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HE study of acquired humoral resistance to infectious agents has
Treceived
just attention in the past 50 years. The antigen-antibody
concept has dominated a considerable portion of our thoughts and experiments on resistance of animals and has reached a high state of mutation
in the field of immunochemistry. We have tended to neglect detailed
analyses of many phenomena of host-parasite incompatibility which have
their origins in certain other qualities of hosts and parasites.
Dubos (1954) has pointed out that present-day literature usually describes disease as a conflict, one party being an "invader" and the other
using "defense mechanisms." We are accustomed to thinking in terms of
the resistance or susceptibility of the host to the parasite. However, the
host and the parasite may be regarded as an entity, and we may think in
terms of those factors which act to prevent the establishment of this entity. In these telms, resistance and susceptibility will obviously involve
attributes of the parasite or the host, or, as is more often the case, both,
and would embrace that perennially favored subject for speculation, host
specificity.
Schneider (1951) argued cogently that we should distinguish sharply
between resistance and susceptibility. These terms were operationally defined from experience with nutritional factors: those factors in the nutrition which when withheld from the host decrease the extent or effect
of an infection and when supplied increase the effect were termed "susceptibility factors." Those nutritional factors which when withheld increase the extent of infection, and when supplied decrease the effect,
were termed '5-esistance factors." I agree with Schneider's suggestion that
we are dealing with separable phenomena and his choice of tenns seems
reasonable. However, the definitions, as presented by Schneider, are useful only in considering the relation of nutrition to disease. It seems to me
that we may conveniently deal with resistance and susceptibility as separate concepts in more general terms. What we are trnly dealing with in
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the case of susceptibility are those aspects of the environment furnished
by the host which are not directly dependent on previous or present occupation by the parasite. In other words, susceptibility is a physiological
state of the host in which the parasite is supplied with its life needs and
insusceptibility is the state in which these life needs are not satisfied,
neither state involving a host response to the parasite. There would obviously be intergrading conditions.
Resistance may be defined as those alterations of the physiological
state of the host which represent a response to previous or present experience with the parasite or a chemically related entity. In this category
antibody production would, of course, be included. Clearly in an individual host we may have both susceptibility and resistance. By these
definitions we may have a highly susceptible host which is also a highly
resistant one.
In preparing the following discussion, an attempt has been made to
discard resistance, as defined above, from consideration. At the same
time, some attention has been given to some partners in parasitism,
ordinarily falling in the jurisdiction of plant pathology. The latter course
of action seemed desirable because of what the present writer considers
to be an unjustifiably complete separateness of students of plant and
animal disease phenomena. The disadvantages of this separateness are
readily seen in the history of the sciences of infectious disease. Prdvost
(1807) demonstrated conclusiveIy that wheat bunt is an infectious disease
and that the etiological agent is a microorganism. He devised a chemotherapy for the disease and distinguished between fungicidal and fungistatic effects. Comparable work with animals was not forthcoming for
almost 40 years. It may be significant that Pasteur's studies on infectious
diseases in animals developed from his studies on the "diseases" of nonzoological materials, beer and wine.
In this paper I shaU attempt to present evidence to support the general
concept that insusceptibilities to the attainment and maintenance of
parasitisms are widely distributed and probably common in nature.
The pretense cannot be made that this is a complete review of the examples available in the literature. It may also be added that with a moderate
effort many other examples can probably be discovered in nature.

I t seems obvious that for the establishment of parasitism, the environmental characteristics in or on a host must be compatible with the life
requirements of the parasite. More than this, if the initial events of
establishment involve multiple physical or chemical stimuli leading to
the alteration of behavioral or other physiological characteristics of the
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parasite, it may be expected that the duration and sequence of these environmental stimuli may be important in promoting or preventing establishment of parasitism, What is the evidence that specific chemical substances, produced by the host and not representing a response to the
parasite, interfere with maintenance of parasitism? A number of examples
are available,
No discussion of this subject should overlook the studies of Dr. Ackert
and his collaborators on the anti-Ascaridia substance in duodenal mucus
(see Frick and Ackert, 1948 and earlier papers by Ackert, et al.). I t was
shown that, with ageing of the chicken, there is an increased production
of a substance associated with duodenal mucus which inhibits the establishment and growth of Ascariclia in the host or growth of the worm in
vitro. This substance was found to be soluble in 0.8 percent saline and
heat stable. Because of the latter property, it was concluded that the
substance is not an antibody. Eisenbrandt and Ackert (1941) showed
that mucus from dogs and swine had a lethal effect on Ascaridia in vitro
and suggested this may have bearing on the host specificity of this
nematode. Further studies on the nematode-inhibiting substances associated with mucus have not been forthcoming. I t should be feasible to
characterize the material with greater precision.
In collaboration with Dr. Lee Douglas and Mr. John Simmons, 1have
recently had an opportunity to study the osmotic properties of certain
tapeworms of elasmobranch fishes. Incubation of )these tetraphyllideans
in salt solutions showed that the worms change in wet weight as a
function of the salt content of the medium and that chloride is gained
or lost, depending on the concentration in the medium. It was shown
that the addition of urea to salt solutions prevents an initial imbibition
of water by tlle worms in all saIt solutions used (Figure I). It: was found
that {theblood and the intestinal contents of the hosts and of freshly
collected worms have a very high urea content. In Calliobothrium uerticillaturn, almost 4%of the dry weight of the worm consists of urea. Urea is
lost from tetraphyllideans when they are incubated in mea-free media
and, the concentration in the tissues of the worm is a function of the concentration of urea in the suspending medium. Further, it was found that
shifts in urea content of worms in artificial media are accompanied by
chloride shifts. There is an inverse reIationship of tissue chloride to concentration of urea in the medium. This supports an hypothesis that urea
plays a role, perhaps an indirect one, in maintaining ionic balance in
these animals and may be extremely important in determining their host
distribution. During these studies it was also observed that urea, at concenftrationsbelow those of the elasmobranch gut fluids, is highly toxic to
several species of tapeworms from birds, mammals, and fishes. The toxic
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effects were found to be irreversible. In addition, six species of trematodes
from teleost fishes were rapidly paralyzed in salt solutions containing
urea. The data support the conclusion that the high concentration of urea
in the elasmobranch gut probably serves as an effective barrier to infection of these hosts by digenetic trematodes or cyclophyllidean and tetrabothriid cestodes (Read et al., 1958).

FIG.1. Changes in the wet weight of Calliobothrium oe~~ticillutum
incubated in
solutions with or without urea. The incubations were carried out at rooin temperature. The solutions contained the following per liter: 200 mM NaC1, 4.4 mM KCI,
5.1 mM CaCl?, and 2.9 mM MgCl:. Urea was added to a concentration of 200 mM
per liter.

In a series of studies on the development of pseudophyllidean tapeworms Michajlow has reported that many species of copepods will feed
on coracidia, This work has been summarized by Michajlow (1951). It
was shown thalt the fate of such coracidia in the various copepods digered,
depending on the action of the digestive ftuids. In some copepods,
onchospheres of a given pseudopl~yllideanwere killed by the digestive
juices. These species of copepods obviously cannot serve as intermediate
hosts. In other copepods, most of the onchospheres of a given tapeworm
are killed by the digestive juices; other things being equal, such species
would serve as what Michajlow called auxiliary hosts. A third group of
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copepods secretes digestive juice which seems to have no deIeterious
effects on the onchospheres. Representatives of the third copepod group
may be expected to serve as the usual intermediate hosts. Michajlow's
observations are an interesting example of apparenft chemical barriers to
infection and would merit additional study and confirmation.
Among plant parasites, the classical example of chemical exclusion of
a parasite by a potential host is seen in the insusceptibility of some onions
to the smudge organism, Colletotrichum circinans. This fungus begins its
relationship with a host by a saprophytic development on the outer nonliving scale of the plant. Eventually it penetrates the underlying living
scales and produces pathology. Onion varieties in which the bulb scales
are pigmented are highly insusceptible to smudge. Associated with the
colored flavone compounds in the dry outer scales are colorless watersoluble phenols, catechol and protocatechuic acid (Link and Walker,
1933). These are toxic to the smudge organism, preventing germination
and penetration. That this protection is afforded by the dry outer scales
is shown by 'the fact that if the outer scales are removed and the underlying fleshy scales are exposed to the fungus in a moist chamber, parasitism ensues (Walker, 1923).
Another instance of insusceptibility due to the elaboration of phenolic
compounds has been reported by Schaal and Johnson (1955). These
authors showed that potatoes which were insusceptible to parasitism by
the scab organism, Streptomyces scabies, contain high concentrations of
chlorogenic acid. Evidence was adduced that when chlorogenic acid is
oxidized by tyrosinase the resultant quinones are toxic to the scab organism. Russet color in potatoes is genetically linked to scab-insusceptibiIity, presumably because the color is due to the presence of the colored
quinones.
Beck (1957) studied the role of growth-inhibiting chemical factors in the
insusceptibility of corn to the establishment and survival of the European
corn borer, Pyrausta nubilalis. The total quantity of growth-inhibiting
substances in the tissues of various inbred corn strains was determined
by bioassay, using corn borers maintained on puriiied diets. The total
inhibitor activity, as determined by bioassay, was found to be in agreement with susceptibility ratings of the particular strains as determined
in field tests. It was shown that 'three antiparasitic chemical entities are
involved: Factor A (6-methoxy-benzoxazolinone) was found to be important in the insusceptibiIity of early plant growth stages, but negligible
after the development of ithe visible corn tassel. The chemically-undefined
Factors B and C contributed about equally to insusceptibility of the
internode, leaf sheath, husks, and silk tissues. Virtanen and Hietala (1955)
reported that insusceptibiIity to the fungus, Fusarium, in rye could be
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attributed to the presence of a fungus-inhibiting substance related to
Factor A, 2(3)-Benzoxazolinone, in the seedlings. Virtanen, et al. (1956)
showed that fungus-insusceptible corn contained Factor A.
I t may be noted that some of Beck's borer-insusceptible corn strains
were originally selected for insusceptibility to stalk-rot, a fungus disease,
and were subsequently found to be borer insusceptible. Johann and
Dickson (1945) had described the pi-esence in corn of an inhibibtor of
Diploclia, the stalk-rot organism. The inhibitor is apparently identical
with Factors A or C involved in insusceptibility to the corn borer. This
is of great interest since what might first appear to be genetic linkage
of parasite-inhibiting factors resolved into a common causal basis of
insusceptibility to parasites of different kingdoms.
A subtle form of insusceptibility is suggested by recent work on the
effects of bile salts on the metabolism of the strobilae of certain tapeworms (Rothman and Read, 1957; Rothman, in press). In the presence
of pl~ysiologicalconcentrations of bile salts, the metabolism of Hymenolepis and Oochoristica was inhibited to a much greater extent at pH 7.0
than at pH 7.4. If this is considered in terms of the complications of
intestinal physiology, it is readily seen that effective inhibition by bile
salts may occur in some hosts and not in others. Although they have been
reviewed elsewhere (Read, 1950), salient points may be indicated:
(1) There is a linear hydrogen-ion gradient in the small intestine, the pH
increasing from anterior to posterior. (2) There is a linear bile-saltconcentration gradient, the sites of absorption differing with the quality
of bile salt. (3) The kinds of bile salts secreted are phylogeneticaIly different. (4) The anatomical position of the intestinal orifice of the bile
ducts shows considerable variation among different species and would be
expected to condition the extent and nature of the gradients mentioned
above. Thus it may be expected that, in some hosts, these variables will
result in environments which are incompatible with survival of these
worms.
There is evidence that the action of specific intestinal secretions may
be of importance in the decystment and evagination of tapeworm larvae.
Various workers have reported that bile or bile salts cause evagination
of tapeworms. Malkani (1933) produced rapid evagination of cysticerci
of Taenia tenuicollis and T , saginata by treating them with diluted bile
in uitro. DeWaele (1934) made similar observations with T. pisiformis.
Both Malkani and deWaele noted that the bile salts, glycocholate and
taurocholate, had different effects on Taenia spp. Malkani noted that T ,
tenuicollis evaginated more slowly in glycocholate than in taurocholate.
DeWaele reported that glycocholate is toxic for T. pisiformis, whereas
the worm readily tolerates taurocholate. DeWaele postulated that this
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effect explains the fact that T. pisiformis occurs only in hosts (dogs) having
t a ~ ~ o c h o l aand
t e lacking glycocholate as a bile constituent.
In addition to these examples of substances which may interfere with
parasitism by a directly deleterious effect on the parasite, there are
cases in which the establishment of parasitism may not occur because of
the disoperation of stimuli. When multiple stimuli are involved in the
establishment of a parasitism the sequence and timing of stimuli may
be important. I t has been shown that intestinal emptying time may be
a critical factor in determining the degree of establishment of Hymenolepis nana (Larsh, 1947) and H. diminuta (Read and Voge, 1954). When
timing is compounded with other required factors, considerable specificity
of effect may ensue. Read (1955) attempted a quantitative study of the
factors involved in the excystment of the cysticercoid of Hymenolepis
diminuta. I t was postulated that a complex of five factors was involved.
These were a priming effect of gastric juice, specifically pepsin a t low
pH, an excitatory effect of bile salts, a denaturation effect of biIe salts
on the proteins of the larval cyst, a proteolytic effect of trypsin, and an
effect of elevation of temperature. I t was shown that the final result,
excystment, depended on the interactions of these factors. Rothman (1958)
has extended these findings and has made a comparative study of the
effects of intestinal secretion components on cysticercoids of Hymenolepis
dinzinuta, H. citelli, H. nam, and Oochoristica symmetrica, and on the
strobilocercus of Taenia taeniaeformis. He found rather marked quantitative differences in the rates at which the Hymenolepis spp. respond to
these secretions. There was a characteristic maximum time of treatment
in gastric juice beyond which further treatment had negligible effects;
H. diminuta excysted most rapidly after a treatment of at least 30 minutes
whereas H. nunu responded maximally after 15 minutes' treatment. The
cysticercoid of H. m n n excysted about twice as rapidly in a solution containing trypsin and bile salts as H. citelli( and H. diminuta if the wolams
had not been pretreated with artificial gastric juice. The rate of excystment of H. citelli larvae was slower in old larvae than in young ones;
ageing was without effect on the rate of response of H. diminzltu larvae.
The excitatory response to bile salts appeared much more slowly in
H. citelli than in H. diminuta cysticercoids. Oochoristica was found to be
deleteriously affected by gastric juice and readily excysted in salt solutions
containing bile salts at low concentrations. With Oochoristica, a definite
optimum concentration of bile salts was observed; at concentrations above
the optimum the worms evaginated but reinvaginated on continued exposure. Taenia taeniaeformis required treatment with pepsin before
evagination would occur upon subsequent treatment in saIt solutions
which were neutral or slightly basic in reaction. Bile salts were not re-
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quired for evagination of T. taeniaeformis and, at concentrations above
0.1%,bile salts caused a reinvagination of the strobilocercus. The known
qualitative effects on tapeworm larvae of gastric juice, bile salts, and tiypsin are summarized in Table 1.Rothman has reported a number of other
quantitative differences between closely related species. Each species
studied has been found to require interacting factors for excystment, and
these differ considerably between species. There are, of course, a number
of other untested variables which may have effects. However, the observa- .
tions available support the hypothesis that the quality, quantity, and
sequence of factors involved in the excystment of tapeworms may play
an important role in determining whether a host is resistant to the initial
establishment of a particular cestode species.
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The differential effects of certain gastrointestinal factors on excystment of tapeworm
Iarvae in nitro. Data from Malkani (1933), deWaele (1934), Read (1955), Rothman (1058).
O= not required or without effect; =required or effective; f=marked effect.
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There are other evidences that in some cases physiological incompatibility may be restricted to a particular step in the life cycle. Echinococcus
granulosus and E , multilocularis furnish pertinent examples. The former
species develops as the well known hydatid cyst in large mammals such
as sheep, pig, and man but is apparently incapable of developing in
rodents. On the other hand, E. multiloculnris develops in certain rodents
when these animals ingest the eggs of the worm. Schiller and Read (1958)
have recently shown thalt there is no apparent lack of ability of rodent
tissues to support the development of E. g~*anulosz~s.
Living cysts of
E. granulosus removed from man at surgery were broken up in a blender
for 10 seconds. This material was injected intraperitoneally in hamsters,
mice, rats, and a monkey. Growth occurred in alI these hosts. Parentheti-
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cally, it may be emphasized Ithat this form has not developed in a multilocular pattern in these animals. These observations strongly support the
hypothesis that the failure of E. granubsus to infect rodents when these
animals ingest eggs must be due to a failure of the early larvae to invade
;the tissues. It would be extremely interesting to study the comparative
physiology of onchosphere liberation in these two species, since this
may be the determining factor in intermediate host distribution,
These observations on Echinococcm are reminiscent of the studies of
Taenia pisiformis reported by Leonard and Leonard (1941). These investigators found that if 'the onchospheres of T. pisiforrnis were inoculated
into the mesenteric vein, there was no significant difference in the number of young developing larval worms in resistant and control rabbits.
Leonard and Leonard concluded that the intestinal mucosa serves as an
important barrier in preventing the onchospheres from reaching the
vascular system in resistant hosts. However, we are dealing with quaIitatively different phenomena in the cited examples of Echinococcus and
Taenia. In one case, we are probably dealing with an insusceptibility
and in the other with an acquired resistance. The basis for the insusceptibility may be an absence of stimuli necessary for onchosphere hatching
and/or penetration. That of the acquired resistance may be the presence
of inhibitory substances or cellular reactions which interfere with the
hatching and/or penetration of the onchosphere, These possibilities should
merit experimental study.
My colleague, Dr. Laurie, (1958) has studied the capacity of a variety
of metabolites to induce encystment of the cercaria of the trematode,
Himasthkz qz~issetensis.In its life cycle this species encysts in certain
bivalve molluscs (Stunkard, 1938). Laurie observed that some specificity
was evident in the induction of encystment by different chemical substances. Encystment was induced by the following compounds, in order
of relative activity: lysine, glucose, cellobiose, alpha-methylglucoside,
galactose, gluconic acid, maltose, glutamic acid, mannose, glucosamine,
xylose, arginine, and 3-0-methylglucose. Glucose and glutamic acid together produced an additive effect. A casein hydrolysate was more effective than any of the single compounds tested and the activity of the hydrolysate was enhanced by the addition of glucose. On the other hand,
the following compounds did not induce encystment, during periods of
exposure up to 24 hours: fructose, sorbose, 2-deoxyglucose, arabinose,
rhamnose, trehalose, sucrose, lactose, melibiose, raffinose, glucosyloxime,
dulcitol, sorbitol, i-inositol, mannitol, glucwonic acid, mucic acid, glycerophosphate, succinate, citrate, malonate, lactate, beta-alanine, glycine,
methionine sulfoxide, DL-threonine, L-tyrosine, yeast nucleic acid, acetamide, and urea. Significantly, beta-alanine was found to antagonize the
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induction of encystment by lysine. These observations indicate that there
may not only be some specificity in the capacity of intermediate host
secretions to induce encystment of Himasthla cercaria but that the
presence of a specific substance in such fluids may inhibit encystment
even in the presence of stimulatory compounds. Investigation of this
hypothesis seems immediately feasible.
Recent studies by Sommerville (1957) and Rogers and ~ommerville
(1957) on the physiology of exsheathment of trichostrongyle nematode
larvae may prove to be of great importance in understanding insusceptibility of some hosts to certain nematode species. These workers have
presented evidence that there is a chemical stimulation afforded by host
secretions which triggers the secretion by the nematode of substances
causing exsheathment. It was shotvn that the exsheathing stimulant in
host secretions is dialysable (in part) and heat-labile, and that its activity
is affected by hydrogen ion concentration and oxidation-xeduction POtential. Optima for the former physical factor differed with the nematode
species tested. The data suggest that there are a sufficient number of
interdependent variables involved to expect that exsheathment would
not occur in all animals at sites allowing the survival of the fourth stage.
This assumes significance above the speculative level in view of the
observation of Madsen and Whitlock (personal communication) that, in
sheep showing natural insusceptibility to Haemonchus, the number of
larvae exsheathing is markedly less than in genetically susceptible sheep.

ALTERATION

OF

SUSCEPTIBILITY
BY EXTERNAL
FACTORS

There is literature dealing with the relationships between nutrition
and parasitism. These studies have for the most part been concerned with
medical and veterinary probIems and the emphasis has most often been
on the aggravation of malnutrition by parasitism or vice versa. However,
it has been pointed out that state of nutrition may interfere with the
establishment of parasitism (Chandler, 1957). A few instances may be
cited: Some years ago, Reiner and Paton (1932) showed that when rats
are fed on diets deficient in B-complex vitamins, the growth of Trypanosoma equiperdum is inhibited. As far as I can ascertain, no further studies
of this have been made. Seeler and Ott (1944) showed ithat the feeding
of a riboflavin-deficient diet interfered with the multiplication of Plmrnodium lophtcrae. There has been a considerable amount of recent interest in the finding that a low intake of para-aminobenzoic acid by the
host suppresses the growth of Plasinodium knowlesi (Geiman and McKee,
McKee and Geiman, 1948) and P. berghei (Maegraith, et al. 1952; Hawking, 1954; Fulton and Spooner, 1955; and others). The Iatter parasite
seems to be adversely affected by a variety of environmental alterations,
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including the dietary deficiencies (see above), pituitary somatotrophic
hormone (Galliard, et al., 1954), or the presence of another infectious
agent (Adler, 1954). In some of these cases, additional study is required
to determine whether there is an alteration of susceptibility or resistance
or both.
Reducing agents in the host diet have been found to alter the course
of certain parasitisms. McKee and Geiman (1946) showed that a deficiency
of dietary ascorbic acid reduces the numbers of Plasmodium knowlesi in
monkeys although, i n vitro, lack of ascorbic acid in the medium had no
appreciable effect on parasite multiplication. Godfrey (1957a) showed that
the addition of cod liver oil to a stock diet suppressed the growth of
Babesia rodhaini. Addition of vitamins A and D did not cause suppression
of the piroplasm, but the unsaturated faltty acid fraction of cod liver oil
was a highly effective suppressant. The cod-liver-oil suppression was
reversed by adding ascorbic acid, vitamin E, or tetraethyl thiuram disuIfide to the host diet. Addition of cod liver oil to the host diet was also
shown to suppress the growth of Plasnzodium berghei. This suppression
was also antagonized by the addition of antioxidants to the diet (Godfrey,
1957b). In explanation of his observa~tions,Godfrey suggested that the
unsaturated fatty acids of cod liver oil are oxidized in the host's tissues
to peroxides which inhibit development of the parasite. The reversal of
the effect by antioxidant compounds strongly supports Godfrey's hypothesis. Greenberg et al. (1954) reported that feeding of maize oil, butter
fat, and the fatty fraction from dried milk suppressed Plnsmodium gallinaceum infection in chicks. These substances do not have similar effects
when fed to mice with P. berghei infections (Godfrey, 1957b). Keppie
(1953) reported that feeding mice diets composed of starch, salts, dried
yeast, margarine, cod liver oil, and varying quantities of casein to mice
inoculated with Trypanosoma congolense resulted in infections of low
intensity or no infection at all. Godfrey has carried out further studies
on effects of diets containing cod liver oil on infections with Trypanosoma
spp., but these studies have not yet been published (Godfrey, 1957a).
The apparently contradictory nature of evidence for and against an
ascorbic acid requirement by bypanosomes (reviewed by LwoB, 1951)
may be due to indirect effects of a similar type. (Lwoff has not discussed
this evidence objectively. For example, the statement, ". . . it is well
known that Trypanosomidae are strict aerobes . ." is not justified by
published information, and Mr. R. Zeledon, in our own laboratory, is
currently growing several species of hemoflagellates in anaerobic culture.
While it is true that some hemoflagellates are obligate aerobes, some
are not,)
Whitlock (1949) reported that, when sheep were given supplementary
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food, there was an apparently increased resistance to trich~strong~lids
in the small intestine but an apparently decreased resistance to Haemonchus. Experimental animals on a nutritionally optimum diet had more
anemia and more Hae?nonchus (three times as many) than pasture-fed
animals. This is probably a case in which a marked increase in susceptibility overrides a lesser increase in resistance. Since Huenzonch~tsproduces more pathology than the other sheep trich~strong~lids,
the practical importance of these observations is obvious.
Beaver (1937) probabIy observed a susceptibility alteration when he
found that pigeons become refractory to infection with Echinostomn
~evolzltumwhen maintained on a laboratory diet of yellow corn, with
some wheat, oalts, and rice added. Many workers have had the experience
of bringing a wild animal into the laboratory and sorrowfully watching
it lose its parasites. In some cases this may be due to the unavoidable
alterations of host nutrition, with concomitant alterations of susceptibility.
During the past two years, my colleagues and I have published a
series of studies on the role of carbohydrates in the biology of cestodes.
These and related studies of others have been summarized and appropriate conclusions drawn (Read, 1958). I t was concluded that (1) tapeworms
require carbohydrates for growth, maintenance of size, and reproduction; (2) the carbohydrate requirements of the worms are satisfied by
utilization of carbohydrate ingested by the host before such material has
been absorbed by the host; (3) most tapeworms are capable of utilizing
a few monosaccharide sugars but are incapable of utilizing di- or polysaccharides; (4) alteration of the quality of carbohydrate in the host diet
results in reduction or increase in worm size, growth rate, egg production, and, in some instances, initial establishment of tapeworms; (5) the
effects of host dietary carbohydrates of differing quality on tapeworms
may be explained in terms of the physiology of the gut. I t is plain that,
in nature, selection of food of particular quality in carbohydrate content
may play a part in determining whether and to what extent a parasitism
of a particular worm species and a particular host species will be maintained.
The plant pathologists have amassed a considerable quantity of information on the effects of altering external environmental factors on the
course of parasitisms. Such factors are potassium, nitrogen, or phosphorus
content of the soil, pH, temperature, and humidity. Alterations of one
or all of these factors may determine whether there will be parasitism
of a plant in the presence of bacteria, fungi, nematodes, or viruses
(Walker, 1957). It seems likely that in most cases these involve alterations
of susceptibility. Incidentally, resistance also occurs in plants. For
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example, 'the cellular reaction of certain strains of wheat to the fungus
Pe~ccinia,results in the death of the parasite (Allen, 1923). However,
antibody formation has not been demonstrated in plants, and the information on cellular responses has been gained primarily in connection with
studies of pathology per se.
There are instances which clearly suggest that different behavior patterns of sympatric host species may be involved in determining the distribution of parasites. For example, Read and Millemann (1953) found
Oocho~~istica
deserti Millemann in Dipodomys merriami merriami and
Citellus Zeucurus but not in D. panamintinus mohavensis trapped in the
same locality. Millemann (1953, 1955) corroborated this with more
extensive trapping data and showed that although D. panamintinm
mohavensis does not harbor Oochoristicn in nature it is readily infected
with this tapeworm in the laboratory. This might represent an example
of host insusceptibility which is behavioral. There are alternative behavioral hypotheses: D. panumintinus mohnvensis may eschew the eating
of the intermediate host or this mammal may choose items in its natural
diet which render its gut unfit as a habitat for Oochoristica. Another
example which may be cited involves studies which are still in progress
in our laboratory. These studies have been carried out in collaboration
with Drs. E. L. Schiller, D. E. Davis, and V. Flyger. Schiller (1958)
showed that the gray squirrel, Sciumrs carolinemis, was readily infected
with Hymenolepis nunu in the laboratory. These animals were fed on dog
biscuits. As a matter of fact, H. nana develops more rapidly to a Iarger
size, lives longer and produces more eggs in Sciurus than in its "natural
host," the mouse. However, H. nana has never been reported as a parasite
of wild-caught Sciurus.
It seemed feasible to introduce this parasite into a previously studied,
isolated, wild population of gray squirrels and determine the course of
the infection. This was done, 10%of the population being infected in
the field. Recaptures over a period of several months showed that the
infection did not spread in this population and, as a matter of record, did
not develop significantly in those hosts initially infected. This strongly
suggested that the feeding habits of squirrels may result in an intestinal
environment which is not a t all suitable for H. n a m . This has been tested
in the laboratory by furnishing infected captive squirrels with various
foods which they have been observed to utilize in nature. The results
support the hypothesis that on certain diets the s q u h ~ eis
l insusceptible.
This work will be reported in detail elsewhere. This seems to furnish an
excellent example of a species which is insusceptible to a particular
parasite by virtue of the foods which are chosen under natural conditions.
I feel reasonably confident that if a wild population of Sciurus were fed
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on dog biscuits, H . n a m could readily establish itself in this host under
"natural" conditions. We are attempting to test this experimentally by
furnishing a wild population with dog biscuits.
In considering behavioral aspects of susceptibility, the behavior of
the parasite should receive attention. The relationships of behavior to
specificity in symbiosis have been reviewed recently by Davenport (1955).
The conclusion seems inescapable that chemotropic responses of symbiotes to their hosts are widespread and, in some cases, sufficiently specsc
to account for the host distribution observed in nature. Painstaking comparative study of the chemotropic responses of the free-living stages of
some parasites might shed light on certain problems of host and geographical distribution. For example, there is evidence that the miracidium
of Schistosoma japonicum shows chemotactic responses to a specsc snail
and its mucus tract (Faust and Meleney, 1924). On the other hand,
Fasciola hepatica miracidia show highly non-specific chemotropic responses (Neuhaus, 1953). Are #theseproperties merely coincidental with
the fact that Fmciola hepatica has an essentially cosmopolitan, though
spotty, distribution, whereas Schistosoma japonica is restricted in its
distribution to certain areas of the Orient? The specific behavioral responses of parasites to chemical stimuli derived from potential hosts have
not received enough consideration from parasitologists.
I n spite of my stated effort to delete antigens and antibodies from this
discussion, some mention must be made of an aspect of resistance which
may involve behavior and certain concomitant effects on the capacity of
host tissues to interfere responsively with establishment and maintenance
of parasitism. There is a considerable body of evidence that, in the mammal, stresses of various types stimulate the release of adrenocorticotrophic
hormone from the anterior pituitary via pathways involving 'the higher
brain centers and the hypothalamus, with an increase in production of
adrenal glucoco~+ticoids(Harris, 1956).There is evidence that the injection
of adrenal corticoids decreases the inflammatory responses of vertebrate
tissues to foreign proteins or infectious agents. It has been shown that
this is accompanied by an apparent loss of resistance to a number of
parasitic organisms, such as viruses (Schwartzmann, 1950), bacteria
(Berlin et al., 1952), yeasts (Seligmann, 1953), rickettsiae (Whitmire and
Downs, 1954), and helminths (Stoner and Godwin, 1953, 1954; Weinstein,
1953, 1955; Coker, 1955, 1956 a, b, c). As might be anticipated, stresses
induced a suppression of inffammatory responses in the vertebrate, and
resistance to foreign biochemical stimuli in general are depressed (Selye,
1952),
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During the past 6 years evidence has accumulated in support of the
concept that population dynamics of mammals, spec8cally fluctuations
in numbers, are governed to a considerable extent by sociopsychologica1
stresses. The evidence has recently been reviewed by Christian (1958)
and will not be reviewed in detail here. The pertinent evidence indicates
that, with increasing density of population, resulting psychogenic stresses
produce increased activity of the pituitary-adrenocortical system. This
is not referable to lack of food, water, nesting space, nor materials for
nest-building but is attributable to social competition which can be defined in "units of social pressure," Thus, the stress of increasing contact
with individuals of the same species results in an increase in the activity
of the adrenal cortex, as well as inducing other effects on gonadal physiology. This leads us to offer the hypothesis that sociopsychologicalstresses,
such as crowding, may produce changes fn the physiology of the mammal
which result in increased adrenal activity and a lowering of the tissue
responses which interfere with the establishment or extent of parasitism.
To my knowledge, not a single experimental test of this probability has
been published. Dr. D. E. Davis and I are currently carrying out experimental work to test the hypothesis which was arrived at through the collaborative thinking of Dr. J. J. Christian, Dr. Davis, and, to a minor
extent, myself. This hypothesis furnishes diverse rami£ications. We may
see that the physiological opportunities for establishment of parasitism
would involve a variable which is independent of the variable of ecological opportunity. We may visualize the possibility that the establishment
of parasitism involving new host-parasite combinations may be a function
of population density, exclusive of the probabilities of transmission at
varying densities. It is easy to see why this may have been overlooked
previously in wild populations. Similar conditions representing social
stresses may have direct effects on the course of parasitism; the obvious
example is the enhancement of contagion with increasing population
densities.
Further, it is important to point out that other stresses may be important in this connection. Malnutrition, for example, has been shown to
serve as a stress which increases adrenocortical activity (Selye, 1946). One
wonders if the many forms of malnutrition which have been shown to a1ter the character of parasitisms in laboratory animals and are thought
to produce "disoperations" in parasitisms of human populations (Chandler, 1957) may not produce some of their effects through pituitaryadrenocortical stimulation, with resultant depression of resistance responses, rather than through direct depletion of the antibody-synthesizing
systems.
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There are possibilities for practically unlimited speculations and questions on the roles of population size, position of the individual in the social
hierarchy, populations of other species, and other features of the environment acting as stressors through the host's endocrine system to modify
parasitisms. I shall not indulge in further speculation on the point, but
it would seem that this may be a very fertile field for investigation.
In dealing with problems involving alterations of innate susceptibility
of hosts to disease agents the term "mutation" usually enters the discussion. In the case of vertebrates we may reasonably expect that alterations
of genetic material will underlie alterations of innate susceptibility. This
will certainly be true in those instances involving biochemical susceptibility whether this be due to the presence of an inhibitory substance or
absence of a required substance. It may be pointed out that this will
also be true of bel~avioralsusceptibility. The genetic basis of vertebrate
behavior has been pointed out by various authors (Tinbergen, 1953) and
is frequently considered to be an important mechanism of isolation (Huxley, 1942). Thus, acquisition of behavioral insusceptibiIity might be expected to require alteration of genetic makeup. A most interesting exception to this is man. Non-genetic alterations of human behavior having the
same significance for the species that genetic mutations may have for
other vertebrates are readily recognizable. Some authors (e.g. Linton,
1955), have referred to the use of fire, the wheel, etc., as "mutations." I n
this same sense, the use of DDT, antibiotics, sewage disposal, and such
may be regarded as alterations of behavioral resistance of the species
without concomitant genetic alteration. It is interesting to point out
that in man non-genetic alterations of behavioral susceptibility lead to
alterations of age composition of populations and may conceivably lead
to alterations of genetic composition, putting the shoe on the other foot.
The role of non-genetic behavioral mutations in the isolation of human
populations has interesting implications well outside the scope of the
present discussion.
In summary, it may be said that the study of physiological and behavioral susceptibilities to animaI parasites is in a primitive state. The
foregoing discussion may contribute little to general understanding of the
subject, but it is earnestly hoped that it may interest others in experimental
consideration of the multitude of problems at hand. We may feel a bit
like Dr. E. Racker's drunkard who lost the key to his door and searched
for it under the street lamp where the light was more favorable for the
search. Dr. Racker's friend found a key, but in his drunkenness he could
not determine if it was his own. But what a fine time he had, sitting on
his doorstep, dreaming of all the castles it might open.
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