microbial flora on the development of the lymphoid compartment. In 
chronic parasitic infections, host responses are closely modulated to track 
the intensity of infection. Demograph ic models of unicellu lar parasites and 
lymphocytes with in a single host show that the number of lymphocytes a.t 
the onset of infection is an important determinant of the outcome of infec
tion (Schweitzer and Anderson 1992). Yet the vertebrate immun e system 
genera tes immune effector cells on demand rather than maintaining a large 
reserve . Taken together, these divergent sources of eviden ce suggest that in
ducible resistance traits are costly and a.re carefully regulated to minim ize 
the physiological cost to the host. Direct evidence for the cost of immune 
function is scarce but can be seen in the retardation of growth rates of cluck
ens undergoing induced immun e and inflammatory respons es (Klasing et al. 

1987) . 
The resourc e-depend ent expression of the resistance traits is considered 

more fully in the chapter by Lloyd (this volume). Here, we wish to point out 
that the interr elati onship between parasitism, resistance and nutritional re
sources poses serious challenges for future genetic research . The covariances 
between resource availability and effectiveness of host resistan ce will con
found the relationship between the intensity of parasitism and host fitness. 
Thus, genetic variation in forag ing performance or nut rien t acquisition could 
be mistakenly attr ibuted to the genetic component of parasite resistance. 
This underscores the difficulty of assessing the role of parasitism in natura l 
wildlife populations as discussed by Gulland (th is volume). Furthermore, the 
nut ritional -dependence of resistance will render some questions unansw erable, 
such as genetic predisposition to geohelminth infections (Woolhouse 1992). 

In addition to inducibi lity, the host immun e system has two other critical 
design features: specificity and memo ry. As discussed previously (see Recom
binat ion), an elaborate genetic mechanism generates a practically limitless 
set of exquisitely specific antigen -bindi ng sites. The antigen-driven expan 
sion and focusing of this antigen-receptor repertoire is not only a form of 
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genotype by environment interaction but also has the hallmarks of cognitive· 
process (Cohen 1992) . There is positive and negative selection of the recep
tor repertoire as t he lymphocytes 'learn' to discr iminate between self tissues 
and foreign antigens (Boehmer and l{isielow 1990, Goodn ow et al. 1990). 
Quan titat ive informati on a.bout exposure to paras ite antigens forms the basis 
for short-term immuno regula.tory feedback loops (Schweitzer and Ande rson 
1992) . In this way, proximate immune responses are sea.led to the dose of the 
para.site antigen. Long-term retent ion of ant igenic exposure is preserved in 
the memo ry cell compartment (Gray 1993). The fact that immune responses 
display dose-dependency and memory can impart complex dynamics in host 
parasite relationships when these factors a.re taken into account (see chapters 
by Grenfell et al. (th is volume)) . 

A mode l that inco rporates immunologica l memory as a dr iving force in 
para.site evolution has been developed and analyzed by Pease (1978). It is 
based on the imrnunose lection of influenza. A variants in a host population 
capable of resisting the previous epidem ic var iants . It assumes that the para.
site's ability to invade the host pop ulation is linear ly related to the time- (not 
rep lica tion) dependent muta tion rate of the parasite genome . A provocat ive 
outcome of the analysis is the suggestion that a transmission thresh old for 
the host populat ion does not exist. This is because the virus can persist 
in small host popu lations because susceptib les are not introduced by a host 
birth process but rather by the ab ility to evade prev ious immunity by a mu
tation/se lection process of the parasi te that can match the host demographic 
characterist ics. The mode l treats immunologica l memory and parasite muta
tion rate as converse yet identical processes, i.e . a higher mutation rate of the 
parasite implies that immunity is transient rather than phenotypically stab le. 
Th is appears to be a tenu ous assumpt ion as it would allow cycling of parasite 
genotypes within one host generation . At least for the case of influenza A, 
immunologica l memory appears to be long-term (Figure 2). 

T he benefit of immunological discrimination between self and nonself comes 
at the cost of molecular mimicry by para.sites. By resembling host self anti
gens, either through conservation or convergence , the parasite can evade im
muno logical detection and destruction (Damian 1987). In a study where 
14 human organs were screened with 635 monoclonal ant ibod ies against 11 
viruses, cross-reactivity between human host and viral antigens was observed 
in 3.5% of the combinat ions (Srinivasappa. et al. 1986). Thus, all but the most 
critical functional sites of enzymes and structura l proteins would be expected 
to be polymorphic in host populations in order to prevent parasites from fixing 
on common self-antige ns. The fact that immunological non-responsiveness to 
self or tolerance is a phenotypica.lly acqu ired trait assures biochem ica l indi
viduality. The joint processes of molecular mimicry by para.sites, genetic drift 
and the host's ability to disc riminate between self and nonself on an individ-
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ua.l basis may be epistemologically sufficient to arro 1111t1111I111 H••1olo~ical 

polymorphism tha t Haldane sought to explain . 
T he ma jor histocompat ibility complex (MHC) is a g<:111•!11 \, 1111 ,ii , ' 1 

t b ·ates that is remarkable for its extreme polymorphi sm 1111d ti II I, 11 
t:o~ of alleles a.cross speciat ion events (reviewed in Nei and 1111i1li,·, I ll'll ) 
Coded within this locus a.re cell-surface receptors that _pre_sent no.11sdl 11111 

gens to reactive lymphocytes, thereby init iating specific immune ~C8po 1H1·~ 
(Klein 1986). A number of hypotheses have been advanced to ex~la.i~ th<'~-x 
treme degree of po lymorphism and all rely, to some extent, on d1vers1ficat1ot~ 
from parasite selection pressure (Potts and Vhke)and 1990, Hughes and Nei 

1988 1989 Jones et al. 1990, Ohta 1991). 
R:cent' evidence suggests tha t specific alleles ar e associated with resis

tance to specific para.sites, cerebra.I malaria from Plamod'.um Jalciparum for 
example (Hill et al. 1991). The non-equilibria.I freq_uen_c1es of M~C ha.plo-

·n Afr·i·cans with severe clinical signs of para s1te-mdu cecl d1sea.se andtypes 1 • I .· 
I · •dance between hap lotypes and endemi c ma a.1ta servet l1e geogra.p UC conco1 · • . 

, 'd ce Yet addi tional processes such as negative frequency-dcp endenL as ev1 en . · k d 
selection cycling or populat ion subdivis ion and movement need to be 1nvo e 

to explain the persistence of alleles over time. 
It is poss ible that the MHC is so polymorphic precise ly becaus~ it, is c_o11-

st ra.ined by its functional role. Outside the immune system, b1ochenucal 
indiv idual ity can increase through mutation -selection balance . _The proce ss 
of tolerance induction assures that ea.ch indiv idual can recogmze self :from 
nooself t issue so that parasites can be recognized and controlled by h1_ghly 
specific immune responses . This discrim inat ion is acquired :hrou~h a srn~le 
gateway - the MHC m.olecule. MHC molecu les a.re co~stra1~ed m one sig
nificant feature. There needs to be a conserved functional s1~efor ~ell-cell 
contac t and communication during antigen presenta tion. This crucial role 
for initiating specific immune responses will constrain vari a.ti~n and make 
this site predictab le and exploitable to parasites. Th~ recent ~IScovery that 
Theileria parva sporozoites use MHC molecules t~ ga1~ en_try_mt o host ce~s 
(Shaw et al. 1991) and the man ipulation of immumt_y via bmdmg of bactenal 
enterotox ins to a conserved site of the MHC protem (Johnson et al. 1991) 
are just two examples that illust rate t his threat .. Thus, t~e extreme d~gree 
of MHC polymorphism may arise from the mutat10n-select1on processes ty_p
ical of other loci , except that selection is exceptionally strong because of its 
central role in genera.t ing phenotypica.lly plast ic immune res~onses that are 
otherwise unpredictable and, hence, non-exploitab le by para.sites . 

https://d1sea.se
https://Plamod'.um
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9 Conclusion 

l\fodels of host-parasite coevolution have confirmed Haldane's (1949) insiglil 
that the advantage enjoyed by rare alleles can lead to the maintenance ul 
genetic variation. However, at least in models of very simple genetic systcm N 
( one or two loci with two alleles), there are several factors that could lead lo 

the fixation of alleles, rather than their protection . These include long tinH' 
lags, strong fitness effects, and parasite transmission that is determined by 
host density. More complicated genetic systems (several loci with two or mor<· 
alleles) may help to reduce the gene frequency 'orbits', but even these could 
be insufficient for protecting variation when the population dynam ics arc• 

strongly oscillatory (Frank 1993). This potentia! for loss of diversity provid eM 
a subtle challenge for Haldan e's idea. Empirical validation of these theoretical 
studies is limited. There is evidence of cyclical genetic variation in influenza A 
epidemiology, but host genetic changes are unknown since immunity depend ~ 
on epigenetic mechanisms. Trypanosomes and the vertebrate response is also 
posited to show cyclical genetic interaction, but again within the lifetime of 
an individual host. Studies based on simple allelic determinants of parasit e 
virulence and host resistance have not examined cyclical dynam ics of these 
genes. Studies that combine a molecular genetic understanding of virulence 
and resistanc e with a population genetic ana lysis are critically needed. 

Current theoretical models and existing empirical information challenges 
(perhaps more stridently) the parasite theory for sexual reproduction. Thi s 
is because strong negative effects of parasites on their hosts are required if 
outcrossing is to overcome it s reproductive and genetic disadvantages. Yet, 
these conditions lead to large orbits in gene frequency phase planes. Clearly if 
diversity is lost, there is no advantage to outcrossing, and uniparental forms 
of reproduction should replace cross fertilizat ion. Movement between sub
divided populations could be a viable mechanism for restoring lost alleles 
to local populations, and main tain ing diversity (Hamilton 1986, Seger 1988, 
Frank 1991 ). Studies of local genetic differentiation in natural popu lations in 
concert with estimates of gene flow are needed to resolve the question. 

Truncation selection as envisione d by Hamilton et al. (1990) could be a 
potent force maintaining variation in the face of large selective differentials 
and time lagged frequency -dependent selection. It also obvia tes the need for 
the parasites themselves to cause host mortality or infertility in order for 
antagonist ic interactions to favor sex. The available evidence for the parasite 
theory of sex, recombination, and genet ic diversity is supportive, but not 
definitive. 

Our current understanding of the genetic processes determining virulence 
and resistanc e traits imposes conceptua l difficult ies for unifying the genetic 
effects of parasitism into a single framework. Recently documented processes 
such as gene capture, gene re-arrangements, gene conversion and somatic 
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hypermutation confer resistance for hosts and some cases, prov ide for accel
erated evolut ion of virulence genes of parasites. These discoveries blur the 
conventional distinction between genotype and phenotype and new models 
incorporating these biological innovations are needed. 
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