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Diversity and Evolution of
Symbiotic Interactions

Norio Yamanmuras

Introduction

In ccological fime scales and loeal spatial scales, bodiversity is the jssee of cosx-
istence of different species. However, in evolutionary time scales and globil spa-
tial scales, bicdiversity is a result of the bolance of speciation and extinction of
species, In peological history, mpid speciation. called adaptive radiation, has
oecwrred repeatedly. The ariging of such newly developing 1axi ofen evalved
fresm the symbiosis of twe differen species (Price 1991). Thus, symbiosis can be
considered an important seurce of the Earth's current biodiversity, and in this con-
et symbiosis can be called evelutionary innovation {(Maraulis 1993),

In 1his chagier, 1 touch on severzl examples of symbiosis 35 1 souree of evalu-
tionary innovanton that was followed by adaptive ndiztion. Mumaliste symbioses
are penzrally considered fo evolve from parasite selationships (Ewald 1987; Price
1991 ) 1inweduce here a muthematical madel thart idestifies the conditions far the
evalution of mutualisng from parssitism, In which vertieal tansmission, definad
a3 the direct transfer of infection from parent kost to i progeny, is a key factor
(Yamamuri 1993). Finally, T discuss (he evolutionary faciors af mutalism with.
onil verlieal ITmnsmission.

Symbiosis Followed by Adaptive Radiation

Most biolegists now accept that the evelution of eskaryotes resehed from the
symbiotic union of several independent ancesiees {n host cell, an ancesior of mito-
chondria, an ancestor of the chloroplasth, although the origing of ather cellular
crgans such as the undulipodia, microtubules, cenmioles, spindle, and microbody
remain conroversial (Maynard Smith 198% Margulis 19%3), There % no doobt
that the evolution of eukaryotes provided the important soerce foe the Barth's cer-
rent biodiversity,

Afier the evolulion of cukaryoics, there were prodably ssveral epoch-making
instances in which the cvelution of symbicsis was followed by adaptive rudiation
(Price 1991}, Temestrinl planis might have evalved through the symbiosis of
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aquatic algae and fungi. Large leresirial plants such as ees might also have
evolved through the symbiosis of small terrestrial planits and fungd, the mycor-
rhizae, 11 35 said that insects became able 1o use bow-nutrition foad through sym-
biosis with microorgonisms that aid in digestion. The sdaptive modition of
parnsitis wasps is suggested 10 have cccurred through symbiosis with a virus.
Large herbivorous mommals would alse have evolved through symbiosis with
micreorganisms that aid in dipestion. According o Price {19911, U number of
species criginating from such symbioses constituees 34% of all the curment specizs
an Earih.

Coral, through its acquisition of photasynthetic symbions, brooghl about adap-
tive radialion in peological history scveral 1imes (Sanley 1981, Some fsh use
light oTguns to assist vision and to give signals, and the light is penaerated by lomi-
nows bacterio, The adoptive radiation of fish having such light arpans oscurmed
within different taxa of suteleostel (McFall-Mgai 1991). Teemite species have
estdblished a decompnger niche in tropical forests and ropical savanna, and the
prosperity of teemites probabdy resalts from symbicsis with microarganisms such
a5 protozoa, bacteria, and funge.

Evolution of Mutualistic Symbiosis

[n symbicsis that resulls in adaptive radiation, beth intecacting spocies help cach
alher in @ surprigingly intimate manner, and this can be teemed mutonlistic sym-
bingis. How eould such neat mutualism have evolved in the first place? Many
anthors hawe suggested the evolution of mubialism from parasitism. Boughgarden
¢ 1975) stated char parasites do pot harm thedr hosts as much as deey could becanse
parasites owe their habitais and enecgy resources to their hosts. Ishikawa (1985)
stated hat parasitism narrzlly evalves into mutualism and described the process
in 4 phrase: an enemy today is a foend momgw, Ewald (1987 alsa claimed deat
parsitism should eventeally cwvolve wward commensalism, and commensal rela-
tionships ire viewsd as the raw material for evalution of memalism.

The orgin of some symbioses may be predation of o larger erganism on a
smaller organism. When the smaller organism evolves such that it can sunvive
inicks the larger organism, we can say that endosymbiosis hos evelved. The first
phase, when the smaller organism establishes a part of i1s life cycle in the larger
oeganizm, woeld reselt in some degree of delereriouseffect on the host as the
rssull of rsousce commpetilion or simple occupation of some dpace ingids the hast.
In may definition us used hee, interacion with such deleterions effecls on the -
ness of the host 15 classified os parasitism. Evolution of mumalism from an origin
af this type is thus includad in the case of evalution from parasitism to musualism.

The time-courss of the evolution of reduced vinulence bas been documented in
various parasites and disenses, among which Je myxoma virus in Australian rab-
bits ix well known (Fenner [9%65). Jeon {1972) made a more exoct observation: a
virvlent bacterivm that infected an ameba changed into & mutualistic symbicnt of
the ameba by anificial selection of the surviving amebn. However, many parasites
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and dizenses clearly contine 1o be virulent to their hosts (Ewald 19943, In conelu-
giom, the reality would be that some parasiles persist in aniagonistic relotionships
walh 1heir hosts, while athees have evalved into mutualisiic relationships through
rectuctiom of their virwlence,

Wertical Transmission

Many avthors have suggested that vertical ransmission, defined as the dinsct
transfer of infection feaim a parent organism to its propeny, is a key factor for the
evolution of mutualism that is highly benzficial 1o both ceganisms. For cxample,
Ewald (1987) cited mutualism described by Buchnce (19635), mainly berween
insecl hosts and bacteria symbionts, and found that all of thesse ACCOMpany verli-
cal trensmission, such & ransovarial transmission. Protozoa In termite guts arc
transferred among individuals dwough direst feces fecding (Brezaak 1575,
Celeny-founding quezns of some ants accompany their metualists parmer, the
mealy bug (Klein et al. 1992). Some pasasiic wasps inject symbinte vines into
insect larvae wlien ovipositing {Stolts and Vinson 1979, This virus helps the par-
asitic wasp (o defeat the defense mechanism of the host larvae, Surprisingly, the
genome of the vins seems to be incorparated into the genome of the wasp (Flam-
ing and Surmrers 1997).

Ewald {1927) painced out thal among other various modes of ransmission, ver-
tical iransmission iz the most remarkable charsctesizie of intimate muiualizm
belween a symbiont and its lost. Perhaps what cocurred in the evelutionany his-
tary wis o conflict in the vertical ansmission rate beewreen a host and a parosite.
In the evelutionary sense, a hast would not want its parasite 1o infeer j1s FToECnYy,
while the paragite would want to infeer the prageny, IF the host centinues to dom-
inate this evolulionary moe, the antagenistic relationship between the host aml the
parasite will also continue, IF the parasite, howewver, wins the race and anaing a
higher ventical transmission rate, it could not continue to exploit the host so
sevenely, becanse i1 progeny owe their lives mainly to the propeny of the hast.

A Mathematical Model for the Evolution of Mutualism

' have made a simple mathermtival model, baszd on Darwinian filness, to idendfy
the conditions undee which evelution of mumalism from parasitism may acmally
ooour (Yamamurea 1993}, The model also clarifies whether or not a long intermelz-
honship between different specias necessacily develaps inmn avalulion of mutual-
ism, that is, whethee or not an enemy today is a friend 1omomew, as Ishikaws
C1988] stated.

The madel is constructed a5 Follows, An infecting parasits reproduces afx) ofi-
spring, where x is a parasile strategy that is the degree of exploitation on i3 hoss,
for example, in enespy wnits. Because the parasile can reproduce mese offspring if
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axplaiting the host mere severely, a{x) is an increasing function of x:
ELI:I-ﬂu+|::I:I (1}

Cin the other hand, an infected host reproduces &(x) offsprng, where blx) 35 o
decreasing funcrion of a:

Ix)=b —b % (2

The valuzs of @, b, and & are nawrally positive, but a, may be zero or even neg-
miive because parasites may be unable to reproduce without exploiling o hoest
resource more than some crilical amount. 1 exiended x 10 negative values, which
means that the parasite gives the host some positive efTects in te sweifive of is
own fitness, Forthe negotive values of x, (e parasine i3 101 parasine bet is acwally
beneficial to the lwest. Theesfore, T will use “symbion™ leceafier w refer wo both
parasitic and beneficlal cases. Becawse the nombers of offipring, als) and bix),
should 2 positive, the value of x is restricted in the interval, —au.fal < X |'.I'jllf.l|.
Therefore, negative values of x are admissible only when g is positive.

Anuninfected host reproduces b offspring. Idiscriminated b from &, the num-
ber of offspring of an infected host when x =0, because | congider an evolutionary
change in &, Ioter. The vertical transmission rabe r s defined as the proportion of
offepring dimectly infected from their parent among Sx) offspring, Offspring
eseaping from vertical ransmission are exposed 1o infection by dee parasies from
other infected hosts along with offspring of uninfected hosts,

I have ealeulated, ag the parasine straiegy, the evolotionarily stablz depree of
explodcation, which iz finally reached through evoletion when the parameters
involved remain constand. The solution & is a decreasing function of the vemical
transmissicn rate v, os shown in Fipure 5.1 It is easily realized that the parasits
should reduce its virulence as - increasss, and it should become 0 mutualist when
ris larger thon o eotical value v, becanse 1 35 negalive in this mnge.

Mext, [ caleulitesd the evalutionary direction of rfrom the point of view of boh
ithe 5}Ii1'||:|i_:_;|11.| amcl the host {see Fi:E 51} When 1he vertiea] ransoiisaom cake ris
1;|:|n|:r|;||||.:-;] |:_|r||i:|.' Er:,' Lhe ;-:rmhiﬂl:l[. il!$ wralwe aE-.:.-u:.-s i:ll:n‘.‘a.ics. I::lr'l 1he -:_'r'lhtr ham:l, if
1115 contralled anly by the bosy, s value decneagses wlsen r s gonaller dian a cyin-
citl value r, and mereases atherwise. The crineal valoe of vertical wansmassion is
represented as

o b
e —_ (3

) I-'|!|£:|-\'.'l ¥ ﬂl'lbl

This ewalutianaey patierm implics that there is a conflict berween the symbiont and
the liest for smaller values of r and thas there is no conflicr for laraer values of .
Suppose that r stars from a valwe in the conflict region. Onee the symbiont wins
U vertical ransonission conflictand r inceeases 10 a value larges than r, Gne-way
gvolulion beging leward 2 higher vertical rransmission sate and highly mucalistic
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FIGURE 5. 1. The evolulionary stable dagree of exploitation 1 is a decreasing function af
the vertical trznzmission rate r. Tlene is a criizal value ¢ abowe which the walize of 5° s
regative. There 35 anolher critical value, r, represented by Eq. 3, below which the evolu-
Goaary direetans af r for the pamsios and the host ore conflicling, and abave which they
correspond 1o cach ather, When r exceeds ro. aneoway evelution begins towand a higher
vertical Imndmiziian rale and highly murualistic carparikicn,

conperation beconse x° is negative, Finally, the value of r resches 1o 1, which indi-
cates a perfect vertical mansmission,

Even if rizell does not change, ane-wity evolution still beging wien the critical
value r, i3 reduced to o vilue smaller than r. The conditions wherehy r, decrenses
can casily be identified from Eq. 3. The parameiers g, .8, andh re eeffi-
cients of a(x) and E{x) in Eygs, 1 and 2, which may change m:nugh evalution r-
ing 2 feng interaction of symnbinsis. It is probable diat a parusite increases a_ by
evolving toward use of some melabolic or digestive wasies excreted by the hast.
Tl pasasile may increas 2, by improving the conversion efficiency of exploiting
resources 10 ils fitness, A host may also evolve toward use of resoorces excreted
by the parasite, leacding {0 same increass in &, Or 10 redoce the fitness effect of
explaitation by whe parasite, leading o some decrease in B,. All the probable
changes in parameers $o not necessarly lead 1o the m.-u]utmn of mumealism, It is
ceriin thar improvement of a and JJ- {an affective use of the parter's disuse)
Favvors the evelution of mutualism because r i 5 it decreasing function of a_and &,
However, impravermsant of a, {the efficiency of resource usape) cun-.cml].r
rechuges the possibility of mutualism beeause r, i an increasing function of .
Improvement of & also has the same cffect an e

The mathematical model here sugmests thay the vertical ransmission cate is the
meast important faceor for reduction of parasite virulence, and that initiaten of the
one-winy svolutionary process from parasitism 1o mutalism may occer when the
symbiont wins the conflict against the host on vertical ransmission rate or when
either side utilizes wastes of the parmer. In the litter case, the atained mutgalisic
intraction ean be regarded a5 a miniccosysten becanse mater cirenlamion aernss
different specics is maintained.
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Butuahsm Without Vertical Transmission

In the meodel, vedical transmission is defined as the mansfer of symbions ffom
peneration 1o peneraiion. The same effeor as venical ransmission can be cxpecied
when symbionts reproduce in a host growing o a larpe size. For examgple, mycor-
rhizae reproduce fellowing the growth of the roots of a ee. Because the mocdel
predicts that mutualism evolves under a high vertical transmission raie, itis lkely
ig cvolve when the host grows 1o a large size and lives a long life. Cocal and 3
large colony of social insects can be catepesized as such hesiz with a leag life
soan,

However, e vemical mansmission is not commen among this type of muaal-
ism. Why are mycorchizas not ransmitted vertically theough the seeds of the rea?
More penerally, why do not all muoiuzlisms evolve inte perfect vemical ransmis-
sion? Mutualism without wertical mansmission necessanly reguires that symbionts
have a free-living stage, independent of iheir hosts. Otherwise, newly bom host
indavictuals rarely could gain the symbionts, [ discuss here three factors 1o cxplain
the evolution of muewalism without vertical ransmission,

Tlez fizst possibality is deat the apparent mutozhism may aciwally be o parasitism
or a manipulaton. Leguminons Bacteria might be pasasitic on bean plants, The
plants obtoin niccopen fom bacterza, while giving seear o the baceena, The 1odal
effeet an the plam might be neganve. On e contracy, planis might manipulats
baciesia and wss them as tools for prepacing nuicnts. Inthis case, tere 15 no ben=
efit for the baciera. When only one side gains, the other side showld diswarh the
evolution of vertical ransmission.

The second possibility is that the symbiciic association is ben=dficial for boah
partnees uncler restricted condilions, In the phenomenon called Slzaching, which
15 well known in eozal, 1the photosynthetic symbionts depart from (e host coral at
hagh water ternpetatures (Brown and Opden 19933 10 is wncbeir in blzaching
whether symiiones escape by tenselves ar the coral deives oul the symbionts. In
ihe case in which the benefits of symbiosis are wmporasily changing, vertical
ransmission may not pay for i cost, and cherefore i is less likely o evolve,

The last possibilicy, which I think i5 the most imporan, &5 char dee symbaon
adopls a bel-hedging stratesy in which it uscs the hast as a refuge. Leminous bae-
feria can reproduce by themselves in seawater (McFall-Hoei 19910, bot comedinnns
for reprodisction in ssawater may fluctoate greatly. The inside of fish st be a
stable environment for lominous bactediz, and it may serve like o doemant seed
bank of weed grasses whers o grass popolation can recover by germination of due
dormant seeds even afier a complete desiruction. The host reed oo evolve
verticil fransmission in the case in which free-living symbionts are consmeon an
the habital of the host, although the density of the free-living symbionis may
fluciuzle,

In comelusion, the full life cycles of mest symbionts with a free-living stage
hove nat been sufficicnidy investigated. In pasticular, studics on the mechanizm of
encounler and departure betwesn the symbiont and i host are grearly lacking.
Extensive erological siudics on these organisms will clarfy low symbionts with-
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gt vertical ransmission are mutealisne 1o their hosis. At dw same Lime, such
studics, alang with further swdics of cages with ventical ransmission, will give us
basic biclogical mformarion necessary for mainlenance of biodiversity becanse
the various symbioscs invelved in all ecosysiems serve vial companents of these
pCOEyAIEmE, and human activities in ignorince may disropt pacts of such impeos-
tanl symbiotic relationships.

SUMMAry

[n peological history, rapid speciation, called adaptive sadiation, hns occurred
repeatedly. The origins of such newly developing taxa often avelved from the
syebiosis of different species. Muwialistic symbinses are zenerally considersd to
evalve from parasilic relationshipe. A mathematical model has suggested that the
verlical minsmission cate is the most imgostant Fclor for reduction aof parasite vir-
ubence, and thal initiation of the one-way evolutionary process from parssitism (o
maluilisa may occur when the symbicnt wing the eondflict against the host on ver-
tical ransmission rate, or when either side utilizes the wastes of the parmer. T e
laner ease, the arained mutalistic interaction can be regardsd as a miniecosyaren
because morter circulation across different species is maintained, Finally, a bet-
hedeing strategy of the symbiont wis stressed as an evolutionary factor of mur-
alism without verical mansmission.

Literature Cited

Breznak, 1A, 1975, Symbistic relmbonships botween lermites and v inlestinal micro-
beota. Symposia of the Society for Expedmental Biclegy 20550-580,

Brown, B_E. and 1.C_ Cpden. 1993, Coral blesching. Sciemific American 268:44-50.

Buchner, P. 1985, Endasymbinsis of Animals with Plant Micraorganisms, Wilsy, Mew
Yook,

Ewald, P.W. 1987, Tramsmission modes ond ewolution of the parnsile-mucalism
contnuent. Annals of the New Yook Acndemy of Sciences S03(Endocyschiclogy
NI2R5-305,

Ewald, P, 1594, Evolution of Infectiaes Disszse, Oxford Uibversity Press, Oxfard.

Fernzr, B, 1965, Myxmoma vizus and Oryetofagus canenlas, It H. G- Dakesr 2nd A, L, Steb-
kbins, eds, The Genetics of Colenizing Spacies, pp. +83-301. Academic Prass, MNaw
Tork.

Flemning, JAG.W. and 0.1, Surneners, 1991, Polydnavines DA is inseprated in the DNA of
its parasiiold wasp host. Proceedings of the Maloral academy of Scierces of the
United Seanes of Amerssz BE:9970-9774,

Eshikawa, H, 1988, Symbicsis and Evalutivn (in Iaparese), Baihukan, Takye.

Jeen, KW 1572, Development of cellular dependencs in infestive organisms; mizrasurgi-
cal sudies in amoelxs, Scaence 176:1122-1§23,

Blein. WL, Dn Kovac, A. Schellerich, and UL Maschwitz, 1992, Mealybug-carmying by
swarming queens of a southeast Asian hamboo-inhabiting ant. Mamrwisssnschnficn
i e



51 MNuriar Y ainamuri

Flazguliz, L. 1993, Syminoesis in Cell Evolutban, 2nd Ed. W _H. Freeman, Mew York.

Mayrzrd Smith, §. 1989, Generating novelny by symbiosls. Momre (Londond 340: 254-283.

MlcFall-Mgzi, b, 1991, Luminous bacterial symbesls in fsh evoluion: adapoe radialen
amog the leiopgnathid Mshes. Inz L. Marpolis and 3. Fesier, eds, Symbiosis ns & Sournce
af Bwalulipnary lanovation, pp. 381-209, MIT Press, Cambridge,

Frice, PW. 1591, The welb of life: developanent over 3.8 billion years of wophae selmkon-
ships. In: L. Marpulss and B, Fester, eds, Symbiosis As 2 Sounce of Evolulionasy Inno-
wation, pp. 302-272 kUT Fress, Canbidzes.

Raughganden, 1. 1975, Evalutban ef marane spmmbicsls—na simphes cos-bensfic mode], Ecol-
oy SE:1201-1206.

Stanley, G.0. Jr. 1981, Esxrly history of sclersctinlan cornls ond its geologicnl conss-
cucrnces. Goeligy 507511,

Stalis, DB, and 5.B. Virsen, Virusss and parasitism in irssets, Advances in Virus
Bessareh 24:125-171,

Tamaarnura, M 1995, Vemical mansmissicn and evolulian of mutualism from parasibsm.
Thearstical Popelation Biolopy 44:95-10H.



