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I. INTRODUCTION 

T h e genus Coelomomyces is a group of aquatic fungi belonging to 
the order Blastocladiales. T h e species are highly specialized obligate 
parasites in mosquitoes and a few other insects. T h e genus is widely 
distr ibuted over the world a l though there are large areas where mos
quitoes abound from which it has not been reported. 

Heal th authorit ies are becoming concerned with the increasing re
sistance of mosquitoes to chemical poisons and the devastating effect of 
such poisons on wildlife. For these reasons and others, considerable 
at tent ion is now being directed toward finding a means of biological 
control of mosquitoes to supplement chemical control. T h e work of 
Walker (1938) in Sierra Leone, of Musprat t (1946a, b) in South Africa, 
and of Laird (1960) in the Toke lau Islands indicates the possibility of 
using Coelomomyces as the agent for such control; consequently there 
is considerable interest in this obscure and poorly known genus of fungi. 

In considering any organism as a possible agent of microbial control, 
it is essential that we know the host range and host specificity of the 
pathogen. In the following section an account of the collection records 
of Coelomomyces is given with part icular a t tent ion to the host species 
and the species of fungus involved. 

II . INSECTS AND FUNGI INVOLVED IN Coelomomyces INFECTIONS 

A. Species of Coelomomyces wi th Several Hosts 

T h e genus Coelomomyces was described by Keilin (1921). Lamborn , 
working in Malaya sent Keilin, in England, six infected larvae identified 
as Stegomyia scutellaris Walker, preserved in 10 percent formaldehyde 
solution. Five of these were parasitized by a ciliate which Keilin de
scribed under the name of Lambornella stegomyiae. T h e sixth larva con
tained the new fungus which he described as Coelomomyces stegomyiae. 
T h e interior of the larva contained an enormous number of parasites, 
the sporangia of the fungus completely filling the posterior segments and 
the gills. These sporangia were oval in shape with a thick yellowish wall; 
their dimensions were 20 to 30 μ thick and 37.5 to 57 μ long. Keilin 
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called a t tent ion to the similarity of the sporangia of the fungus to the 
cysts or resting stages of the ciliate in external appearance, size, and posi
tion in the host. As indicated by Lai rd (1956a), it is likely, according to 
more recent authors (Iyengar, 1935; Steinhaus, 1949), that the mosquito 
host seen by Keilin was Aedes albopictus Skuse. However, Lai rd (1956a) 
has recently reported C. stegomyiae Keilin on Aedes scutellaris (Walker) 
from the Solomon Islands. As pointed out by Laird, this is a new host 
for this species of Coelomomyces and happens to be the very one with 
which Keilin thought he was dealing. T h e size of the sporangia in 
Laird's material is 14.9-24.1 by 28.3-55.7 μ whereas the resting sporangia 
in the type material as emended by Couch and Dodge (1947) range from 
20 to 37 by 37.5 to 63 μ. T h e type was described from material on one 
infected larva as was the material from the Solomon Islands studied by 
Laird (1956a). T h e smaller size of the resting sporangia in the latter might 
prove to be a varietal difference if more material could be collected and 
studied from this area. Lai rd (1959a) has also reported this species on 
Aedes aegypti (Linnaeus) from Singapore and on Armigeres ob turbans 
Walker from the same locality (Laird, 1959b). Th i s species of the fungus 
has been reported on four different species of mosquitoes representing 
two genera (Table I). In addi t ion to the records of four natural ly in
fected species of mosquitoes, the experimental infection of larvae of 
Aedes polynesiensis Marks inhabi t ing one of the Toke lau Islands has 
resulted from plan t ing the sporangia of C. stegomyiae in these larval 
habitats (Laird, 1960). Th i s appears to be a ra ther wide host range for a 
species of Coelomomyces; however, the host species are very closely re
lated (Laird, 1956a). 

Other species have been reported attacking several different mosqui to 
hosts. Iyengar (1935) described Coelomomyces anophelesica on four dif
ferent species of Anopheles, all belonging, however, to the subgenus 
Myzomyia (Table I). H e described Coelomomyces indiana on eight dif
ferent species dis tr ibuted in two subgenera. Muspra t t (1946a) recorded 
his type a, which he suggests is the same as C. indiana, on six species of 
Anopheles and one species of Culex. I n some of these only one or two 
infected larvae were seen and in one the infection was weak, sporangia 
failing to mature . Laird (1956a) has added another host genus, Aedomyia, 
species A. catasticta, for this parasite. Recently Dr. Iyengar has sent us 
larvae of Anopheles vagus and A. subpictus from Bangalore, India , in
fected with C. indiana. One of these, A. vagus, is a new host for Co
elomomyces indiana. T h i s species of Coelomomyces has been recorded 
from fifteen species of Anopheles, one species of Culex and one of Aedo
myia, a total of seventeen hosts, and thus has by far the widest host range 
of any of the species of Coelomomyces yet described. 
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ALPHABETICAL LISTING OF SPECIES OF Coelomomyces SHOWING THE RANGE OF HOSTS FOR EACH SPECIES OF THE FUNGUS, THE 

GEOGRAPHICAL DISTRIBUTION, AND THE AUTHOR AND/OR COLLECTOR OF THE FUNGUS SPECIES 

Species of Coelomomyces Species of host insect Location Author and /or Collector 

C. africanus Anopheles gambiae Africa, Sierra Leone Walker, 1938 
C. africanus A. funestus Africa, Kenya Haddow, 1942 
C. africanus A. gambiae Africa, Kenya Haddow, 1942 
C. africanus A. funestus Africa, Liberia Giglioli , coll. 1956. u n p u b . 
C. africanus A. funestus Africa, Liberia Darwish, coll. 1960, unpub . 
C. africanus var. A. squamosus Madagascar Grjebine, coll. 1953, unpub . 
C. africanus (?) A. gambiae Africa, Uganda Gibbins, 1932 
Coelomomyces sp. A. gambiae Africa, Uganda Gibbins, 1932 
Coelomomyces sp. A. funestus Africa, Uganda Gibbins, 1932 
C. anophelesica A. subpictus India, Bengal Iyengar, 1935 
C. anophelesica A. vagus India, Bengal Iyengar, 1935 
C. anophelesica A. annularis India, Bengal Iyengar, 1935 
C. anophelesica A. varuna India, Bengal Iyengar, 1935 
C. ascariformis A. minimus Phi l ippine Islands Manalang, 1930 
C. bisymmetricus A. crucians U.S.A., Georgia Couch and Dodge, 1947 
C. cairnsensis A. farauti Australia Laird, 1956a 
C. cribrosus A. crucians U.S.A., Georgia Couch and Dodge, 1947 
C. cribrosus A. punctipennis U.S.A., Georgia Couch and Dodge, 1947 
C. cribrosus Culex faudatrix Brit. North Borneo Laird, 1956b 
C. cribrosus C. summorosus Brit. North Borneo Laird, 1956b 
C. cribrosus C. siamensis Singapore Laird, 1959a 
C. dodgei Anopheles crucians U.S.A., Georgia Couch and Dodge, 1947 
C. dodgei A. crucians U.S.A., Georgia Umphlet t , coll. 1960, unpub . 
C. dodgei var. A. punctipennis U.S.A., Ohio Mead, 1949 
C. finlayae Aedes notoscriptus Australia Laird, 1959b 
C. grassei Anopheles gambiae Africa, North Chad R i o u x and Pech, 1960 
C. indiana A. barbirostris India, Bengal Iyengar, 1935 
C. indiana A. hyrcanus India, Bengal Iyengar, 1935 
C. indiana A. subpictus India, Bengal Iyengar, 1935 
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Species of Coelomomyces Species of host insect Location Author and /or Collector 

C. indiana A. aconitus India, Bengal Iyengar, 1935 
C. indiana A. varuna India, Bengal Iyengar, 1935 
C. indiana A. ramsayi India, Bengal Iyengar, 1935 
C. indiana A. annularis India, Bengal Iyengar, 1935 
C. indiana A. jamiesi India, Bengal Iyengar, 1935 
C. indiana A. vagus India, Bangalore Iyengar, coll. 1961, unpub . 
C. indiana A. subpictus India, Bangalore Iyengar, coll. 1961, unpub . 
C. indiana (?) A. gambiae Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) A. squamosus Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) A. rufipes Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) A. rivulosum Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) A. funestus Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) A. pretoriensis Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana (?) Culex simpsoni Northern Rhodesia Muspratt, 1946a (type a) 
C. indiana Aedomyia catasticta Australia Laird, 1956a 
C. keilini Anopheles crucians U.S.A., Georgia Couch and Dodge, 1947 
C. lativittatus A. crucians U.S.A., Georgia Couch and Dodge, 1947 
C. lativittatus A. earlei U.S.A., Minnesota Laird, 1961 (Barr, 1958, coll.) 
C. macleayae Aedes (Macleaya) sp. Australia Laird, 1959b 
C. notonectae Notonecta sp. Russia Bogoyavlensky, 1922 
C. pentangulatus Culex erraticus U.S.A., Georgia Couch, 1945a 
C. pentangulatus C. erraticus U.S.A., Georgia Umphle t t , coll. 1960, unpub . 

c. psorophorae Psorophora ciliata U.S.A., Georgia Couch, 1945a 

c. psorophorae P. ciliata U.S.A., Mississippi Laird, 1961 

c. psorophorae var. P. howardii U.S.A., S. Carolina Couch and Dodge, 1947 

c. psorophorae var. P. howardii U.S.A., Florida Lum, coll. 1960, unpub . 

c. psorophorae var. Culiseta inornata U.S.A., Louisiana Couch and Dodge, 1947 

c. psorophorae var. C. inornata Canada, Alberta Shemanchuk, 1959 

c. psorophorae var. Aedes vexans U.S.A., Georgia Couch and Dodge, 1947 

c. psorophorae var. A. vexans U.S.A., Minnesota Laird, 1961 

c. psorophorae var. (?) A. taeniorhynchus U.S.A., Florida Lum, coll. 1960, u n p u b . 



T A B L E I (Continued) 

Species of Coelomomyces Species of host insect Location Author and /or Collector 

c. psorophorae var. (?) A. scatophagoides Northern Rhodesia Muspratt, 1946a 

c. psorophorae (?) A. cinereus France, Strasbourg Eckstein, 1922 

c. psorophorae (?) Culicada vexans France, Strasbourg Eckstein, 1922 

c. punctatus Anopheles quadrimaculatus U.S.A., Georgia Couch and Dodge, 1947 

c. punctatus A. quadrimaculatus U.S.A., N . Carolina Umphlett , coll. 1961, unpub . 

c. quadrangulatus Anopheles sp. U.S.A., Georgia Couch, 1945a 

c. quadrangulatus A. punctipennis U.S.A., Georgia Couch and Dodge, 1947 

c. quadrangulatus A. crucians U.S.A., Georgia Couch and Dodge, 1947 

c. quadrangulatus var. A. quadrimaculatus U.S.A., Georgia Couch and Dodge, 1947 

c. quadrangulatus var. A. georgianus U.S.A., Georgia Couch and Dodge, 1947 

c. quadrangulatus var. parvus Culex siamensis Singapore Laird, 1959a 

c. quadrangulatus var. (?) Anopheles walkeri U.S.A., Minnesota Laird, 1961 

c. quadrangulatus var. irregularis A. punctipennis U.S.A., Georgia Couch and Dodge, 1947 

c. quadrangulatus var. lamborni Aedes alhopictus Kajang, Malaya Couch and Dodge, 1947 

c. sculptosporus Anopheles punctipennis U.S.A., Georgia Couch and Dodge, 1947 

c. sculptosporus A. crucians U.S.A., Georgia Couch and Dodge, 1947 

c. sculptosporus A. walkeri U.S.A., Minnesota Laird, 1961 

c. solomonis A. punctulatus Solomon Islands Laird, 1956a 

c. solomonis A. punctulatus Guadalcanal Laird, 1956a 

c. stegomyiae Aedes alhopictus Kajang, Malaya Keilin, 1921 

c. stegomyiae A. alhopictus Singapore Keilin, 1921 

c. stegomyiae A. aegypti Singapore Laird, 1959a 

c. stegomyiae A. scutellaris Solomon Islands Laird, 1956a 

c. stegomyiae Armigeres obturbans Singapore Laird, 1959b 

c. stegomyiae var. rotumae Aedes sp. Rotuma Island Laird, 1959b 

c. tasmaniensis A. australis Tasmania Laird, 1956b 

c. uranotaeniae Uranotaenia sappharina U.S.A., Georgia Couch, 1945a 

c. walkeri Anopheles tesselatus Java van Thie l , 1954 

c. walker i A. gambiae Africa, Sierra Leone Walker, 1938 (type 1) 
c. walkeri A. funestus Africa, Sierra Leone Walker, 1938 (type 1) 
Coelomomyces (?) Simulium metallicum Brit. Honduras Garnham and Lewis, 1959 
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Coelomomyces africanus Walker was reported on Anopheles gambiae 
Giles and A. funestus Giles by Walker (1938) from Sierra Leone on the 
west coast of Africa. Recently a variety of this species has been identified 
on Anopheles squamosus Theoba ld from Madagascar (Couch, unpub 
lished). 

B. Species of Coelomomyces Which Appear in Varietal Forms on 
Several Hosts 

Observations dur ing Wor ld W a r II on material from Georgia, U.S.A., 
seemed to indicate a ra ther high degree of specificity in the species of 
Coelomomyces for a par t icular host (Couch, 1945a; Couch and Dodge, 
1947). T h e most abundan t species described in the first paper was C. 
dodgei Couch first reported on three species of Anopheles: A. crucians 
Wiedemann, A. quadrimaculatus Say, and A. punctipennis (Say). A more 
careful study of a much larger supply of larval material from over a 
hundred habitats , and a bet ter acquaintance with the genus, enabled us 
to recognize that the fungus on each of the three hosts was different and 
that each should be treated as a distinct species (Couch and Dodge, 1947). 

T h e second commonest species was Coelomomyces quadrangulatus 
Couch, which was reported in 19 collections on Anopheles punctipennis, 
in 13 on A. crucians, in 5 on A. quadrimaculatus, and in 1 on A. georgi-
anus King. A reexaminat ion of this material indicates that the Coelo
momyces on A. punctipennis and A. crucians are identical, while the 
collections on A. georgianus and A. quadrimaculatus differ from those on 
the first two hosts and from each other. T h e differences are varietal, 
having to do with the size and wall s tructure of the resting sporangia. 
T h e resting sporangia of the fungus on Anopheles crucians and A. punc
tipennis are marked with transverse, more or less parallel , striae com
posed of minu te rounded or elongated pits, the rounded pits suggesting 
the pits in the wall of a diatom. In the variety on A. quadrimaculatus 
the pits are elongated, branched, and anastomosing and are remarkably 
clear. These form an irregular pa t te rn and are not arranged in trans
verse lines. T h e resting sporangia when viewed from the end show the 
usual quadrangular , squarish shape and except for the pits are like the 
species. It may be that a study of the wall structure of the material on 
A. punctipennis and A. crucians with phase contrast and the electron 
microscope would reveal differences on these two hosts. It is interesting 
to note that the resting sporangia on A. punctipennis, A. crucians, and 
A. quadrimaculatus are very uniform in size, 11-21 by 18-32 μ, while 
sporangia of the variety on A. georgianus are about 15 percent larger. 
T h r o u g h the kindness of Dr. Keilin we were permit ted to examine a 
slide of the type material of Coelomomyces stegomyiae prepared from 
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the original host, Aedes alhopictus. I n this material there was a new 
variety of C. quadrangulatus with distinctly larger resting sporangia bu t 
with the typical wall structure and the usual squarish appearance in 
median cross section (Couch and Dodge, 1947). It is very likely that a 
study of more material of this variety will show that it is a distinct 
species. 

Coelomomyces psorophorae Couch was originally described on Psoro-
phora ciliata Fabricius (Couch, 1945a). Since then this species has been 
found on several other genera and species (Table I). A careful study of 
this material has shown, however, that the fungi from each separate host 
differ enough from the original and from each other to justify treating 
each as a variety of the species. 

T w o other species, Coelomomyces sculptosporus Couch and Dodge 
and C. cribrosus Couch and Dodge, have been reported on two different 
hosts. C. sculptosporus was recorded from Georgia in nine collections 
on Anopheles punctipennis and in four on A. crucians. C. cribrosus was 
found in one collection from Georgia and was in two different species 
of Anopheles, A. crucians and A. punctipennis, in this collection. It is of 
interest to note that in our studies the only other species that occurs in 
apparently identical form on two different hosts is C. quadrangulatus. 
T h e two hosts in this case are also Anopheles crucians and A. puncti
pennis. 

C. Species of Coelomomyces wi th One Host 
Thi r t een species have been reported on only one host species, with 

one exception noted below. Six of these are of no significance in indica
ting host range or host specificity since each of these is known from only 
one host larva. A seventh species has been reported once as abundan t 
on the nymphs of Notonecta sp. T h e remaining six species which range 
from fairly abundan t to rare in Georgia do afford significant information 
on host range. Coelomomyces dodgei Couch and Dodge (1947 emend.) 
has appeared in 58 collections and has been found only on Anopheles 
crucians. C. lativittatus Couch and Dodge, has occurred in 25 collections 
also on A. crucians. C. punctatus Couch and Dodge has appeared in 22 
collections on A. quadrimaculatus. In one of these collections there was 
one larva of A. crucians infected with C. punctatus. C. bisymmetricus 
Couch and Dodge was found in 16 collections, also on A. crucians. C. 
uranotaeniae Couch has appeared in only six collections and always on 
Uranotaenia sapphirina Osten Sacken. C. pentangulatus Couch was 
found in 17 collections dur ing the time when the above collections were 
made. O u r collections in Georgia made dur ing the past two years in
dicate that this species may be the commonest in Georgia. So far it has 
been found only on Culex erraticus (Dyar and Knab). 
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O u r studies with the material from Georgia seem to show that as 
a rule one species of Coelomomyces is confined to one species of host 
mosquito, and when one species appears to attack more than one species 
of mosqui to this species of fungus consists of varieties which are l imited 
to certain hosts, as in Coelomomyces psorophorae. T h e same si tuation 
has been found in other groups of obligate fungal parasites as in the 
p lant rusts, the powdery and the downy mildews. Th i s is our present 
working hypothesis, and we feel that the species of Coelomomyces which 
have been described as occurring on several hosts should be collected 
again and studied more carefully. T h e observations of Lai rd (1959b) 
appear to be an exception to the above in that he has found C. stego
myiae on three different bu t closely related species of Aedes. H e also 
reports successful infections of laboratory-reared larvae of Aedes aegypti 
with the fungus from Aedes albopictus (Laird, 1959a) as well as success
ful transfer of the same Coelomomyces from Aedes albopictus to Aedes 
polynesiensis on one of the Toke lau Islands (Laird, 1960). Al though our 
observations indicate that as a rule each species or variety of Coelomo
myces grows on only one species of mosquito, the host range can be 
determined only by carefully controlled experiments. It is to be expected, 
however, that some species of Coelomomyces may have a much wider host 
range than others. 

Coelomomyces has been reported on species from two orders of in
sects, the Diptera and Hemiptera . In the Hemip te ra only one species 
has been reported as a host for Coelomomyces, namely Notonecta sp., in 
the family Notonect idae. These are the back swimmers, among the best-
known water bugs. T h e genus Notonecta is widely distr ibuted, bu t the 
fungus Coelomomyces notonectae has been found only once, and then 
in Russia (Bogoyavlensky, 1922). 

All other species of Coelomomyces occur on two families of the 
Diptera, the Simuliidae and the Culicidae. T h e former consist of small, 
bit ing, dipterous flies including the notorious black flies and the buffalo 
gnats. T h e larvae are aquatic. Only one incompletely known species of 
Coelomomyces on the larvae of Simulium metallicum Bellardi from Brit
ish Honduras has been reported by G a r n h a m and Lewis (1959). T h e 
authors state that only a few larvae were dissected and that the sporangia 
were 0.02 m m long. These sporangia are considerably smaller than those 
in any species of Coelomomyces; since this is the first record of 
Coelomomyces on the Simuliidae it would be of great interest to make 
a thorough study of the incompletely known species. 

T h e remaining species of Coelomomyces are pathogens of Culicidae, 
the mosquitoes. In T a b l e II the host insects are listed in the left column 
with the species of Coelomomyces parasitic on each host in the next 
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TABLE II
o f  H o s t  S p e c ie s  S h o w i n g  t h e  S p e c ie s  o f  Coelomomyces 

I n f e c t i n g  E a c h  H o s t

Host species Coelomomyces species

Diptera
Culicidae

Aedes aegypti Coelomomyces stegomyiae
A. albopictus C. stegomyiae
A. australis C. tasmaniensis
A. cinereus C. psorophorae (?)
A. notoscriptus C. finlayae
A. scatophagoides C. psorophorae var.
A. scutellaris C. stegomyiae
A. taeniorhynchus C. psorophorae var.
A. vexans C. psorophorae var.
A. (Macleaya) sp. C. macleayae
A. (Stegomyia) sp. C. stegomyiae var. rotumae
Aedomyia catasticta C. indiana
Anopheles aconitus C. indiana
A. annularis C. mdiana
A. barbirostris C. indiana
A. crucians C. bisymmetricus
A. crucians C. cribrosus
A. crucians C. dodgei
A. crucians C. keilini
A. crucians C. lativittatus
A. crucians C. quadrangulatus (typical)
A. crucians C. sculptosporus
A. earlei C. lativittatus (var. ?)
A. farauti C. cairnsensis
A. funestus C. africanus
A. funestus C. indiana (Muspratt’s type a)
A. gambiae C. africanus
A. gambiae C. walkeri
A. gambiae C. indiana
A. gambiae C. grasset
A. gambiae Coelomomyces (Muspratt’s type b)
A. georgianus C. quadrangulatus var.
A. hyrcanus C. indiana
A. jamesi C. indiana
A. minimus C. ascariformis
A. pretoriensis C. indiana
A. punctipennis C. cribrosus
A. punctipennis C. quadrangulatus (typical)
A. punctipennis C. quadrangulatus var. irregularis
A. punctipennis C. sculptosporus
A. punctulatus C. solomonis
A. quadrimaculatus C. punctatus
A. quadrimaculatus C. quadrangulatus var.
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TABLE II (Continued)

Host species Coelomomyces species

A. ramsayi C. indiana
A. rivulosum C. indiana
A. rufipes C. indiana
A. squamosus C. indiana
A. squamosus Coelomomyces (M uspratt’s type b)
A. subpictus C. anophelesica
A. subpictus C. indiana
A. tesselatus C. walkeri
A. vagus C. anophelesica
A. varuna C. indiana
A. varuna C. anophelesica
A. walkeri C. quadrangulatus (var. ?)
A. walkeri C. sculptosporus
Armigeres obturbans C. stegomyiae
Culex erraticus C. pentangulatus
C. faudatrix C. cribrosus
C. simpsoni C. indiana
C. summorosus C. cribrosus
C. tritaeniorhynchus siamensis C. quadrangulatus var. parvus
C. tritaeniorhynchus siamensis C. cribrosus
Culiseta inornata C. psorophorae var.
Psorophora ciliata C. psorophorae
P. howardii C. psorophorae var.
Uranotaenia sappharina C. uranotaeniae

Simuliiclae
Simulium metallicum Coelomomyces sp. (?)

Hemiptera
Notonectidae

Notonecta sp. C. notonectae

column. From the table it can be seen that the data are strongly biased 
in favor of the genera of mosquitoes of the greatest health importance. 
Coelomomyces has been reported on eight genera and forty-six different 
species of mosquitoes. Over half, 25, of the infected species belong to 
the genus Anopheles. Ten species of Aedes, five of Culex, two of Psoro- 
phora, and one each of Armigeres, Culiseta, Uranotaenia, and Aedomyia 
harbor one or more species of Coelomomyces.

King et al. (1944) record Anopheles crucians as the common fresh
water form in the Southeastern States. Although at times abundant in 
this area, it is not regarded as of prime importance since so far as known 
it does not transmit malaria or any other disease. Seven different species 
of Coelomomyces have been found on this species from southern Georgia. 
On the other hand, Anopheles quadrimaculatus, which is the main vector 
for malaria in the Southeastern States and hence of great importance, is
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the host to only two species of Coelomomyces, and one of these is of rare 
occurrence. O u r data at present indicate that some species of mosquitoes 
are highly susceptible to Coelomomyces while other species are less sus
ceptible or even immune. Culex quinquefasciatus Say seems to be an 
example of the latter. Dur ing the early summer of 1960 we examined 
over 41,000 larvae of this species collected in the Rocky Mount , Nor th 
Carolina, area wi thout finding any to be diseased. Before any final con
clusions can be drawn, larvae of this species should be examined from 
many other areas and at different seasons of the year. 

T h e species of Coelomomyces can be arranged in about ten na tura l 
groups according to the shape and size of the resting sporangia and par
ticularly the structure of the wall. I t is of interest to note that certain 
of these groups of Coelomomyces are confined in their parasitism to 
groups of related genera of mosquitoes. For example, Coelomomyces 
stegomyiae, C. psorophorae, C. tasmaniensis, and their varieties all have 
minutely pi t ted sporangial walls and all are parasitic on Aedes and 
closely related genera. Coelomomyces dodgei, C. lativittatus, C. punctatus, 
and C. ascariformis have sporangial walls mostly with flat bands and are 
pathogenic for species of Anopheles. Another na tura l g roup is C. bisym-
metricus, C. sculptosporus, C. cribrosus, and Musprat t ' s type b which is 
the same as Walker 's type 4 (Fig. 7). These are with one doubtful ex
ception parasitic on Anopheles sp. 

I I I . GEOGRAPHICAL DISTRIBUTION, HABITATS, SEASONAL OCCURRENCE, 

AND RECOGNITION OF INFECTED LARVAE 

A. Geographical Distribution 

Coelomomyces has now been recognized from all the continents ex
cept South America. As a result of an intensive collecting program carried 
on for about three years dur ing Wor ld W a r I I by the State Malaria 
Control Authorit ies of Georgia, about half of the species of Coelomo
myces known today were discovered in the southern half of this State. 
T h e r e is no th ing un ique about the mosquito popula t ion of southern 
Georgia. Th i s is the only large area in the world, however, where mos
qui to larvae have been collected every mon th of the year in large num
bers when available and examined for Coelomomyces. Indeed there are 
other areas in the Southeast and on the Nor th American continent where 
mosquitoes occur in equal numbers and variety bu t from which Coelo
momyces has not been reported. I t is likely that a consistent search for 
Coelomomyces wherever mosquitoes abound will result in finding the 
fungi. T h e geographical distr ibution as reported in the l i terature is given 
in T a b l e I. 
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Β. Habitats 

T h e occurrence of Coelomomyces on mosqui to larvae is so unpredict
able that one might suspect that only in certain habi tats would the larvae 
become infected. In most of the collection records very few or no habi ta t 
da ta are given. Bogoyavlensky (1922) does state that nymphs of Notonecta 
sp. heavily infected with Coelomomyces notonectae (Bogoyavlensky) 
Keilin (Keilin, 1927) were taken from two watering ponds for cattle 
from May to September. T h e ponds were so heavily contaminated that 
they were closed to the cattle. Our collection data, on the other hand, 
so far show that infected mosqui to larvae have been taken only from 
relatively clean water. T h e only observations extending over several 
years indicat ing a relat ion between a par t icular habi ta t and infection 
by Coelomomyces are those of Muspra t t (1946a). H e found the infected 
larvae most abundan t in temporary pools where the soil was a dark-
brown loamy clay, called mopane clay, the flora consisting of grasses 
and sedges and a small bushy tree, Copaifera mopane, and species of 
Acacia. However, Muspra t t (1946a) says that a l though nearly all the 
infected pools are near areas of mopane clay it is not known whether the 
fungus is associated only with this kind of soil. Most of the pools from 
which infected larvae were taken were in exposed, unshaded positions, 
the ideal breeding places for Anopheles gambiae. 

Fairly specific habi ta t records are given by Laird in each of his 
several papers. These include ponded stream, marsh pool, small pond, 
semipermanent roadside seepage pond, irr igation ditch, pond in river 
bed, brackish rock pool on ocean beach, discarded cans, half coconut 
shells, and tree holes. 

Detailed habi ta t records were not kept by the collectors working in 
southern Georgia dur ing Wor ld W a r I I a l though the stations from 
which larvae were taken were marked on large, detailed maps. In reply 
to a request for specific habi ta t data, Dodge wrote that infected larvae 
had been taken from ponds, swampy pastures, brickyard pools, etc. 

From our at tempts to collect Coelomomyces dur ing the past several 
years, we have found that a large n u m b e r of habitats must be visited 
and many larvae collected and examined to find infected ones. Of all 
the larvae which we have collected dur ing the past two years, infection 
runs at about 1.5 percent. Our experience thus agrees with that of 
Dodge in Georgia (Couch, 1945a) and that of Lai rd (1960 and personal 
communicat ion) in Singapore and of Iyengar in Bangalore, India (1961, 
personal communicat ion) . W e have to admit that we do not know what 
type of habi ta t favors Coelomomyces infections. Given a susceptible host 
it may be that infection depends solely on the presence of the proper 
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inoculum at the right place and the right time. T h e discovery of infected 
larvae in discarded tin cans and other artificial temporary containers 
makes one suspect that the inoculum must be brought in by infected adults, 
perhaps females attracted to a habi ta t suitable for laying eggs. T h e oc
currence of Coelomomyces in some areas, and its apparent absence in 
other areas, presents a very intr iguing problem. 

C. Seasonal Occur rence 

Records of the seasonal occurrence of Coelomomyces are of impor
tance for collectors and others interested in these fungi. Bogoyavlensky 
(1922) found Coelomomyces notonectae on the nymphs of Notonecta sp. 
from the end of May unt i l the middle of September, that is, unt i l the 
na tura l death of the Notonecta. Musprat t (1946a), while making an in
vestigation of the breeding places of anophel ine mosquitoes at Living
stone in Nor thern Rhodesia dur ing the rainy seasons from 1941 through 
1945, found that a l though the rainy season begins in October and lasts 
unt i l about the first of May, there is seldom enough rain before the 
middle of December to keep the infected pools filled. Therefore, infected 
larvae are only to be found dur ing three or four months of each year. 

In areas such as Rhodesia with an al ternat ion of wet and dry seasons 
one may expect marked seasonal occurrence of mosquitoes and Coelo
momyces. In such areas, however, it would be of great interest to know 
whether infected mosquitoes could be found in permanent bodies of 
water and in pools, in river beds, etc., throughout the year. 

Dur ing Wor ld W a r I I , records were kept in Georgia of the number 
of locations from which infected larvae were collected dur ing a con
t inuous period of about 15 months beginning in October, 1944. T h e 
largest number of habitats containing infected mosquitoes were found 
in May, almost twice the number recorded in the next best month , 
which was June ; then followed April , March, July, September, Novem
ber, December, August, October, January , February, in decreasing num
bers of locations in which parasitized larvae were found. For such records 
to be of real significance they should extend over a period of several years. 
These records do indicate, however, that parasitized larvae may be col
lected in Georgia throughout the year, that they are much more abundan t 
and available dur ing May, June , and Apri l , and that the least promising 
months for infected larvae are January and February. 

Shemanchuk's (1959) records from Canada are exceedingly interesting. 
H e reports: " T h e infected larvae were first discovered at Brooks, Alberta, 
on August 8, 1956 and the following year were taken in weekly samples 
in all irrigated districts from July 8 to September 3. T h e fungus is well-
established in southern Alberta. Its occurrence is not merely incidental, 
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because 12 per cent of all larvae of Culiseta inornata examined were in
fected. It has not been found on any other species of mosqui to in this 
area." 

D. Recognition of Infected Larvae 

As a rule the incidence of infection in the larval popula t ion is so 
small that many larvae must be examined to find parasitized ones. Con
sequently it is impor tan t that collectors be able to recognize infected 
larvae in the field. Unfortunately parasitized larvae can be recognized 
without a microscope only in the last stages of the disease, after the rest
ing sporangia have matured (Figs. 7, 8). T h e walls of the resting sporangia 
take on a pale yellow, bright yellow, orange to deep brown color in the 
different species as they mature , and when the insect's body is packed 
with these, the larva takes on the color of the mass of resting sporangia. 
In some environments, however, the chit inous wall of the larva may be
come pigmented and thus deceive the observer. Before the resting spo
rangia have matured the parasitized larvae can be recognized only under 
the microscope, and if the infection is weak, a compound microscope is 
necessary. 

IV. DEVELOPMENT OF THE FUNGUS WITHIN THE HOST 

A. Early Stages in Larvae 

In spite of the n u m b e r of published observations on Coelomomyces 
no one has yet observed how the fungus enters the host, nor has anyone 
been able to follow the development of the pathogen from its earliest 
appearance to the ma tu r ing of the sporangia. T h e difficulties in such ob
servations are mainly in rearing parasitized larvae in the laboratory and 
in observing the development of the fungus under the microscope in the 
living larva's body. By pu t t ing together the observations of several work
ers, however, it is possible to get a fairly satisfactory idea of development. 

Early stages of the fungus were seen by Muspra t t (1946a) as "specks" 
which made their appearance in the blood fluid of first-instar larvae of 
Anopheles gambiae a day or two after hatching. Umphle t t (1961) observed 
that the young hyphae first appear in the head and thoracic coelom of 
Culex erraticus parasitized by Coelomomyces pentangulatus, bu t the 
mycelium of C. dodgei invades the head of anophel ine larvae usually later 
in very advanced infections. 

Some notable observations were made by Walker (1938) on the ap
pearance of the fungus in living larvae. H e constructed a small gutta
percha chamber to keep the larva in posit ion and by directing at tent ion 
to the clearer areas between the abdominal segments was able to see with 
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the binocular microscope the branching filaments of a nonseptate myce
l ium. H e writes: " In larvae with few sporangia, these branching hyphae re
sembled coral growing in water, the free port ions moving to and fro with 
each pulsat ion of the coelomic fluid. T h e mycelium was closely adherent 
all a round the wall of the intestine with the free ends directed outwards, 
and was evidently more numerous and more compact in the region of the 
intestinal caeca and less so towards the posterior por t ion of the gut. Oc
casionally there was also a peripheral dis tr ibut ion (of the hyphae), with 
the loose port ions pro t rud ing inward. . . . After a variable period of time, 
some of the terminal hyphae appeared to become swollen and rounded, 
and then, almost wi thout warning, the whole larva seemed to become 
filled with yellow sporangia, and individual hyphae could no longer be 
recognized. Free sporangia could be seen moving wi thin the current of 
the coelomic fluid in all parts of the larva, head, anal gills, etc." These 
observations by Walker have been corroborated in par t or completely by 
Couch (unpublished), Muspra t t (1946a), Umphle t t (1961), and L u m 
(1960, personal communicat ion). 

After the mycelium has become established at one or more places in 
the hemocoel, provision seems to be made for its dis tr ibut ion within the 
body cavity by the fragmentation of the mycelium into irregular or reg
ular segments. Th i s was part icularly noticeable in Coelomomyces psoro
phorae and C. pentangulatus (Couch, 1945a) and perhaps occurs in all 
species. Umphlet t ' s (1961) observations on these bodies in the living 
larvae of Culex erraticus parasitized by Coelomomyces pentangulatus are 
per t inent : " T h e hyphal bodies can be clearly seen passing through the 
heart of the insect. They are distinguishable from any young resting 
sporangia by their irregular size and shape and the absence of a smooth 
membrane characteristic of young sporangia." L u m (1960, personal com
municat ion) described the circulation of the sporangia and hyphal bodies 
in the body fluid of Psorophora howardii: "From the dorsal view of the 
larvae the sporangia can be seen travelling through the heart , being 
pushed along by the heart beat. T h e sporangia move with the circulation 
of the hemolymph (posterior to anterior) and many of them collect in 
the head region. T h e sporangia enter the aorta from the two openings 
or ostia at the end of the vessel." 

B. Extent and Structure of Mycelium 

T h e mycelium in Coelomomyces is ra ther inconspicuous and never 
fills the body cavity of the larvae, bu t the resting sporangia in a heavy 
infection may almost completely fill this space. It must be that as the 
mycelium reaches a certain stage it is rapidly transformed into resting 
sporangia. Th i s rapid transformation has been noticed by Walker (1938), 
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Musprat t (1946a), Dodge (1945, personal communicat ion) , and L u m 
(1960, personal communicat ion) . 

T h e mycelium varies from more or less formless "chunks" to branched 
hyphae. T h e chunks are difficult at times to distinguish from the tissues 
of the insect as indeed are the hyphae unt i l one becomes familiar with the 
anatomy of the larva. T h e hyphae may be of more or less even diameter 
throughout their length or with swellings here and there. T h e mycelium 
in the different species differs in structure and in quant i ty and thus the 
characters of the mycelium are of taxonomic value. T h e mycelium of 
Coelomomyces psorophorae, which has the largest resting sporangia in 
the genus, is ra ther poorly developed, whereas the mycelium of C. quad
rangulatus is ra ther vigorous bu t has relatively small resting sporangia 
(Figs. 2, 6). I n C. uranotaeniae the mycelium with its thick hyaline sheath 
is distinct from that of all other species (Fig. 4). In several species, e.g., 
C. keilini, the initial branching is subdichotomous (Fig. 5), whereas in 
most species branching is i rregular throughout . Rhizoidlike structures 
have been figured by Iyengar (1935) and by Umphle t t (1961), bu t wi thout 
certainty that such structures were rhizoids or empty, wrinkled hyphal 
membranes . 

T h e most remarkable feature of the mycelium is the apparent ab
sence of a t rue cell wall. Th i s was first noticed by Bogoyavlensky (1922), 
who even suggested the plasmodial na tu re of the mycelium. I n his figures 
he shows hyphal threads and hyphal "chunks." His drawings of hyphae 
are part icularly irregular, showing uneven thickness of the threads and 
many anastomoses. Whi le the mycelium lacks a wall, the spores (resting 
sporangia) are covered with thick walls. Couch (1945a) confirmed the 
observations of Bogoyavlensky for the absence of walls, presenting the 
following evidence: " N o wall can be seen unde r the highest efficient 
magnification (20 χ oculars and 70 χ Zeiss water immersion objective). 
T h i s applies bo th to fresh material quickly dissected and immediately 
examined in water or 0.6 per cent salt solution, and to material killed in 
10 per cent formalin and moun ted in lactophenol and cotton blue. For 
comparison, some actively growing threads of Allomyces javanicus were 
killed in 10 per cent formalin, washed and moun ted in lactophenol solu
tion and thus treated exactly as the various species of Coelomomyces 
were treated in mount ing . T h e wall in the Allomyces mater ial was un
mistakably clear, with the plasma membrane shrunken from the wall in 
many places. N o such plasmolysis has been observed . . . in the threads of 
Coelomomyces, though the sporangia after the wall has been laid down 
do show plasmolysis when preserved in 10 per cent formalin. I have dis
sected larvae in water in whose living bodies the hyphae were very dis
tinct, bu t only a few minutes after the hyphae come in contact with water 
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they dissolve, leaving no trace of a wall. If such larvae are dissected in 
physiological salt solution (0.6 per cent NaCl in water), the hyphal seg
ments swell and disappear bu t not so rapidly as in water. T h e cell wall 
substance of the Blastocladiales, so far as known, is not soluble in water. 
Indeed such a delicate endoparasit ic species as Catenaria allomycis Couch 
may be dissected out from its host in water, bu t its wall remains distinct. 
N o fungus is known with hyphal walls that dissolve in water." These ob
servations on the absence of a wall on the hyphae of Coelomomyces have 
been confirmed by Umphle t t (1961). 

T h a t the outer boundary of the hyphae of Coelomomyces was no 
ordinary plasma membrane was early recognized (Couch, unpubl ished) . 
T h e membrane instead of being smooth is set with numerous minu te 
granules which are of uniform size and spaced very close to each other. 
Th i s remarkable condit ion is seen on all the hyphae bu t is much more 
conspicuous in some species, for example C. uranotaeniae, than in others 
(Fig. 4). 

C. Development and Structure of Resting Sporangia 

Resting sporangia of Coelomomyces are ini t iated at the tips of hyphae 
and on short lateral branches (Fig. 1). I t is also possible that resting spo
rangia develop from hyphal bodies floating in the coelum, bu t this process, 
if it occurs, has not been followed. T h e first indicat ion that a sporangium 
will be formed is the swelling of the hyphal t ip and the simultaneous 
formation of a cont inuous, smooth, and nongranulose membrane over 
the swollen par t (Umphlet t , 1961). T h e swelling continues unt i l the 
young resting sporangium attains an oval, ovoid, pyriform, globose, or 
irregular shape with dimensions slightly or considerably less than those of 
the mature resting sporangium. Jus t below the swelling a space in the hy-
pha becomes devoid of granular cytoplasm apparent ly as a result of the co
alescence of small vacuoles. In this clear area a constriction develops and 

FIGS. 1-6. Mycel ium of Coelomomyces. 
FIG. 1. C. dodgei in Anopheles crucians showing irregular branching and an 

immature resting sporangium about to be pinched off from hypha ( χ 3 0 0 ) . 
FIG. 2. C. quadrangulatus var. irregularis in Anopheles punctipennis showing 

hyphae of irregular thickness and a few resting sporangia ( χ 2 0 0 ) . 
FIG. 3. Coelomomyces pentangulatus in Culex erraticus showing the characteristic

ally branched pieces of mycel ium floating in hemocoel ( χ 7 0 0 ) . 
FIG. 4. Coelomomyces uranotaeniae in Uranotaenia sappharina showing hyaline 

sheath enclosing hyphae, and a few sporangia ( χ 7 0 0 ) . 
FIG. 5. C. keilini in Anopheles crucians showing subdichotomous branching and 

a few sporangia ( χ 2 0 0 ) . 
FIG. 6. C. quadrangulatus in Anopheles sp. ( χ 700). All mounted in lactophenol. 
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the young resting sporangium is pinched off and released to float in the 
coelomic fluid (Fig. 1). At this stage the resting sporangium is an oval 
body vested only by the smooth membrane which covered it dur ing its 
development on the hypha. Nuclei may divide in the developing resting 
sporangium while it is still at tached to the hypha, bu t after separation 
no more nuclear divisions occur before matura t ion (Umphlet t , 1961). 
Subsequent development of the resting sporangium takes place in the 
coelomic fluid completely apart from the hypha on which the sporangium 
was produced (Figs. 7, 8). 

Matura t ion of the resting sporangium involves, with other changes, 
the product ion of a two-layered wall. Both layers of the wall are formed 
inside the persistent membrane which enclosed the sporangium at libera
tion. T h e membrane is present on the ma tu re sporangium. T h e inner 
layer of the wall is usually the th inner of the two and is usually smooth 
and colorless. T h e outer layer differs in thickness among the various 
species and ranges in color from yellow to dark brown. T h e outer wall 
may be smooth in two or three species, bu t in others is variously sculp
tured. T h e type of sculpturing in the outer layer of the wall varies from 
circular, stellate, or elongate pits to th in r ibbonl ike ribs and thicker 
bands and ridges in pat terns characteristic of the various species. It is 
in the outer layer that the longi tudinal germinat ion slit develops. Th i s 
slit is laid down as the outer wall layer is formed and before any signs of 
the inner layer are evident. 

In most species the resting sporangia are oval or roughly oval in out
line, in some almost allantoid, in one almost circular in face view bu t 
with par t of the edge of the circle flattened; from the edge view this spo
rangium is thick, discoid, or almost oval. In one unpubl ished species the 
sporangium is bowl-shaped and somewhat like the shell of Arcella. T h e 
sporangia range in size from the smallest, 10 by 18 μ in Coelomomyces 
quadrangulatus var. parvus, to the largest 65 by 127 μ in an unpubl ished 
species of Coelomomyces on Aedes taeniorhynchus. 

D . Thin-Walled Sporangia 

Thin-walled sporangia as described by Keilin (1921), Iyengar (1935) 
in Coelomomyces indiana Iyengar and C. anophelisca Iyengar, and Mus-

FIGS. 7-9. Rest ing sporangia and mycel ium of Coelomomyces in mosquito larvae. 

FIG. 7. Muspratt's type b in thorax of Anopheles squamosus ( χ 150). 

FIG. 8. Muspratt's type c in posterior abdominal segments and anal gills of Aedes 
(Mucidus) scatophagoides ( χ 100). 

FIG. 9. Section showing relationship of mycel ium of Coelomomyces pentangulatus 
to cells of midgut of larva of Culex erraticus (Heidenhain's hematoxyl in; χ 1170). 
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pra t t (1946a) in his Coelomomyces types a and c have not been seen in 
American material with the possible exception of an unpubl ished species 
of Coelomomyces on Aedes taeniorhynchus from Florida. In this material 
there is no sharp distinction between the thickness of the walls in the 
thin-walled and the thick-walled sporangia. They grade imperceptibly 
into each other. W e had, therefore, come to question the existence of thin-
walled sporangia as opposed to thick-walled ones. W e have, however, 
recently received from Dr. Iyengar fresh material of Coelomomyces in
diana in the larvae of Anopheles subpictus and A. vagus collected a round 
Bangalore, India , in December 1961. In this material we have found 
abundan t thin-walled sporangia along with the brownish, thick-walled 
sporangia, with striking differences between the two even in the early 
stages of development. 

£. Coelomomyces in A d u l t Mosquitoes 

Most of the studies of Coelomomyces have been made on material 
found in the larvae of mosquitoes. T h e r e are, however, several reports 
of infected adults. Manalang (1930) working in the Phi l ippine Islands, 
was the first to find adults infected; he reported that 1 to 2 percent of the 
adults of all the common species of Anopheles dissected were infected 
with Coelomomyces. H e reported further that many rout ine larval ex
aminations were made bu t only one infected larva was found. I t is likely 
that many of the larvae were infected bu t contained only the mycelial 
stages which Manalang overlooked, never suspecting the fungal na tu re of 
these parasites. H e noticed that in heavily infected adults the oocysts 
(resting sporangia) are found in the body cavity, coxae, thorax, adipose 
tissue, a round the brain, and in the labium. T h e cavity of the midgut , 
the bra in substance, and the eggs are free from parasites a l though the 
last may be completely covered with them. Gibbins (1932) working in 
Uganda was the first to find Coelomomyces in the ovaries, bu t apparently 
nowhere else, in the adults of Anopheles funestus and A. gambiae. Feng 
(1933) in Woosung, China, reported parasites similar to those described 
by Manalang, both in larvae and adults of Anopheles hyrcanus var. 
sinensis and Culex tritaeniorhynchus. T h e two types of cysts (resting 
sporangia) filled all parts of the larvae except the organs and appeared 
in the intestine only when swallowed. Iyengar (1935) found that in a 
few cases infected larvae pupa ted and the adul t emerged, bu t such in
stances were rare. Walker (1938) in Sierra Leone found 56 infected adults 
out of a total of 9258 Anopheles gambiae and A. funestus dissected. T w o 
of these were males, the first and only t ime that males have been identi
fied with the infection. From this small n u m b e r of adults, Walker re
ports, "We learned that light infections in the female were almost always 



5. COELOMOMYCES INFECTIONS 171 

limited to the ovaries in which case egg development was wholly in
hibi ted and where the infection spread throughout the entire body it was 
so severe as to cause the death of the host." Van Th ie l (1954) was the first 
to notice mycelium in the ovaries as well as resting sporangia. Lum, 
working at the Entomological Research Center, Vero Beach, Florida, 
collected in the fall of 1959 larvae, pupae , and also adults of Aedes 
taeniorhynchus infected with a new species of Coelomomyces. I n the 
adul t females the fungus is not l imited to the ovaries, as it appears to be 
in certain other species, bu t the thorax and abdomen are packed with the 
resting sporangia and in several adults the sporangia were also in the 
head. T h e heavy infection gave a rich brownish color to the insect, par
ticularly when brightly lighted. L u m also reported (personal communica
tion, July, 1960) finding two adul t females of Aedes taeniorhynchus out 
of 250 examined infected with C. psorophorae var. Only sporangia were 
present in the ovaries a l though a tiny fragment of mycelium was seen 
attached to one Malphigian tube. 

T h e r e are two matters of great interest in finding the resting sporan
gia in adults. Where the infection is light as in the ovaries, the flying in
sects can be a major means of disseminating the pathogen. I t would be 
interesting to know how the fungus gets into the ovaries and why, when 
the infection is light, it selects the ovaries ra ther than other organs of 
the female. 

F. Observations on Killed, Sectioned, and Stained Larvae 

Observations on killed, sectioned, and stained material have given 
considerable information on the parts of the larva's body used by the 
fungus. Keilin (1921) found that the mycelium of Coelomomyces stegomy
iae in the larva of Aedes alhopictus developed in two or three layers at
tached to the viscera especially the midgut and the anterior intestinal ce
cum. T h e method of a t tachment was not stated and still is unknown. 
Hyphae were well developed also beneath the epidermis of the insect 
where the fungus threads were covered with the pigmented remains of 
the per ipheral fat body. T h e infection here resulted in the destruction 
of the fat body. 

Bogoyavlensky (1922) reported for Coelomomyces notonectae in the 
nymphs of Notonecta sp., that the fat body was pierced by threads of the 
fungus, bu t that the cells of this adipose tissue were nei ther penetra ted 
nor destroyed. T h e infection of this insect, a l though extensive, was ap
parently not harmful and did not prevent oviposition. 

Iyengar (1935) by using sectioned material and dissections of infected 
larvae was able to add considerably to our knowledge of the host-parasite 
relationship. Observations were made on Coelomomyces indiana and C. 
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anophelesica parasitic on several different species of Anopheles. H e found 
that the infection generally starts in the thoracic region and spreads 
posteriorly into the abdominal segments, traveling along the adipose 
tissue on which the fungus lives. T h e fat body finally disappears, leaving 
a thin membrane filled with brown granules. T h e imaginal buds are also 
suppressed as a result of the infection. Dissections of infected larvae 
showed very minu te short hyphae measuring about 0.5 μ thick at the 
base of the mycelium. These appeared to penetra te the fat tissue. 

Umphle t t (1961), working on Coelomomyces pentangulatus parasitiz
ing Culex erraticus, and C. dodgei in Anopheles crucians, was able in 
sectioned material to corroborate the findings of Keilin (1921) and Iyengar 
(1935) for the most part . In C. dodgei some hyphae were noticed which 
had thin, tapering, rhizoidlike branches, bu t none of these was seen to 
penetra te host cells a l though the branches might r un for some distance 
in close contact with the animal tissues. T h e fat body in heavily infected 
larvae was destroyed, and imaginal bud formation was suppressed. 

All the workers who have followed the course of infection in sec
tioned material have noticed the disappearance of the fat body. It is very 
likely, however, that the fungus gets a large par t of its nour ishment 
directly through the hyphal membrane from the coelomic fluid. 

G. Observations on Nucle i 

Keilin (1921) found that the hyphae and sporangia of C. stegomyiae 
were mult inucleate , as did Bogoyavlensky (1922). Bogoyavlensky de
scribed the structure and division of the nuclei in the hyphae. H e says 
that if the described pictures actually conform to the various moments 
in the division and quiescence of the nuclei, then it is possible to note 
definite rhythms of division in different branches of the plasmodium, 
i.e., all the nuclei of one branch are always found in one definite stage. 
Iyengar (1935) found that the hyphae and sporangia are mult inucleate . 
In the mature sporangium of C. indiana the nuclei are at first distr ibuted 
at the periphery, a condit ion also found in Allomyces (Hatch, 1935, 1944). 
Umphle t t (1961) found numerous scattered nuclei in the hyphae of 
Coelomomyces dodgei and C. pentangulatus (Fig. 9). W h e n not dividing, 
the nuclei in these two species are spherical bodies, 2.3 to 2.5 μ in di
ameter, each with a distinct nucleolus and nuclear membrane , as shown 
in preparat ions stained with Heidenhain 's hematoxylin or Flemming's 
triple stain. W h e n dividing, the nuclei increase in size, becoming 3.0 to 
3.5 μ in diameter. In the later stages of division they become oval in shape 
and may reach a length of 4.0 μ. In early stages of division the chromo
somes are visible as separate entities, bu t a definite count was not made. 
Division of the nuclei in the separate branches of the hyphae of these two 
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species does not appear to be simultaneous, as reported by Bogoyavlensky 
(1922). 

V . GERMINATION OF SPORANGIA 

A. Keilin's Prediction on Sporangial Germination 

Since Keilin (1921) was working with preserved material , he was un
able to observe germinat ion of the sporangia of Coelomomyces. However, 
the mode of sporangial cleavage was correctly predicted by h im as follows: 
" T h e escape of [the] spores probably results from the rup tu re of the spo
rangium along the clearly marked line of cleavage that runs along its 
convex surface. I was able to observe such rup tu re of the sporangium by 
compressing it between the slide and a coverglass. W h e n the external wall 
of the sporangium is rup tured , the th in internal wall bulges out and by 
its rup tu re allows the spores to escape." Keilin observed two kinds of 
sporangia in the body cavity of the Stegomyia larva, very thick-walled 
sporangia and thin-walled sporangia. H e suggested that the latter may 
serve for immediate reproduct ion, while the former represent a resistant 
or resting form of the parasite. 

B. Observations of Manalang and Walker 

Manalang (1930), with abundan t sporangial material but wi thout 
knowledge of Keilin's work or the fungal na tu re of the parasites, kept 
the "oocysts" (sporangia) in a moist chamber at 37 °C for weeks and at 
room tempera ture (20 to 30 °C) for as long as three months , bu t recog
nized no notable change in the sporangia. 

Walker (1938) made numerous at tempts to cul ture the fungi by put
t ing the sporangia and mycelium of all types on various artificial media. 
Sporangia were kept in water for over a year, bu t nei ther these experi
ments nor the water t reatment induced growth or sporangial germinat ion. 

C. Germination of Thick-Walled Sporangia 

De Meillon and Musprat t (1943) were the first to report sporangial 
germinat ion. Th i s was observed in their type c which has affinity to 
Coelomomyces stegomyiae. T h e i r account of this process, somewhat ab
breviated, follows: A sporangium about to germinate loses its oil droplets 
and the inter ior becomes granular . A slight bulge appears on one side 
which enlarges unt i l the outer hard shell ruptures and the thin internal 
membranes appear. T w o thin membranes become visible, and the con
tents of the sporangium flow slowly out and are confined within the in
ner of the th in membranes . As the spore mass enlarges, the two membranes 
become more distinct and more widely separated. U p to this stage no sep
arate zoospores could be seen, b u t with the pressure released the spores start 
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moving, slowly at first, bu t gradually gaining speed unt i l the interior of 
the sporangium and the ext ruded membranes is a seething mass of zoo
spores. After a few minutes the spores push through the thin membranes 
and swim away. 

Couch (1945a) reported sporangial germinat ion bu t gave no details. 
He pointed out, however, that the structure of the sporangial wall, the 
method of spore development, and above all the detailed structure of the 
zoospores indicated a relat ionship to the Blastocladiales. Addi t ional para
sitized Anopheles larvae containing Coelomomyces dodgei, C. punctatus, 
and C. lativittatus sent by Dodge from Georgia made possible more com
plete studies of resting sporangial germinat ion (Couch and Dodge, 1947). 
These studies confirmed in the main the observations of De Meillon and 
Musprat t (1943), bu t the interpretat ions of the structure a round the ex
t ruded spore mass differed. De Meillon and Muspra t t interpreted the 
covering as two distinct membranes while Couch and Dodge (1947) con
sidered the covering as one membrane (the inner sporangial wall) which 
gelatinized. 

T h e first oppor tuni ty to repeat these observations came in the sum
mer of 1960 when Dr. Patrick L u m of Vero Beach, Florida, sent us abun
dant resting sporangial material of two new species or varieties related to 
C. psorophorae, one on Aedes taeniorhynchus, the other on Psorophora 
howardii. Dr. L u m had seen germinat ing sporangia in bo th of these be
fore sending us the material for study. W e were fortunate in gett ing these 
two species for germinat ion studies since they are closely related to Mus-
pratt 's type c, the species used by De Meillon and Musprat t (1943). T h e 
sporangia of both germinated in large numbers . Those on Aedes taeni
orhynchus were germinat ing when received on d a m p filter paper whereas 
those on P. howardii, also shipped on d a m p filter paper, showed no signs 
of germinat ion when received bu t began germinat ing in large numbers 
after being kept in water on slides in d a m p chambers for 4 days. T h e 
germinat ion of several sporangia was followed in both species; the stages 
were recorded by camera lucida drawings and photographs. 

After the slit has opened, one can see the slightly bulging sporangial 
contents bounded by the inner sporangial wall, which in section view is 
clearly double-contoured, i.e., it has an inner and an outer face with a 
hyaline center and is perceptibly thicker where exposed than where 
covered by the outer wall. T h e slit is formed 6 to 12 hours before the 
cleavage of the zoospores is completed (Fig. 13). At this stage, soon after 
the slit is formed, conspicuous and numerous l ipoid bodies are fairly 
evenly dispersed through the sporangium and are larger than the l ipoid 
bodies of the spores. Dur ing and after cleavage the spores are so closely 
packed that individual spores cannot be seen, bu t one can tell when 
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cleavage is completed by the arrangement of the l ipoid bodies. In both 
the species on Psorophora howardii and the variety on Aedes taeniorhyn
chus, these are arranged in plates which viewed from the edge (40 χ 
objective with 15 χ oculars) appear as short rods, one plate of l ipoid 
bodies for each zoospore. These "rods" are conspicuous under high dry 
magnification, and one can be sure when this stage is reached that cleav
age is completed and the spore mass is ready to emerge. Th i s can be 
hastened by transferring the sporangia to fresh water. It is likely that 
dur ing the spore matura t ion process the exposed inner sporangial wall 
has been modified chemically, making it more elastic and subject to 
hydrolysis. 

T h e observations described here were made on the species of Coelo
momyces related to C. psorophorae on Aedes taeniorhynchus. T h e pe
riod from the extrusion of the spore mass bounded by the inner spo
rangial wall (Fig. 10) to the dispersal of the spores lasts from about 8 
to 10 minutes. T h e mass pushes out slowly at first bu t with gradually 
increasing speed, the outer covering stretching to accommodate the 
rapidly enlarging mass, unt i l it reaches a roughly oval shape bu t with 
a distinct depression on top (Fig. 11). U p to this stage the cover, though 
obviously elastic, has shown no sign of gelatinizing. Suddenly the de
pression straightens out with a snap, the middle region of the covering 
appears to swell causing a rapid separation of the outer par t of the 
wall from the membrane reta ining the spores. T h e outer par t of the 
wall or covering fragments in to several parts and moves away from the 
inner mass of spores now retained by a th in membrane (Figs. 12, 14, 15). 
It may be that the outer wall fragments are pushed away from the 
expanding spore mass by the gelatinization of the middle par t of the 
old inner wall. Th i s would explain why all the separating fragments 
remain about equidis tant from the spore mass (Figs. 12, 14, 15). At 
this stage the ext ruded spore mass is kidney shaped in side view (Figs. 
12, 15) and circular in end view (Fig. 14). A feeble rocking mot ion 
now starts near the centers of the internal and external masses of spores, 
increasing in intensity and spreading throughout unt i l the spores are 
seething with motion. T h e re ta ining membrane or vesicle usually rup
tures about this t ime (Fig. 12) and some of the spores are shot out 
under obvious pressure, the remaining ones emerging by their own 
flagellar motion. T h e empty vesicle soon disappears completely. Th i s 
appears to be the usual course of events, bu t there may be variations 
in germinat ion wi thin and between the species. 

Germinat ion of the thick-walled sporangia has been reported in 
Coelomomyces (type c) close to C. stegomyiae and C. psorophorae and in 
Coelomomyces indiana (Muspratt 's type a), the former by De Meillon 
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and Muspra t t (1943), the lat ter by Muspra t t (1946a), and in Coelomo
myces dodgei, C. punctatus, and C. lativittatus by Couch and Dodge and 
Coelomomyces psorophorae var. on P. howardii and Coelomomyces n. sp. 
on Aedes taeniorhynchus by Couch and Umphle t t (first seen by Dr. Lum) . 

Fai lure to get germinat ion in his four types was reported by Walker 
(1938), by Muspra t t (1946a) in his type b, and by Umphle t t (1961) in 
Coelomomyces pentangulatus. 

D . Germination of Thin-Walled Sporangia 

Musprat t (1946a) reported the germinat ion of thin-walled as well as 
thick-walled sporangia of type a, C. indiana, and type c, near C. steg
omyiae. T h e thin-walled sporangia, according to Musprat t , germinate 
if the larval remains are left in water from the breeding place, libera
tion of the zoospores usually taking place within 3 to 6 days after the 
death of the larvae. T h e water, being turbid, was sometimes di luted 
with rain water or distilled water. Muspra t t (1946a) found, on the other 
hand, that the thick-walled resting sporangia germinated only after being 
incubated dry at 28 °C for at least 2 or 3 weeks before being wetted 
again. In the Coelomomyces indiana collected in December, 1961, and 
shipped to us fresh by Dr. Iyengar from India there were many colorless, 
thin-walled sporangia mixed with the brown thick-walled ones. Many 
of the thin-walled sporangia had started to germinate, bu t none had 
gone on to completion. In shipment the sporangia had doubtless lost 
their viability and we were unable to induce any of them to complete 
the process. Several stages in germinat ion were evident. In the ma tu re 

FIGS. 10-15. Germinating thick-walled sporangia of Coelomomyces sp. on Aedes 
taeniorhynchus. 

FIG. 10. Bulge well formed, outer wall cracked open at the slit and with the 
hyaline inner wall protruding through the slit. Exposed part is perceptibly thicker 
than the covered part of the inner wall ( χ 910). 

FIG. 11. Same sporangium, 1 minute later. T h e wall has stretched greatly and is 
slightly thinner than in Fig. 10 ( χ 910). 

FIG. 12. Same sporangium, 8 minutes later. T h e outer part of the covering has 
now become separated from the inner and has fragmented. A rupture in the vesicle 
immediately surrounding the spore mass occurred at the left end a few seconds after 
the film for this photo was exposed ( χ 910). 

FIG. 13. T o p view of expanded germination slit just prior to extrusion of spore 
mass ( χ 910). 

FIG. 14. End view of germinating resting sporangium showing spore mass extruded 
and outer layer of covering of extrusion floating freely ( χ 800). 

FIG. 15. Side view of resting sporangium at about the same stage as in Fig. 14 
( χ 800). All l iving material. 
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thin-walled sporangia, a slit was present as in the thick-walled ones. 
Beneath the slit in many sporangia was a clear area oval in out l ine. 
Th i s clear area has the appearance of the gelatinous material formed in 
the papil la of the thick and thin-walled sporangia in many of the Blas-
tocladiales, as shown by Couch (1945b) in Catenaria allomycis and C. 
anguillulae. Other sporangia were seen in which the process of germi
nat ion was more advanced, showing a distinct lateral bulge and the slit 
wide open with the clear gel area between the protoplasm and the inner 
wall layer. A similar gelatinous (?) area has been seen in the resting 
sporangia of C. africanus in material preserved in formalin and in living 
sporangia of Coelomomyces psorophorae var. on P. howardii. It is pos
sible that this gel (?) may play a role in the dehiscence of both the 
thick-walled and thin-walled sporangia, in which case the account as 
given above of the germinat ion of the thick-walled sporangia will have 
to be changed. 

VI. LABORATORY AND FIELD INFECTION OF MOSQUITO LARVAE 

A. Walker ' s Experiments 
Manalang (1930) and Walker (1938) tried to induce resting sporangial 

germinat ion in the laboratory, bu t wi thout success. In spite of this, 
Walker (1938) was able to carry out some significant experiments in the 
infection of laboratory-bred larvae. First he p u t mosqui to eggs, fresh 
larvae, and pupae in water containing sporangia of Coelomomyces, bu t 
the results were negative. According to Walker (1938) larvae may ingest 
the sporangia in large numbers bu t pass them out unchanged. 

Unable in laboratory tests to get infection, Walker next tried field 
experiments. One part icular pool, which had produced infected larvae 
throughout the year was selected as an experimental area. Th i s pool 
was flooded by irr igation from a nearby brook after it had been almost 
dry for 2 days. N o larvae of any k ind were visible in the pool. A very 
fine-mesh copper sieve was placed in the pool and made to float about 
half-submerged by means of corks. Twenty-one laboratory-bred A. gam
biae larvae were pu t in the sieve. Dur ing the next 3 days larvae were 
removed and examined microscopically for signs of fungal infection, 
bu t none was seen. By the fourth day all bu t three of the larvae had 
disappeared from the sieve, and two of these were heavily infected with 
Coelomomyces africanus. T h e day after the area was flooded it was 
noticed that numerous tiny larvae, evidently hatching from eggs laid 
on the moist earth, were developing in other parts of the pool away 
from the sieve. Of these, 162 were examined and 66 percent were 
infected. Apparent ly the infected larvae harbored C. africanus. A shallow 
concrete tank was then constructed on the laboratory grounds where 
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the conditions of shade, sun, etc., were not unl ike those of the pool. 
Some thirty gallons of water, sediment, and vegetation were transferred 
from the pool to the tank. All the larvae seen, a total of ten, were 
removed from the tank. T w o of these were infected with Coelomomyces. 
Dur ing the next 2 days 175 laboratory-bred larvae of A. gambiae were 
added to the tank. Of these, 12 became infected dur ing the next 3 days. 
Almost all the uninfected larvae pupa ted normally. Twenty-eight days 
after the concrete tank was filled, 1000 young larvae and some 600 eggs 
of A. gambiae were added, bu t none of the larvae or of the large num
bers of adults which emerged showed any signs of infection. T h e con
crete tank was then cleaned and filled with 30 gallons of clear water 
from the brook, well below the point where the irr igation ditch was 
led off. About 900 laboratory-reared larvae and eggs of A. gambiae 
gave an equally high yield of adults, bu t there were no infections. In 
these observations and experiments Walker found that only A. gambiae 
and rarely A. funestus were infected, a l though many other species were 
examined. H e does report finding on one or two occasions a small 
number of sporangia in the larvae of Culex sp., bu t in each instance 
these were traced to the gut. 

T h e most significant conclusion to be drawn from these experiments 
is that infection occurred only when the larvae were in contact with 
water plus soil which contained the inoculum, as in the freshly flooded 
pool or in the cement tank to which water and sediment from the pool 
were added. N o infection occurred when fresh larvae were added to 
dishes containing only water and sporangia, bo th fresh and dried. 

B. Muspra t t ' s Experiments 

Muspra t t (1946a, b) reported experiments indicat ing that the source 
of infection may be the zoospores l iberated from the sporangia. In the 
first experiment (Muspratt , 1946a) small potholes, about 18 inches deep, 
were dug in the mopane clay soil of an infected area after a heavy rain, 
when the soil was saturated with water. Larvae of A. gambiae, together 
with water were then transported from an uninfected habi ta t and pu t 
into the potholes; some of the larvae were kept as controls. T h e larvae 
in the potholes became infected after about 48 hours. T h i s experiment 
indicates, according to Musprat t , that the zoospores are able to travel 
through the soil water for some distance. At tempts to infect larvae with 
zoospores in the laboratory were unsuccessful. 

In another experiment performed later the same year, Musprat t 
(1946b) extended the experimental infection studies carried out by 
Walker (1938). Muspra t t (1946a) made a ra ther thorough study of the 
Coelomomyces parasites of mosquitoes a round Livingstone in Nor thern 
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Rhodesia dur ing the rainy seasons 1941 to 1945. As indicated in Section 
I I I he found heavy infections of Anopheles gambiae larvae in the sur
face pools in areas where the soil was a heavy, dark brown, loamy clay, 
locally called "mopane" clay. Musprat t had about 100 pounds of 
nearly dry clay shipped from Livingstone to Johannesburg . From the 
same area several hundred infected A. gambiae larvae packed full of 
thick-walled sporangia were collected and pu t into jars containing water 
and soil from the breeding place. After the larvae were dead, the soil 
was allowed to become nearly dry, and the lids were placed on the jars. 
T h e soil and larvae were left in the laboratory over winter. T h e fol
lowing summer, 8 months later, a concrete t rough was constructed and 
placed outside the laboratory in a position where it was exposed to 3 
to 4 hours of sunlight daily. T h e dry mopane clay was dumped into 
the center of the t rough and the soil in the bottles containing the larvae 
filled with resting sporangia of Coelomomyces (type a) was scattered 
a round the edge of the m o u n d of soil in the trough. Ra in water was 
then poured over the m o u n d of soil unt i l the t rough was full, and larvae 
of A. gambiae, hatched from eggs in the laboratory, were pu t in the 
trough. T h e water was allowed to evaporate to dryness every 2 or 3 
weeks and left dry for 3 or 4 days. It was then refilled with fresh rain water 
and a new batch of laboratory-hatched larvae was pu t in. Th i s schedule 
was repeated several times. After the water had evaporated once and 
the t rough was refilled, about fifteen out of a hundred larvae of the 
second batch became heavily infected and a few in later batches. Un
fortunately the experiment had to be discontinued because of the dif
ficulties of gett ing A. gambiae eggs and because the climate of Johan
nesburg was too cool for the proper growth of the larvae. In conclusion 
Musprat t says: "Al though the above experiment did not prove that 
indefinite infection of A. gambiae larvae by the fungus can be obtained 
in a confined space, I feel confident that, given suitable climatic condi
tions, this would be the case." 

Musprat t (1946a) has perhaps carried out more field observations on 
the infection of the larvae than any other worker. H e states that the 
larvae may become infected dur ing any stage of their development, that 
even the very smallest larvae may contain fungal thalli and sporangia, 
having contracted the infection a day or two after hatching. T h e infec
tion may also appear in the blood fluid just before the larva pupates, 
and in this case the sporangia develop in the p u p a or adult . H e states 
that in the majority of cases in which the infection is contracted as late 
as this, the growth of sporangia has been sufficient to kill the p u p a 
or adult . 

According to Musprat t the weather has an impor tan t influence on 
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the infection of the larvae of Anopheles gambiae. First there must be 
a dry spell followed by regular in termit tent rainfall, enough to fill the 
pool basins; this must be followed by fine weather. Under such con
dit ions the larvae become infected when 3 or 4 days old, in the late 
first or the second instar. T h e infection can be recognized in such larvae 
as minu te specks in the body fluid about a week after the pools have 
been filled by rain. W h e n there is no ra in after the pools have first been 
filled, all the larvae become infected at about the same time; bu t when 
ra in is cont inuous this is less evident. Th i s more or less simultaneous 
infection of the larvae, Muspra t t suggests, occurs when the pools have 
reached a certain concentrat ion (of mineral salts) as a result of evap
oration. 

Muspra t t found that infected larvae of A. gambiae, if left in the 
na tura l habi ta t became so packed with sporangia that their bodies were 
discolored by the fungus, bu t if such larvae were brought into the lab
oratory early, such heavy infestations did not develop. Muspra t t sug
gests that this may be caused by the unna tu ra l conditions of the lab
oratory, part icularly the lack of sunlight. As another possible explana
tion, he suggests that cont inual infection of the larvae may occur in 
nature , as indicated by the presence of small thalli intermingled with 
sporangia. 

These observations by Muspra t t are interesting because of the prob
lems they suggest. W e must admit that at the present t ime practically 
no th ing is known about infection by these fungi. From the observations 
of Walker (1938) and Muspra t t (1946a), it would seem that infection may 
occur at any stage in larval development. However, finding young thalli 
in the fourth instar does not necessarily mean that the infecting agent 
has just penetrated. I t could have entered earlier and developed slowly. 
W e have no idea about the por ta l or portals of entry of the parasite and 
we do not know what are the agents of infection. These problems can best 
be solved by carefully controlled experiments. 

C. Infection Experiments of Couch and Dodge and of Umphlett 

Couch and Dodge (1947) a t tempted to br ing on the infection of the 
larvae of Anopheles crucians in petr i dishes by the addi t ion of zoospores 
from germinated resting sporangia of Coelomomyces dodgei, b u t were 
unsuccessful. Because of the difficulties of gett ing a sufficient supply of 
living, resting sporangia from Georgia and young mosqui to larvae at the 
same time, these early infection experiments were not well-enough 
p lanned nor carried out on a large enough scale to be of any significance. 

Since July 1960 we have received several batches of resting sporangia 
of Coelomomyces sp. on Aedes taeniorhynchus, and a variety of C. psoro-
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phorae on Psorophora howardii, and viable eggs of the two species of mos
qui to hosts. These were sent to us from the Entomological Research Cen
ter at Vero Beach, Florida, by Dr. Patrick Lum. T h e first batch, received 
on July 23, 1960, consisted of resting sporangia of Coelomomyces sp., 
from the ovaries of Aedes taeniorhynchus, and about a p o u n d of soil from 
the area where larvae of this species had been collected. O n the same day 
a teaspoon of the soil was p u t in each of six petr i dishes and flooded with 
charcoal-treated distilled water and then the resting sporangia and about 
fifty eggs of Aedes taeniorhynchus were added to each dish. Some of the 
resting sporangia of the Coelomomyces were examined under the micro
scope; a considerable n u m b e r of these were empty and others were found 
to be germinat ing when mounted directly from the d a m p filter paper on 
which they had been shipped, indicat ing that they had been germinat ing 
in transit. O n the following day, July 24, a n u m b e r of empty egg cases 
were visible and there were several minu te , swimming larvae in each of 
the six dishes. In three of the dishes the larvae were fed too much crushed 
dog biscuit and all died except two. In the other three dishes the larvae 
were fed on algae, developed normally, and after several days changed 
into adults. Dur ing development several larvae were taken from each dish 
at intervals of about 3 days and examined on a slide under the micro
scope for any sign of parasitism, bu t none was seen. T h e adults eventu
ally died and a large n u m b e r of these were moun ted and dissected to see 
whether there were any resting sporangia in their bodies; none were 
found. Similar experiments were carried out using the eggs of Psoro
phora howardii and resting sporangia of Coelomomyces psorophorae 
from the larvae of P . howardii. T h e resting sporangia germinated and 
the eggs hatched into larvae, bu t no parasitism was observed, nor were 
any a t tempted cross inoculations successful. Dur ing the past summer 
(1961) Umphle t t carried out similar infection experiments, bu t wi thout 
success. 

T h e infection experiments which had the greatest promise of success 
were the ones with A. taeniorhynchus and Coelomomyces sp. from the 
ovaries of this insect since we had abundan t viable eggs and abundan t ger
mina t ing sporangia. I t was noticed, however, in the germinat ion of the rest
ing sporangia that when the spores emerged from the vesicle into the water 
they were rounded, sluggish, and very poor swimmers. Since this is a 
salt marsh mosquito, it is possible that water in the salt marshes is essen
tial for healthy and normal behavior of the spores and for the infection 
of the larvae. T h a t this may be the explanat ion for our failure to get 
infection is indicated by the fact that when the resting sporangia of 
this species were germinated in a weak salt solution the zoospores were 
elongated and very active swimmers (Umphlet t , unpubl ished) while the 
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zoospores in distilled water as used above were round and sluggish. Un
fortunately, at this time we did not have viable mosqui to eggs. 

D. Laird's Infection Experiment 

Laird (1959a) was the first to succeed with laboratory infection experi
ments. He reports: . . larvae became infected when reared in pans of 
distilled water buffered to an acidity of p H 6.6, into which were intro
duced dried sporangia derived from parasitized Aedes albopictus, and 
sediment from the container of the latter." I t is significant that in all 
cases of the successful infection of larvae by Coelomomyces, sediment or 
soil from the area where there were parasitized larvae was present 
(Walker, 1938; Musprat t , 1946b; Laird, 1959a). Th i s is of part icular 
interest in view of our own efforts to get laboratory infection of larvae. 

VII. MICROBIAL CONTROL OF MOSQUITOES BY Coelomomyces 

A. The Amount of Infection in Nature 

Coelomomyces has great promise as an agent for the microbial con
trol of mosquitoes since the species are virulent fungi, fatal for their 
hosts. Some of the species are host specific whereas others have a wide 
host range. However, before experimental work can be done to test the 
usefulness of Coelomomyces as a means of control, the fungus should be 
grown in large quanti t ies either in pure cul ture in artificial media 
or on laboratory-reared mosquitoes. Because of its specialization as a 
parasite, it is likely to be as difficult to grow in artificial cul ture as are 
the common plant rusts. I t is possible, however, that by improving the 
"concrete t rough" methods used by Walker (1938) and Musprat t (1946b), 
enough inoculum could be accumulated for some significant field ex
periments. Unt i l such experiments are carried out, all we can know 
about the value of these fungi as agents for the microbial control of 
mosquitoes must be taken from the very incomplete records of the col
lectors. 

Manalang (1930) working in the Phi l ippine Islands reported that 
he had found coccidial (Coelomomyces) infections of Anopheles mos
quitoes in about 1 or 2 percent of each species dissected and that the 
disease was fatal to large numbers of adul t mosquitoes. 

Walker (1938), whose investigations in Sierra Leone were carried out 
dur ing the period November 1936 to July 1938, reports finding 544 
infected larvae out of 1500 examined and 56 infected adults out of 
9258 examined. Walker 's comments on the control of native populat ions 
of mosquitoes by Coelomomyces are highly significant: "Doubtless, where 
this fungous infection has been present for a long time, it is not an im-
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por tan t control measure, bu t many other instances have occurred where 
satisfactory results have been obtained with the introduct ion into virgin 
areas of a parasite not previously existing there ." 2 

T h e most prolonged and thorough observations on the mortal i ty 
of mosquito larvae caused by Coelomomyces were made by Muspra t t 
(1946a) at Livingstone in Nor the rn Rhodesia dur ing the rainy seasons 
from 1941 to 1945. According to Muspra t t : "Al though no exact tests 
have been made, it is apparent that the infection with consequent mor
tality of Anopheles gambiae larvae in the infected areas is very high. 
T h e writer estimates the mortali ty to be as high as 95 per cent of the 
larvae which hatch out dur ing the rainy season. Of those which reach 
the fourth instar, at least 9 out of 10 are infected and subsequently die; 
for unless infection is contracted just before pupat ion , it is seldom, if 
ever, that an infected larva is able to pupa te in na ture ." 

All the species described by Couch (1945a) and Couch and Dodge 
(1947) were collected in Georgia by inspectors of the State Malar ia Con
trol in W a r Areas. These areas were scattered over southern Georgia and 
comprised over a dozen military installations. T h e program involved the 
collecting of vast numbers of mosquito larvae (about a half mil l ion in 
1944 alone), part icularly Anopheles. These were sent in to Dr. Dodge, 
who sorted out the obviously parasitized ones and sent them to Couch 
for detailed study. In reply to the latter 's question as to the possible im
portance of Coelomomyces as a na tura l means of controll ing mosquitoes 
Dr. Dodge wrote: ". . . it is doubtful if parasitism is ever high enough 
effectively to reduce the breeding of any species." 

T h e methods used by Dodge, though efficient for the identification 
of the larvae, would easily permit one to miss the early stages of infection, 
since these can be recognized only with a compound microscope. His 
methods as given in a letter of September, 1945, were: "Recognit ion of 
parasitism is not difficult once the sporangia are fairly well formed. I do 
nearly all my work at 12 X , both identification of larvae and recognition 
of parasitism, though now and then I flip it to high power (72 X ) when 
occasion demands." T h e use of the lower power ( 1 2 χ ) binocular micro
scope doubtless explains the low incidence of infection reported by Couch 
(1945a). 

Shemanchuk (1959) reported finding Coelomomyces psorophorae in 
the larvae of Culiseta inornata in the irrigated districts of southern Al
berta, Canada. Infected larvae were first discovered August, 1956, and the 
following year were taken in weekly samples in all irrigated districts from 
July 8 to September 3. T h e fungus is widely distr ibuted and well estab-

2 From letter from Walker to Steinhaus, 1947, in Couch's file. 
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lished in southern Alberta; 12 percent of all larvae of C. inornata ex
amined were infected. 

T h e collections of Umphle t t and O'Neal in Georgia indicate that 
Coelomomyces may be exert ing some control on the popula t ion of two 
species of mosquitoes. Several h u n d r e d larvae of Culex erraticus were 
examined and over 40 percent were parasitized by Coelomomyces pen
tangulatus; and a considerably larger number of Anopheles crucians 
were examined and over 25 percent were parasitized by C. dodgei (Umph
lett, 1961). Whi le these data are interesting, our collections have not been 
sufficiently extensive nor in progress long enough to be of much signifi
cance in judging these fungi as agents of microbial control. 

Iyengar reports in personal correspondence from India that many 
habitats must be examined to find mosquitoes parasitized by Coelomo
myces; hence he doubts its importance in reducing the popula t ion of 
mosquitoes. 

B. Experiments of Laird in the Tokelau Islands 

Laird (1960) has tried a new approach with Coelomomyces that has 
promise of yielding interesting results. T h e idea for this came to Laird 
(1956a) while making an intensive two-year study of mosquitoes and fresh
water ecology in the South Pacific. It involved using the remote Toke lau 
Islands in the South Pacific as an outdoor laboratory. T h e only impor tan t 
mosqui to on the islands is Aedes polynesiensis which transmits Wuchereria 
bancrofti, the filarial worm of tropical elephantiasis. These mosquitoes 
breed in the ra in water which accumulates in tree holes and in other 
na tura l and artificial containers. By examining many Aedes larvae it was 
established that Coelomomyces was absent from the Tokelaus . T h e group 
consists of three islands and the project involved treat ing each island as 
follows: (1) on N u k u n o n o the resting sporangia of Coelomomyces stego
myiae were introduced into 761 of the larval habi tats ; (2) on Atafa diel-
drin-cement briquettes were placed in 6500 breeding places for compari
son with any Coelomomyces control; and (3) Fakaofo was left unt rea ted 
as an experimental control. About two years later (April, 1960) Lai rd 
re turned to the Tokelaus and found that Coelomomyces stegomyiae was 
well established in the local Aedes polynesiensis popula t ion following its 
in t roduct ion from Singapore in 1958. In a letter he reports as follows: 
' O n e hund red and eighteen larval habi tats were carefully searched this 
Apri l (1960) and parasitized larvae were present in 11 of these, while 
viable sporangia were found in the bo t tom debris of others. T h e over-all 
incidence was approximately five to seven times that found in na ture at 
Singapore, and the over-all percentage of parasitized larvae per habi ta t 
was twice as high as there. T h e r e was evidence, too, of bo th na tura l 
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spread (to dried coconut shells near infected tree holes) and adult mos
qui to popula t ion reduction. These results seem encouraging in view of 
the crude int roduct ion procedures that had to be used." 

VIII . CONCLUSIONS 

A review such as this is useful to the reviewers in focusing at tent ion 
on the unsolved problems. In Coelomomyces there are many. T h e life 
history of Coelomomyces is still incompletely known. A number of 
questions on the life history and other matters need to be answered: (1) 
How widespread and how abundan t are the species of Coelomomyces in 
mosquitoes and related insects and what are the factors that determine 
their peculiar distr ibution, i.e., their apparent abundance in some areas 
and total absence in others? (2) How nearly host specific are the species 
of Coelomomyces; i.e., are the species which have been reported on more 
than one host composed of morphologic races? (3) Whe the r the zoospores 
from the resting sporangia are the agents of infection. (4) How does in
fection take place? (5) How widespread is the occurrence of the thin-
wall sporangia in the different species of Coelomomyces and what is the 
function of these structures? (6) Whether there is an al ternat ion of hosts. 
(7) Whether there is an al ternat ion of a sporophytic and a gametophytic 
generation as occurs in certain other Blastocladiales. (8) Whethe r any of 
these fungi can be cul tured under controlled conditions on laboratory-
reared mosquitoes. (9) Whe the r they can be cul tured on artificial media. 
(10) Whether any of these pathogens can be used by m a n for the micro
bial control of susceptible insects. 

T h e species of Coelomomyces are very highly specialized parasites, as 
indicated in par t by the remarkable mycelium, which lacks a wall, thus 
permit t ing free movement of the larvae. T h o u g h well established in the 
natural popula t ion of mosquitoes and exceedingly ancient historically, 
the species are so rare in na tura l occurrence that under normal conditions 
Coelomomyces is a mere p in prick in controlling or reducing the popula
tion of mosquitoes. I t is only when the ecological balance as applied to 
mosquitoes occurs as in the small-scale concrete tank experiments of 
Walker (1938) and Musprat t (1946b) or in large-scale irrigation projects, 
as in Alberta, Canada (Shemanchuk, 1959), that Coelomomyces may be
come a menace to the mosquito popula t ion. If Coelomomyces stegomyiae 
could be grown in large quant i ty with the product ion of abundan t rest
ing sporangia, it would be interesting to introduce this oriental species 
into the popula t ion of the salt marsh mosquitoes in the southeastern 
Uni ted States. 
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