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ABSTRACT 

Cost-benefit models of the evolution of marine symbiosis and 

mutualism are adapted for algal-invertebrate associations. Dispersal 

of guests into new hosts is affected by life history characteristics 

of the host. Seasonal fluctuations of abundance of either partner 

will affect both dispersal and survivorship of the association. The 

Prochloron-Didemnum symbiosis, an algal-ascidian association in the 

northern Gulf of California is obligate for the alga and facultative 

for the host. Prochloron. the prokaryotic green algal guest is common 

in the summer and very rare in the winter. The host abundance 

fluctuates seasonally in response to various biotic and abiotic 

factors. Asynchrony of abundance may limit the range of obligate 

associations and constrain the evolution of more obligate associations 

in highly seasonal environments. 
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INTRODUCTION 

One of the most obvious and widespread examples of symbiosis 

and mutualism in the marine realm is that which occurs between various 

algae and their invertebrate hosts. Corals, with their dinoflagellate 

endosymbionts build extensive reef systems throughout the tropics. 

Various other coelenterates, again containing dinoflagellates are 

found intertidally and subtidally on coastlines worldwide. Both green 

and blue-green prokaryotic algae (prochlorophytes and cyanophytes) are 

found in numerous hosts from urochordates (Prochloron) to sponges 

(blue-green algae). Foraminiferans and other protists also harbor 

dinoflagellate or green algal gue6ts. Many of these symbioses are 

restricted to the tropics (e.g., corals, the Prochloron symbiosis) 

while others are also found in temperate areas (e.g., anemones). This 

thesis will discuss the evolution of these symbioses and the 

mutualistic behaviors associated with them. 

The first chapter of this thesis will examine the conditions 

favoring the evolution of marine algal-invertebrate symbioses. In it 

I will adapt a model proposed by Roughgarden (1975) to account for the 

special biology of algae as the endosymbiotic guests. I will then 

examine the possible dispersal mechanisms of the guest and how they 

may be related to the life history characteristics of the host. 

Seasonal fluctuations add a dynamic character to the interactions 

between host and guest and the effects of seasonality on the evolution 
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and distribution of symbiosis are discussed in the last section of the 

first chapter. 

In the second chapter, I discuss the results of a field study 

of the effects of seasonality on the Prochloron-Didemnum symbiosis. 

The abundances of both the host and guest were followed over 13 

months. The asynchrony of their seasonal abundance fluctuations is 

suggested as a mechanism constraining both their range and the future 

evolution of this symbiosis. 



CHAPTER 1' 

THE EVOLUTION OF MARINE ALGAL-INVERTEBRATE SYMBIOSIS 

In 1975, Roughgarden developed a simple cost-benefit model to 

examine among other things, the conditions under which symbiosis and 

subsequently mutualism should evolve. It is done from the guest's 

point of view, comparing the relative costs and benefits of a free-

living strategy with a symbiont strategy. Though the model is very 

general, it is designed with animal-animal associations in mind and is 

tested by examining a fish-anemone symbiosis. This paper will briefly 

summarize that model and then will make certain modifications to take 

into account the special biology of endosymbiotic algae as the guests. 

It will then go on to further develop the consequences for dispersal 

of an endosymbiotic existence. 

For this paper, these terms will have the following meanings: 

Symbiosis- Two or more organisms living together with no implications 

about the effects on the fitnesses of either partner. 

Guest or 6ymbiont- will refer to the alga. 

Host- will refer to the animal in or on which the guest is living. 

Parasitism- symbiont increases its own fitness at the non-fatal 

expense of the fitness of the host (+,-) 

Commensalism- symbiont increases its own fitness at no expense to the 

host (+,0) 
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Mutualism- both symbiont and host fitnesses increase as a result of 

their association with each other (+,+) 

The Evolution of Symbiosis 

The first topic addressed by Roughgarden (1975) is the 

evolution of symbiosis or living together. It is assumed that the 

free-living state is ancestral and that mutualism by the guest came 

after the successful formation of a symbiotic relationship. Mutualism 

is thus treated as a separate subject. The model examines the initial 

formation of a symbiosis and compares the fitness of a solitary 

strategist with the fitness of a symbiont strategist. The fitness of 

the symbiont strategist must be greater than that of the solitary in 

order for that strategy to evolve. He derives the following 

relationship: 

PLWa + (l-PL)Wag > WSs CD 

ysg = fitness of an individual not attempting to colonize a host and 

surviving as a free-living individual. 

F = probability that a symbiont strategist finds a host. 

L = probability that the host survives while the symbiont is 

associated with it. 

= fitness of a symbiont strategist who successfully finds a 

host while associated with it. 

Wag = fitness of a symbiont strategist who fails to find a host or 

whose ho6t dies. 
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For the symbiont strategist to be more fit, he further required that: 

Wa > Wss > Wag ( 2 )  

He then defines the costs and benefits to the symbiont: 

C Wss ~ Wag (3) 

B = Wa - W8S (A) 

Substitution and rearrangement yields: 

[PL/(1-PL)]B > C (5) 

This suggests three factors which favor the evolution of symbiosis: 

"(1) the host should be easy to find, (2) the host should survive well 

with the symbiont, and (3) the host should provide substantial benefit 

to the guest" (Roughgarden, 1975). These three factors then predict 

that symbiosis should be more frequent in common species and in 

species with longer lifespans, relative to the host. As Roughgarden 

points out, the third of the three factors is the one most often 

studied and the other two frequently ignored. 

invertebrate symbioses, the cost of search or failure to the 

guest (C) becomes close to zero. Taking dinoflagellates as an 

example, it is difficult to see how the act of being a symbiont 

strategist and failing to find a host is any different than being a 

solitary strategist and not even looking. A planktonic alga, floating 

in the ocean will probably not have a different fitness than a 

planktonic alga floating in the ocean "searching" for a host. Both 

In relating this cost-benefit model to marine algal-
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must maintain themselves in the photic zone, and differences in 

division rate are probably negligible, especially in the early stages 

of the evolution of symbiosis, when there is very little 

differentiation and specialization on a specific host. Furthermore, 

the lifespan of the invertebrate hoBt is usually great in comparison 

to the division rate of a unicellular dinoflagellate. Therefore, W__ & s 

is approximately equal to Wag the cost of search almost zero. 

What is required for symbiosis to be a good strategy is that the left 

side of equation (5) be greater than C. If C approximates zero, 

almost any positive values for P, L, and B will make this true. 

Looking at the biology of the potential hosts suggests that most of 

them are long lived in relation to the division rate of an alga, thus 

L will probably be relatively large. The probability of finding a host 

must be positive, since if P=0 the association could not occur, but 

rare hosts may still have symbionts. So although rarity of hosts will 

still have an effect on the frequency of symbiosis, it will not be as 

important. Finally, the benefit must still be positive, though again 

it need not be large. The benefit need only be slightly greater than 

zero for symbiosis to be a good strategy relative to free-living. 

With such loose conditions for the evolution of the living together 

portion of these associations, it would be surprising if marine algal 

symbioses were rare. 

The Evolution Of Mutualism 

A second area modeled by Roughgarden (1975) is the evolution 

of mutualistic behavior once a symbiosis has evolved. Briefly, here 
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iB a summary of the model beginning with the definition of certain 

parameters: 

^m = probability of survival of a host who is associated with a 

mutualistic guest. 

Lp = probability of survival of a host who is associated with a 

nonmutualistic (i.e., parasitic) guest. 

By definition Lm>Lp 

Wam = fitness of a mutualistic guest when in the associated state. 

Wap = fitness of a parasitic guest when in the associated state. 

By definition Wap>Wam 

^ag = fitness of a guest who has failed to find a host or whose host 

dies. 

Wss = fitness of a solitary strategist: one who does not attempt 

symbiosis. 

The costs and benefits were defined as follows: 

C = wss - Wag> costs of search 

® = ^ap ~ Wam, the sacrifice of the mutualist 

Bmax = Wap ~ Wss» t^ie maximuTI1 benefit of the symbiotic association to 

a guest. 

Using these parameters, the condition under which the mutualist will 

be more fit on average is: 



8 

PLmWam+Cl-PLmJWag > PLpWap+(l-PLp)Wag ^ 

With substitution of C, S, and Bmax this gives: 

[Bmax+C] [(Lm""Lp)/Lml ^ ® 

This formula suggests three factors which will be important in the 

evolution of mutualism: "(1) a host which provides a considerable 

improvement over a purely solitary existence [high B;nax] j (2) a high 

dependency by the guest for the host as reflected in the loss of 

ability to survive in a solitary state resulting from unsuccessful 

host search [C high;Wag low]; and (3) a mutualistic behavior which 

does in fact give a large improvement to the host's survival, i.e., a 

behavior which makes (Lra-Lp) large" (Roughgarden, 1975; additions in 

[ ] are by the author). 

If we again make the assumption that for algal-invertebrate 

symbioses the costs of search are small, the second factor promoting 

mutualism is no longer important and prior dependency by the guest on 

the host is not necessary for the evolution of mutualism in this type 

of symbiosis. Furthermore, because of the way that equation (7) is 

arranged, all of the parameters are compared to the level of 

sacrifice. As S decreases in size, the necessary magnitude of the 

other parameters will also decline. The algal cell membrane is not a 

perfect barrier and some of the photosynthate produced may leak out 

into the host (Smith, Muscatine, & Lewis, 1969). Thus, without any 

other consideration both the mutualist and the parasite may provide 

some benefit to their hosts. If by producing a more accessible 
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metabolite for the host, or by locating themselves in a spot where the 

host has better access to the leaked metabolites the mutualists 

increase the benefits derived by the host, they will be doing so at no 

sacrifice to themselves. By locating themselves in a part of the host 

where they are not directly using host food, but rather host wastes, 

they would again provide a relative benefit to the host at no 

sacrifice. Thus, the differences in fitness of the mutualist and 

parasite may be small and there still may be a substantial benefit to 

the host. 

In summary, using Roughgarden's model and inserting the 

assumption that the costs of search for an algal symbiont are very 

small or zero, these are the factors promoting symbiosis and 

mutualism. 

SYMBIOSIS: 

(1) need a benefit over free~living, but it need not be large. 

(2) hosts may be rare, but there will be an increasing 

probability of an association with more common hosts. 

MUTUALISM: 

(1) need a large benefit over the free-living strategist 

(2) need a large increase in host survival 

(3) both of these must be related to the level of sacrifice; as S 

decreases, the necessary sizes of (1) and (2) will also 

decrease. 
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Geographical Considerations 

With the above mentioned factors in mind, an examination of 

the biology of potential symbionts suggests that the probability of 

conditions favorable for the evolution of symbiosis and mutualism may 

be higher in the tropics than in temperate areas. Limitations on 

growth and division rates of algae can be caused by numerous factors, 

principally: temperature, need to acclimatize, light intensity and 

duration, and nutrient levels (Goldman & Carpenter, 1974). 

Limitations of one or a combination of these factors will reduce 

growth rates and division rates. Even in populations of phytoplankton 

that are dividing at near maximum rate, low nutrient levelB will limit 

standing biomass (Goldman, McCarthy & Peavey, 1979). Geographically, 

the first three (temperature, seasonality, and light) are potentially 

more limiting factors in the temperate and polar oceans. Nutrients 

are at much lower levels in tropical seas (Sverdrup, Johnson, & 

Fleming, 1942). With respect to advantages over the free-living 

strategist, the host will be able to substantially alter nutrient 

levels, and perhaps to a much lesser degree the others. Therefore, 

areas where nutrient limitations are the major limiting factor on 

fitness (division rates or standing crop) will have symbioses with the 

largest Bmax* *n temPerate oceans, with their upwelling and 

seasonally higher ambient nutrient levels, the average difference 

between ambient and host nutrient levels is smaller. Hosts will not 

be able to seriously alter other factors limiting reproduction and 

therefore, BjQax will be smaller. 
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A consequence of this predicted limitation on Bmax 

temperate areas is a possible lower overall rate of division by the 

symbionts. The amount of ambient light will be lower and energy must 

be used to adjust to seasonal temperature changes. If the division 

rate is substantially lower, this will decrease L, the probability 

that the host survives while with the symbiont, since the symbiont 

lifespan may no longer be substantially less than the hosts. This 

will in turn increase the cost of symbiosis, C, above zero and make 

the conditions favoring symbiosis more stringent. 

A second geographical consideration in the evolution of 

mutualism is the increase in fitness of the host* Tropical reef 

environments, where a large proportion of the common algal -

invertebrate symbioses are found, are characterized by intense 

competition for space (Connell, 1976; Sebens, 1976) where the ability 

to outgrow neighbors and thus maintain a place on the reef is at a 

premium. Any incremental increase in growth which would allow the 

tropical reef dweller to better maintain its position on the reef 

would substantially increase its fitness. 

The tropics therefore appear to have conditions conducive to 

the establishment of both symbiosis and mutualism, and for at least 

some factors, temperate areas may be less suitable. Symbiont 

strategists will have higher fitnesses than solitary strategists 

because of the nutrient inputs from the host. Temperate hosts may be 

able to provide less of an addition to nutrient levels compared to 

ambient. Finally, in tropical oceans conditions exist which enable a 

large increase in host survival with a mutualistic symbiont. Thus, 
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there exists the possibility of a tropical bias in the probability 

that a mutualistic algal - invertebrate symbiosis will evolve. 

Host and Guest Life Histories 

The previous section dealt with the evolution of first 

symbiosis and then mutualism from the free living ancestors. The 

model compares the fitness of an individual following a solitary 

strategy with that of a symbiont or mutualist strategist. The fitness 

is presumably measurable in terms of net rates of reproduction or 

clone population growth. Reproduction in symbiotic algae may be 

almost entirely asexual (Bold & Wynne, 197 8). These algae are also 

usually endosymbiotic, contained in various places within the hosts 

body. The probability of encountering a host, P, will be between zero 

and one for the first, free-swimming, symbiont strategist. For the 

following "generations," born within the host, P = 1. Therefore, it 

is not enough to look at the fitnesses of the individuals in the 

system; the fates of clones must be followed. 

Assuming for the moment that there will not be any attempts by 

a host to rid itself of a mutualistic guest, the alga should remain 

inside the host from the time of infection until the host's death. 

Depending on the supplies of nutrients and light, the alga will divide 

and produce asexual copies of itself. Its future fitness will not be 

a direct function of the reproduction that occurs within the host, but 

must rather be related to the fate of those cells which leave the host 

during its lifetime. Cells dying when the host dies are obviously not 

contributing to the further fitness of the clone. Thus, the dispersal 
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of symbionts either back into the 6ea or into another host becomes an 

important factor determining the fitness of the symbiont strategist. 

There are two possible mechanisms of dispersal. The cells can 

disperse out of the host and search for a new host, or they can be 

associated and disperse with the larvae of the old host. That this 

provisioning of larvae does occur (Kott, 19 80; Atoda, 1951) shows it 

to be a viable alternative dispersal strategy. Cells which are 

dispersed out into the ocean will again have some probability, P, of 

contacting a host. For cells provisioned on larvae, P = 1, but host 

larval mortality must be taken into account. 

In looking at the dispersal strategies of a mutualistic 

symbiosis, the level of host dependency or compatability that has 

evolved must be taken into account. Many hosts may be adequate, but 

one may be better than the rest. Because of coevolution with a 

particular host, there will be differences in the benefit provided to 

the host and the corresponding return benefits. Algal cells 

inhabiting a host other than their optimum one release lower levels of 

photosynthates and experience lower rates of cell division (Schoenberg 

& Trench, 19 80b). 

There is also the possibility of multiple infections of a 

single host and potential competition between algal hosts. If 

competition occurs by preemption of space within the host, there would 

be a benefit to keeping a large standing stock of cells to maintain 

position in the host and provide the necessary pool of dividing cells 

from which to outgrow the other clone. This would conflict with a 

necessity to dump out large numbers of dispersants at a specific time 
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such as during host reproduction, Isozyme studies o£ the algal 

symbionts from 40 coelenterate hosts by Schoenberg & Trench (19 80a) 

suggest that only one symbiont type inhabits any single host. Whether 

this is due to single infection of a host, or competition by a 

superior strain eliminating other clones is unknown. For the purposes 

of this model 1 will assume that there is only one clone per host. 

First, we will examine the search strategy. We can define 

three different fitnesses of an algal cell already adapted to live 

within a particular host: 

Wao = fitness of the symbiont with its optimum host 

= fitness of the symbiont with alternative hosts 

Wag = fitness of the symbiont failing to contact host 

These fitnesses will be analogous to the division rates of the cell in 

each of those conditions. A free floating cell will encounter hosts 

with the following probabilities: 

PD - probability that a dispersed cell will contact the optimum host 

= probability that a dispersed cell will contact an alternate host 

- probability that it will not contact a host 

Where: 

<Po + Ph + Pg e 1) 
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Thus, the potential fitness of a free-floating dispersed cell "in 

search of a host" will be: 

WaoP0 + WahPh + WagPg (8) 

The cell fitnesses in the new hosts will give an estimate of the 

number of cells available for dispersal from the new hosts. 

Multiplying equation (8) by the number of cells available to be 

dispersed yiil give the fitness of a clone adopting a pure 

dispersal strategy. 

The fitness of a pure provisioner strategist will be related 

to the number of larvae produced by the host, their eventual survival 

and the probability of infecting the larvae. The fitness of an algal 

cell attempting to provision a larva will be: 

wao Pi Phs (9) 

Where: 

Pi = the probability that an algal cell will provision a larva 

p^g = probability that the host larva will survive 

The probability of infecting a host larva, W£H depend on the 

number of host larvae, the number of guest cells available for 

dispersal and the nature of the provisioning. If there are many more 

algae than host larvae, Pi wil1 be his*1* If there are few available 

algal cells and the numbers of host larvae are high, P^ win be low. 

Successful provisioning requiring large numbers of algal cells per 
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larvae will lower Pi* Thus* the fitness of a clone will be the sum of 

the fitnesses of the cells dispersed through each strategy times the 

proportion of cells available for dispersal that are involved in each 

strategy: 

I^p (Wgo p£ Phs) + (l~^pXWaoPo + Wah^h + WagPg)] (10) 

Na = the number of algal cells available for dispersal 

Xp = the proportion of Na allocated to a provisioning strategy 

The proportion of cells allocated to each dispersal strategy 

will depend on the relative fitnesses of cells in each strategy and on 

the number of larvae provisionable. If either strategy results in a 

greater per cell fitness, there will be selection for that strategy to 

predominate. If provisioning is the better strategy, the number of 

cells provisioned will be limited by the number of larvae. An algal 

clone incapable of provisioning all of the larvae will concentrate on 

the provisioning strategy. A clone which can provision all of the 

larvae will disperse the remainder through the water to search for a 

new host. 

Certain host characteristics will favor provisioning of larvae 

by the symbiont. 1) Hosts producing a few offspring with high 

survivorship will increase P^g and the low numbers of offspring will 

increase the probability that most can be provisioned. This may also 

be accompanied by internal development, which might facilitate 

provisioning. 2) Very low population densities of the primary host 

and the alternate hosts will also favor provisioning, by making 
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success as a disperser low. 3) In associations that are highly 

obligate for either partner, there will be selection to insure that 

the symbiosis remains intact and this may include larval provisioning. 

4) Hosts that reproduce asexually through budding would provide a 

second means of guest reproduction under the heading of provisioning. 

The survival of these "larvae11 would be high, the ability to provision 

would be high, and in species with large amounts of asexual 

reproduction, this may contribute greatly to guest fitness. 

Other host characteristics may favor a dispersal strategy. 

1) In host species that are very common and the probability of 

finding a new host is high, a dispersal strategy may be advantageous. 

2) If the host produces many offspring of low survivorship, the guest 

may not be able to provision a large proportion of them, thus 

compounding any low survivorship. Large numbers of larvae may also 

mean external fertilization and development, thus presenting 

difficulties for provisioning. 3) If the fitness of the symbiont is 

high in the alternate hosts, and they are common. 4) The 

possibility of prior occupation is also important. If the presence of 

another symbiont prevents the settlement of a new guest, these 

otherwise acceptable hosts will not be available. Therefore, the 

probability of finding a new host may be lower than their abundances 

would indicate. Since a provisioner ie assured of prior occupancy, 

the distribution of the other strategists within the other hosts in 

the dispersal area will also play a role. 

In tridacnid clams (Yonge, 19 80) and some corals (Yonge & 

Nichols, 1931) part of the control relative to dispersal is made by 
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the host. The algae grow very fast relative to the growth rates of 

the hosts. In each case, the hosts cull out a certain fraction of the 

algae and release then into the sea. The fate of these algae as 

disper6ants is unknown. However, this illustrates the point that both 

the alga and the host require the same nutrients and an overabundance 

of algal cells with their concomitant use of nutrients may not be 

compensated by the photosynthate provided. Mechanisms should, and in 

many cases do, exist for host control of the number of symbionts 

present. In times of stress or low light, hosts will maintain their 

symbionts for extended periods. If there is no change of conditions, 

the algal cells will then be discharged and the host will take up an 

aposymbiotic existence (Muscatine, 1974; Be1, Spero & Anderson, 

19 82). 

Synchrony of Abundance 

The consideration of clones as the individuals in a 

mutualistic association will change the difference in life spans of 

host and guest from very great to very small. The fitness of the 

clone will be related to the number of new associations formed and 

their eventual fitness. In the mutualistic association there may be a 

relationship between the number of algae and the benefit derived by 

the host: more algae will mean more photosynthate. For the host, 

fluctuations in the numbers of symbionts will lead to fluctuations in 

its own growth rates and survivorship. For the alga, fluctuations of 

host abundance and health will restrict numbers of new larvae and 

potential hosts available for colonization. Therefore, the seasonal 
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abundance changes of the members of an association will have an impact 

on the fitnees of each member. 

Steadily greater levels of specialization of a host or guest 

on a specific association can lead to higher levels of obligateness by 

either. Presumably the facultative case, where both members of an 

association are able to survive without the other, is primitive. The 

case where both are obligate is derived, with or without the 

intermediate condition of one facultative and the other obligate. 

Associations can be obligate in two senses. First, they can be what I 

call an absolutely obligate association. In this case, the obligate 

member is unable to survive without the other. This may be for a 

variety of reasons, 6uch a6 dependences on micronutrients or other 

chemical substances. Secondly, an obligate association can have a 

fitness dependence, where under artificial situations, one partner can 

live without the other, but in its natural setting, it is not capable 

of surviving. Thus, there are four levels of associations: 

A - no association 

B - facultative 

C - fitness dependence 

D - absolute dependence 

The hypothesized pathway will be: 

A -> B -> C -> D 

There is, however, no reason that C must be present for D to evolve. 

Each step is a step towards greater dependence and as 6uch, 



2 0  

fluctuations of abundance and health of one partner will have a 

proportionately greater effect on the other. 

In an association where both partners are obligate, any 

decrease in the health or abundance of one partner will affect the 

fitness of the other. One of the most obvious and widespread causes 

of abundance fluctuations is seasonality of the environment. Another 

is interactions with the other organisms in the environment. The 

effects of these factors on the alga and its host will not be the 

same. Anything which kills the host will usually kill the 

endosymbiotic alga. However, many of the algae may die and the host 

still survive or survive until reinfected. Some factors, such as 

temperature, may adversely affect the alga, with no direct effect on 

its animal host. Thus, environmental factors, both biotic and abiotic 

that affect the abundances of each partner may not be the same. 

Any asymmetries of abundance will affect both the evolution of 

a more obligate symbiosis and the spread of an obligate association 

into more seasonal areas. The following field study illustrates this 

point. The association is obligate in much of the tropics. The alga 

may be unable to tolerate cold temperatures and in more seasonal areas 

will experience a winter decline in abundance. The animal does not 

seem to be directly affected by temperature, but is often seriously 

affected by other biotic and abiotic factors in its habitat. In 

comparing the fitnesses of a facultative with an obligate host, the 

obligate would suffer a winter decline in abundance not suffered by 

the facultative, reducing its fitness. This asynchrony of abundance 

will limit the obligate association to tropical, less seasonal areas. 
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The evolution of a more obligate symbiosis in this area may be 

prevented for the same reasons. 

Seasonal asynchrony of abundance will also affect dispersal. 

The probabilities of dispersed, free-floating cells contacting the 

optimum host will change over time as host abundance fluctuates* To 

maximize its chances of contacting the correct host, the clone must 

disperse cells when host abundance is highest. If the host abundance 

fluctuates in an unpredictable way, the time of maximum host abundance 

may be hard to predict, especially for an endosymbiotic alga. Even 

with a regular seasonal fluctuation, the algal abundance must be high 

at that same part of the year. A guest that provisions may need to 

coincide its peak abundance with its hosts period of larval release. 

If in both cases, the alga has little control over when its abundance 

peaks (e. g., division rate is controlled by temperature) these 

necessary synchronies will be hard to evolve. The host will then have 

to balance the relative value of its guests versus the other extrinsic 

factors affecting its overall fitness. 



CHAPTER 2 

THE PROCHLORON SYMBIOSIS 

Prochloron is a prokaryotic, unicellular alga with unique 

pigments and ultrastructure. It lives symbiotically with various 

species of ascidian tunicates of the family Didemnidae. This 

symbiosis is restricted to the tropics in areas where the water 

temperature rarely drops below 20° C. In most of the Prochloron 

symbioses that have been discussed in the literature (Kott, 1977, 

19 80), Prochloron i6 inside the animal and the association is obligate 

for both partners. In other cases, less well discussed due more to a 

lack of interest than abundance, Prochloron is found on the surface of 

the didemnid. In these facultative symbioses, the animal is often 

found without the alga. Prochloron. however, is restricted to this 

family of hosts and has never been found elsewhere. 

This association is a good candidate for the study of the 

effect of seasonality on a symbiosis. Prochloron is found on the 

surface of Didemnum candidum. in the northern Gulf of California. 

This is the northern extreme of the range of Prochloron. though 

didemnid species are found along most of the Pacific coast. The 

northern gulf is a highly seasonal environment, with large 

fluctuations of 6ea and air temperatures. By following the abundance 

changes of both the animal and the alga on its surface, the effects of 

seasonality on each may be discerned with some degree of independence. 

22 
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Didemnids ace colonial filter-feeding urochordates consisting 

of a number of individual zooids covered by a protective tunic, all 

sharing the same common cloacal system. When Prochloron occurs 

internally, it is most often found within this cloacal system. It has 

also been found in most other parts of the animal's anatomy, including 

one association where the algal cells may be intracellular. In the 

surface associations Prochloron occurs as a thin film, a few cells 

thick, with a denser layer concentrated around the excurrent pores of 

the cloacal system. 

The spherical Prochloron cells range from about 7-14 y^m in 

diameter. They are definitely prokaryotic as 6een through light 

microscopes and confirmed by electronmicroscopy. Pigment composition 

and ultrastructure set Prochloron apart from other prokaryotes (Lewin, 

19 81). It contains both chlorophylls a and b and lacks phycobilin 

pigments. The thyllakoids are stacked in a manner similar to the 

stacking of green algal and higher plant chloroplasts. Because of the 

many similarities, Prochloron has been suggested to be a descendant of 

the hypothetical ancestor of the chloroplast. 

This study examines the effect of seasonality on the Prochloron 

symbiosis in the northern Gulf of California* The study of the 

symbiosis at the northern extreme of its range may shed some light on 

the ecology of the symbiosis in tropical areas. This study also is 

relevant to the above model and its predictions about the role of 

aysnchrony of seasonal abundance in the evolution of algal-invertebrate 

symbioses and the temperate limits of their range. The seasonal 
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asynchrony of abundance of the host and guest demonstrate the possible 

effects of seasonality on an algal-invertebrate symbiosis. 

Materials and Methods 

Investigations were conducted in the vicinity of Puerto 

Penasco, Sonora, Mexico in the northern Gulf of California (Fig. 1). 

The study site was Las Conchas reef, located about 400 m east of the 

Center for the Study of Deserts and Oceans (CEDO), a marine research 

station, and approximately four kilometers east of Punto Penasco. The 

intertidal zone in this area consists of two flat coquina reefs 

separated by several large shifting sandbars. One reef at a tide 

level of -0.3 m was named the "upper reef" and the reef at a tide 

level of -1.5 m was named the "lower reef." Tide levels refer to 

those in the tide calendar for the northern Gulf of California for 

19 81 and 19 82 (Thomson, 19 80, 19 81) and are relative to 0 m at mean 

low water for the irregular, semidiurnal tides in this area. 

Monthly mean sea surface temperatures range from approximately 

12o c to 31° C and monthly mean air temperatures range from nearly llo C 

in winter to 30° C in summer (Thomson and Lehner, 1976). Daily extreme 

sea temperatures in winter have been measured as low as 9° C and in 

summer as high as 32° C; daily extreme air temperatures have been known 

to reach —8° C in winter and over 40° C in summer (Thomson and Lehner, 

1976). Temperature data during this study were collected by the 

resident marine biologist at CEDO, with surf temperatures measured 

twice daily (morning and evening). The tidal range can be as great as 

7 m during spring tides. The gulf has a relatively low energy 
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coastline compared to the rest of the Pacific coast of North America, 

with periods of storm and Burf occurring in late winter and again in 

mid-summer. 

The taxonomic identity of the organisms studied is uncertain 

because the didemnids of the northern Gulf of California have not been 

adequately studied. The white didemnid on which Prochloron occurs was 

identified by Ralph Lewin (Scripps Institute of Oceanography, La Jolla, 

CA) as Didemnum candidum because it appears identical to specimens of 

this species that he collected from farther south in the Gulf of 

California. The other didemnid species in the area have not been 

identified and will be referred to by color (e.g., gray didemnid, 

orange didemnid). The gray didemnid may be a different form of D. 

candidum (R. Lewin, pers. commun.). Nevertheless, it is quite 

distinct in the field and was never observed with patches of 

Prochloron on its surface in the Puerto Penasco area. 

The specific epithet of Prochloron is also in question. The 

type specimen of Prochloron was found on a species of gray didemnid in 

the central Gulf of California and was named Prochloron didemni by 

Lewin (1976). Researchers in Australia have reported that they can 

identify several distinct Prochloron species on the basis of 

morphological differences (Pugh,1976; Guy Cox, pers.commun). However, 

Chapman and Trench (19 82) point out that, regardless of 

interpopulational differences in morphology, chlorophyll a to b ratio 

and photosynthetic performance, the existence of more than one species 

Prochloron has yet to be demonstrated. This taxonomic problem is 

confounded by the difficulties of culturing this organism in any 
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significant amounts (Lewin, 19 81; Patterson & Withers, 19 82). In the 

present paper, the organisms involved in the symbiosis will be 

referred to as Didemnum and Prochloron. 

Transects to determine the abundances of Prochloron and 

Didemnum on the upper and lower reefs were conducted at least once a 

month from May 1981 to May 19 82. From previous observations, the 

general habitat of Prochloron at Las Conchas was identified as one of 

vertical or overhanging ledges, and the transects were restricted to 

this habitat. For each transect, a measuring tape was laid along a 

reef ledge parallel to the shore. At 1 m intervals along this tape, a 

10 cm x 10 cm quadrat was placed on the face of the ledge where the 

substrate was vertical or under an overhang. The reefs are highly 

convoluted and this habitat is very common. 

Didemnids in each quadrat were counted and assigned to one of 

three size classes: <1 cm, 1-4 cm, >4 cm maximum diameter. Occurrence 

of Prochloron was determined by visual inspection in the field. The 

number of colonies in each size class with visible Prochloron was 

recorded. Although amount of Prochloron on the colonies was not 

measured, these colony counts reflect changes in Prochloron abundance 

as well a number of colonies "infected." Fifty quadrats were sampled 

on each reef, for a total of 100 on each sampling date. On several 

occasions tides were not low enough to allow time to sample SO quadrats 

on each reef; in these cases the abundance values were adjusted to 

those for 50 quadrats per reef. 

Permanently marked quadrats or "photo plots" were photographed 

monthly to follow changes in Didemnum colony size and Prochloron 
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abundance. An initial series of 10 photo plots (Series A) was begun in 

May 1981. Each photo plot consisted of a portion of a ledge on a reef 

marked with a flagged nail, containing one to several Didemnum colonies 

with Prochloron. Series A was followed through September 19 81. A 

subsequent series of nine photo plots (Series B) was begun in October 

19 81 and followed through May 19 82. Series B photo plots were marked 

by small nails at the top two corners of a 10 cm x 10 cm square to 

facilitate relocation of the same place on the ledge. Slide 

transparencies of photo plots on each sampling date were examined to 

determine changes in abundance of Didemnum colonies with Prochloron 

and to note possible causes for these changes. 

Results 

Seasonal patterns of abundance were the same on the upper and 

lower reefs at Las Conchas. Abundance of Didemnum colonies on each 

sampling date was calculated by combining the data for transects on the 

two reefs. Abundance of Didemnum colonies varied greatly over the year 

of sampling, with peaks of abundance in September, December and early 

March (Fig. 2). Relative frequencies of colonies in the three size 

classes were roughly the same throughout the year, although the 

smallest colonies showed the largest month to month fluctuations in 

abundance (Fig. 2). No single-season peak in Didemnum colony abundance 

was observed. 

Abundance of Prochloron. expressed as percentage of Didemnum 

colonies with Prochloron. varied in a regular way. Abundance 

increased to a peak in mid-summer and then decreased steadily to a 
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very low level for most of the winter (Fig. 3). During May to 

October, when the sea Burface temperature was above 21° C, the 

abundance of Prochloron was closely correlated with sea temperature 

(Fig. A). Prochloron was found more frequently on the two larger size 

classes of Didemnum colonies (Fig. 3). When abundance of Prochloron 

was greatest, in late July, 69% of the colonies >4 cm in diameter were 

found with Prochloron. At this time 43% of colonies of the three size 

classes combined were observed with visible Prochloron. Colonies <1 

cm in diameter were least likely to contain Prochloron and in March 

19 82, when overall Prochloron abundance was at its lowest level during 

the year's sampling, no colonies <1 cm in diameter were observed with 

Prochloron (Fig. 3). Coverage of individual colonies by Prochloron 

was variable, ranging from small patches only a few millimeters in 

diameter to nearly complete coverage of the colony by a thin green 

film. Rarely was a colony completely covered. 

Transect data were used to determine whether the frequency of 

Didemnum colonies with Prochloron was related to total colony 

abundance. For each sampling date on upper and lower reef transects, 

the correlation (r) between number of colonies with Prochloron and 

total number of colonies in each size class was calculated. Counts of 

colonies were transformed to square roots, as Sokal and Rohlf (1969) 

recommend for such data. Correlation analyses showed that the 

frequency of colonies with Prochloron was independent of total colony 

frequency, regardless of position in the intertidal or colony size. 

The photo plot data revealed some likely causes of changes in 

Didemnum abundance from one month to the next (Table 1). Sudden 
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Table 1, Frequency of Sand Burial and Overgrowth by Sessile 
Organisms of Didemnum Colonies with Prochloron in Photo Plots at Las 
Conchas Reef. 

Monthly census when overgrowth was first noticed is indicated 
in parentheses. 

Overgrowth Series A Series B 
organisms May - Sept. 1981 Oct. 1981 - May 1982 

(N = 10) (N = 9) 

Membranipora sp. 4 3 

(3 in June; 1 in July) (2 in Feb.; 1 in March) 

Branched bryozoan 0 1 

(1 in Dec.) 

Gray didemnid 0 4 

(4 in Nov.) 

Lavender sponge* 2 0 

(2 in July) 

Eventually buried 

by sand 

* Tentatively identified as Haliclona aff. permollis (Bowerbark) based 
on description in Hofknecht (1978). 
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shifts in the location of the sandbar that separates the two reefs 

resulted in eventual sand burial of 11 of the 22 photo plots 

established on the upper reef (two in Series A, all nine in Series fi). 

Partial or complete overgrowth of Didemnum colonies that originally 

had some Prochloron on their surfaces was also observed (Table 1). 

Six of 10 Series A photo plots and seven of nine Series B photo plots 

showed decreases in Didemnum cover and concomitant increases in cover 

of other sessile colonial invertebrates. Membranipora sp. was 

responsible for about one-half of the instances of overgrowth in both 

series of photo plots (Table 1). This crustose bryozoan was often 

found completely covering otherwise healthy Didemnum colonies. 

Membranipora. however, appeared to grow in pulses and did not persist 

in a photo plot for more than a few months. 

Discussion 

Abundance of Didemnum colonies with Prochloron at Puerto 

Penasco was lowest during the coldest months of the year. From May to 

October, when water temperature was above 21° C, abundance of colonies 

with Prochloron correlated with sea temperature. Plotting frequency of 

Didemnum colonies with Prochloron versus temperature for the May to 

October data (Fig. 4) yielded a regression line that crosses the 

temperature axis at 21.5° C, i.e., predicted abundance of Didemnum 

colonies with Prochloron at lower temperatures is zero. Nevertheless, 

colonies with Prochloron persisted at low levels of abundance 

throughout the winter when temperatures dropped as low as 12o C. 

Prochloron is not generally found in areas where temperatures fall 
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below 20° C (Lewin, 1981). In the highly seasonal northern Gulf of 

California, Prochloron may only be able to grow from May to October 

when sea temperatures exceed this 20° C threshold. Thus, abundance of 

colonies with Prochloron is correlated with temperature only during 

this period of favorable growth conditions. During the remainder of 

the year, when temperatures are below the 20° C threshold, the population 

of Prochloron cells may suffer a net decrease in numbers because of 

mortality and decreased rate of cell division. Photoperiod changes 

seasonally with temperature and could also affect growth of the 

Prochloron population. 

Abundance of Didemnum colonies on the transects varied 

considerably from month to month, although no seasonality was 

discernible. Peaks were observed in September, December, and early 

March. The major increase in number of colonies on the transects in 

September was due to an increase in the number of small colonies (Fig. 

2). This increase could be the result of large-scale settlement of 

larvae in the preceding month, but because didemnid colonies divide and 

bud (Cowan, 19 81), the increase may have been a result of asexual 

reproduction. The increase in December was for all size classes. The 

photo plots show large amounts of new space opening on the reef as a 

result of a die-off of the algal turf. The peak in March is due to the 

lack of a lower reef sample* The lower reef abundance was one-half 

that of the upper reef in the previous two and the immediately 

following census dates. 

Competition, predation, and movement of sand may contribute to 

local changes in Didemnum and Prochloron abundance. The crustose 
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bryozoan, Membranipora. grew over and killed 7 of 19 colonies in the 

photo plots (Table 1). This bryozoan i6 one of many potential 

competitors for space in the under-ledge habitat. The small 

pomacentrid fish, Abudefduf troschelii. was observed in the laboratory 

eating exposed Didemnum colonies with Prochloron. Over one-half of 

the photo plots (11 of 19) were buried by sand. Observations indicate 

that such burial is a common cause of mortality of under-ledge 

organisms, including Didemnum and Prochloron. 

The frequency of colonies with Prochloron in all size classes 

increased almost nine times between May and August 19 81. This massive 

increase in abundance suggests that somehow Prochloron is transferred 

from one adult colony to another or that a few algal cells not visible 

to the naked eye survive the winter, then divide and spread over the 

colony surface in spring and summer. 

The means by which Prochloron occurring externally on didemnids 

may be transferred from one colony to another ha6 not been observed. 

9 

However, Prochloron cells are carried in pouches on the larvae from 

many didemnid species with internal Prochloron (Lewin 19 81). 

Didemnid larvae develop within the test of a colony and at a late stage 

of development the larvae break through the surface of the colony (van 

Duyl, Bak & Sysbesma, 19 81). In didemnids where Prochloron occurs only 

on the external surface of colonies, cell6 may adhere to.these escaping 

larvae and be carried along to new colonies. Single cells might be 

transported in the water from one colony to another, but Prochloron has 

never been observed separated from a host in nature. Moreover, the 



37 

difficulty of culturing Prochloron (Lewin, 19 81) suggests that a free-

floating existence is unlikely. 

In Puerto Penasco, the symbiosis is obligate for Prochloron but 

not for Didemnum. in contrast to the mutually obligate internal 

associations in tropical areas (Lewin, 1981). In mid-summmer at 

Puerto Penasco, less than one-half of all Didemnum colonies were found 

with Prochloron and rarely was an entire colony surface covered with 

algal cells. It appears likely that even in summer many large and 

small colonies are devoid of Prochloron. in contrast to the apparently 

inseparable nature of the internal associations in tropical areas. 

Frequency of colonies with Prochloron at Puerto Penasco was found to be 

independent of total colony abundance. These results suggest that 

availability of Didemnum surface area does not limit Prochloron 

abundance. 

This study has shown that Prochloron and its didemnid host 

respond differently to seasonal changes in the environment. Didemnum 

does not apparently rely heavily on photosynthetic products from 

Prochloron for its nutritional needs, otherwise one would expect it to 

r show a seasonal cycle of abundance similar to that of Prochloron. 

Pardy and Lewin (19 81) have demonstrated a transfer of metabolites from 

internal Prochloron to two host didemnids in tropical Palau Islands. 

Many of these tropical, internal associations appear to be obligate for 

both members (Kott, 19 80). If the nutrition provided by internal 

Prochloron is necessary for the survival of its host, cold temperatures 

might limit the growth of internal Prochloron and thereby limit the 

growth and abundance of the obligate host. This may prevent the 
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northern or southern expansion of the ranges of obligate Prochloron 

symbioses into cooler seas. 

The evolution of an obligate association may also be limited by 

the same factors. In comparing the fitness of the facultative 

association presently in the Gulf with an obligate one, the obligate 

association will suffer a winter decline not experienced by the other. 

If the obligate association were limited to the abundance of colonies 

with Prochloron found in Puerto Penasco during the winter (a few 

colonies per reef), it would be susceptible to local extinction, from 

the biotic and abiotic factors affecting all under-reef organisms. 

Xhinh, Griffiths & Ngan (1981) examined the seasonal cycle of 

an obligate symbiosis between Prochloron and Diplosoma virens at the 

southern edge of its range, near Townsville, Australia. This 

association, living in a lagoon, had two peaks of abundance, one in 

the southern hemishpere spring and a second in the fall. Over the 

summer, the association was absent entirely and repopulated in the 

fall from colonies outBide of the lagoon. They suggest that the 

summer absence was due to death of the animal caused by low lagoon 

salinities from the summer monsoon rains. As hosts died, the algae 

also showed 6igns of distress, with lower rates of photosynthesis and 

lower colony levels of chlorophyll. Their data also show a winter 

minima of abundance, when temperatures fall as low as 20° C. The 

results from the Gulf suggest that this winter minima is due to 

restrictions on the alga from cold temperatures. When one organism in 

this association suffers, both suffer, and any effects of seasonality 

on each will affect both. 



CONCLUSIONS 

1) Adaptation of Roughgarden's (1975) model to algal-

invertebrate symbioses yields quantitatively different results. An 

increase in fitness (benefit) over free-living is necessary, but it 

need not be large. The relative rarity of the hosts will also be a 

factor, but because of the low costs of symbiosis in this case, even 

rare hosts can harbor symbiont s. A large benefit to the symbiont 

strategist over free-living will favor the evolution of mutualism as 

will a large increase in host survival resulting from mutualistic 

behavior by the guest. 

2) Of all the factors affecting the growth rates of an alga, 

only availability of nutrients can be seriously altered by the host. 

Since the difference between background nutrient levels and host 

nutrient levels will be greatest in the tropics, there may be a 

geographical bias in the origination of mutualistic symbioses. 

3) Once an algal symbiont has established itself in the host, 

the ability to disperse out of that host to new ones will determine 

its future fitness more than its division rate in the host. 

Establishment of new colonies can be accomplished by dispersal through 

the water or by provisioning of host larvae. Hosts producing a few 

larvae of high survivorship, hosts with internal fertilization and 

larval development, rare hosts and hosts with obligate associations 

are predicted to have provisioning strategist guest6. Hosts producing 

39 
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many larvae of low survivorship, hosts with external fertilization and 

pelagic larvae, and abundant hosts are predicted to have guests that 

disperse cells into the water column to reinfect new colonies. In any 

case, the dispersal through the water is the default strategy. Any 

cells not provisioned into a host's larvae can be released into the 

water column. 

4) Abundance fluctuations over time will add a dynamic aspect 

to the problems of dispersal and fitness. Probabilities of finding 

hosts will fluctuate and periods of host larval release may or may not 

coincide with peaks of algal abundance. Xn obligate associations, 

effects on one member of the Bymbiosis will affect both members and in 

some areas this may select against an obligate association, in favor 

of a facultative one. 

5) The Prochloron symbiosis shows an asynchrony of seasonal 

abundance in the extreme edges of its range. The algal abundance is 

limited by low temperature and it has a winter minimum of abundance. 

The animal is not directly affected by temperature and its abundance 

fluctuates irregularily over the year in response to other factors, 

both biotic and abiotic. This asynchrony would make the fitness of an 

obligate association lower than a facultative association and may 

prevent both the evolution of higher levels of obligateness and the 

expansion of a more obligate association into more temperate, seasonal 

waters. 
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