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EFFECTS OF ORGANIC WATER POLLUTION ON THE INFECTIVITY OF
THE FUNGUS LAGENIDIUM GIGANTEUM (OOMYCETES: LAGENIDIALES)

FOR LARVAE OF CULEX QUINQUEFASCIATUS (DIPTERA: CULICIDAE):
FIELD AND LABORATORY EVALUATION1

, j
Stephen T. Jaronski and Richard C. AxtelF

Abstract. Sporulating agar-plate cultures of Lagenidium gi-
ganteum (North Carolina strain) were introduced into outdoor,
pilot-scale, poultry-waste disposal lagoons. In unpolluted water,
the fungus infected 27-100% of Culex quinquefasciatus larvae,
depending upon the size of the fungal inoculum, and persisted
for 1 month until low water temperature inhibited fungal de-
velopment. No infection occurred in water with low to mod-
erate levels of organic pollution. With data obtained from lab-
oratory tests of the effects of polluted water on zoosporogenesis
and infection of larvae by the fungus, a multiple regression
equation was developed relating levels of chemical oxygen de-
mand (COD), total Kjeldhal nitrogen (TKN), ammonia nitro-
gen (NH3-N) and total phosphorus (P) to percentage infection
of larvae under standardized, optimal conditions. The multiple
regression, % Infection = 113.9 - 0.02 (mg/litre COD) - 1.92
(mg/l TKN) - 3.41 (mg/l NH3-N) - 6.02 (mg/l P), means that
the infection rate decreased 0.2% for each additional mg/l
COD, 1.92% for each additional mg/l TKN, 3.41 % for each
additional mg/l NH3-N and 6.02% for each added mg/l P, when
all 4 parameters were considered simultaneously. Of the 4 pa-
rameters, only NH3-N and P were statistically significant pre-
dictors of pollution effects on infection of larvae by Lagenidium.
The presence of organic pollution in the water prevented the
formation of sporogenic vesicles by the fungus and drastically
reduced the viability of any zoospores that were produced.

I.,

Biological control agents are currently recog-
nized as important components of mosquito man-
agement programs (Chapman 1974, Axtell 1979).
However, few agents have been sufficiently studied
in field situations to warrant their incorporation
into mosquito control strategies. Particularly lack-
ing are studies measuring environmental param-
eters that might affect the success of a biocontrol
agent.

Lagenidium giganteum Couch has been suggested
to be one of the more promising candidates for
biological control of mosquitoes (Roberts 1974,
Umphlett 1976, Federici 1981). This oomycetous
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fungus is a facultative, virulent pathogen of culicid
and chaoborid larvae. Its mosquito host range in-
cludes species of Anopheles, Aedes, Culex, Culiseta,

and Psorophora (McCray et al. 1973a, b, Umphlett
1976). The fungus is rapidly lethal, may be easily
produced in vitro, and can persist in at least some
mosquito habitats. Field trials using this fungus in
California have demonstrated effective but vari-

able control of Culex tarsalis Coquillett in rice fields
and Aedes nigromaculis (Ludlow) in pastures (Wash-
ino et al. 1976, Christensen et al. 1977). Fetter-
Lasko & Washino (1977) considered water tem-

perature, dissolved salts and organic pollution to
be limiting factors for L. giganteum in California
rice fields and irrigated pastures, but data were not
presented to quantify the effects of those factors.
Furthermore, little is known about the perfor-
mance of L. giganteum against mosquitoes in other
habitats.

Culex quinquefasciatus Say in organically polluted
water represents one such mosquito-habitat com-
plex in which Lagenidium needs to be evaluated.
This mosquito breeds prolifically in large areas of
the world in organically polluted waters of all
types, including lagoons for animal waste disposal,
and is often an annoying biter and disease vector.

Quantitative relationships between levels of or-
ganic pollution in anaerobic animal waste lagoons
and the production of Cx. quinquefasciatus have
been established using a model, pilot-scale lagoon
system in which the levels of organic pollution can
be monitored and controlled (Rutz & Axtell 1978,

Rutz et al. 1980). This system allows field tests of
Lagenidium against Cx. quinquefasciatus under more
controlled conditions than in naturally occurring
habitats.

The goals of the present study were: (1) to de-
termine the efficacy of L. giganteum in organically
polluted water using the pilot-scale waste disposal
lagoons; (2) to identify specific components of or-
ganic pollution that limit transmission of the fun-
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gus; and (3) to develop a predictive model of the

effects of pollution on the effectiveness of L. gi-
ganteum against Cx. quinquefasciatus.

MATERIALS AND METHODS

The L. giganteum used in all studies was a North
Carolina strain isolated by A. L. Knight from mos-
quito larvae collected in Chapel Hill, North Caro-
lina, USA, in 1979 and maintained in laboratory
culture since then. Routine maintenance of the

fungus was by weekly subculture in a broth of 3.2
g/litre wheat germ, 1.4 g/l yeast extract and 1.2 g/l
glucose plus an aqueous extract of hemp seed
added at the rate of 0.25 mg soluble protein/ml of
broth. For field and laboratory experiments, the
mycelia of Lagenidium from l-wk-old cultures were
washed with distilled water, homogenized briefly
to break the mycelia into segments of a few cells.
each, and plated onto hemp-seed agar (1.0 mg sol-
uble protein/ml) in 100-mm diam petri dishes.
These fungal cultures were incubated 1 week at
25-27 DCbefore use. When such cultures were im-

mersed in water suitable for zoosporogenesis, they
produced zoospores 12-18 h later. These zoo-
spores were routinely bioassayed in the laboratory
to assure that they were highly infective to mos-
quito larvae.

Field tests. Field trials took place during Septem-
ber and October 1980 in pilot-scale waste lagoons
similar to those described by Rutz & Axtell (1978).
The lagoons were steel drums (210 litres, 55 gal)
recessed % of their height into the ground, with
soil added to a depth of 10 cm and pond water
added to a depth of 70 cm. The surface area was
0.28 m2. Three levels of pollution were established
by the weekly addition of 0, 60 or 120 ml of fresh
poultry manure per drum for 4 weeks prior to and
during the field tests. The manure was from poul-
try fed a diet free of antibiotics and insecticides.
The enrichment rates were designed to create low
and moderate pollution levels, with untreated
pond water serving as the control. Larval popula-
tions of Cx. quinquefasciatus quickly became estab-
lished in the polluted water. Because the pond
water by itself was not attractive for oviposition, a
larval population was created by the addition of
field-collected egg rafts at a rate comparable to the
observed oviposition rate in the polluted water la-
goons (15-20 rafts/day).

The 1st experiment was conducted to determine
whether Lagenidium would infect larvae at any of
the pollution levels. The agar plates of fungus

were submerged for 12 h in distilled water; spor-
ulation was confirmed microscopically prior to ad-
dition of plates into the drums. Four plates of Lag-
enidium were placed in each drum, with 4 drums
at each pollution level. The plates were suspended
vertically from styrofoam floats so that they re-
mained in the upper layers of the water where the
Cx. quinquefasciatuslarvae congregated. The dos-
age of 4 plate cultures represented a potential pro-
duction of 6.0 x 107 zoospores per drum. The
plates were removed after 24 h.

In the 2nd experiment, 8 plate cultures of L.
giganteum, after 12 h in distilled water and confir-
mation of sporulation, were suspended in each of
3 drums containing water loaded with manure at
the 60 ml/wk rate and in 1 drum of pond water.
After 24 h the plates were removed. In both ex-
periments only a single introduction of fungus was
made into each drum.

In the 3rd experiment we sought to determine
if Lagenidium could be established in unpolluted
water with lower doses than used in the previous
experiments and how long the fungus would per-
sist after a single introduction. One, 2, or 4 plate-
cultures of Lagenidium were suspended in each of
6 drums (2 drums per dose) of unpolluted water
and removed after 24 h.

Water samples were collected 4 cm below the
surface of each drum immediately before the in-
troduction of Lagenidium and at weekly intervals
thereafter and analyzed for chemical oxygen de-
mand (COD), total Kjeldhal nitrogen (TKN) and
total phosphorous (P) by standard methods (Amer-
ican Public Health Assoc. 1976). COD represented
the amount of oxygen consumed by wet chemical
combustion of organic matter in a sample, i.e., the
amount of biodegradable and nonbiodegradable
organic matter. TKN measured both organic ni-
trogen and ammonia. In the laboratory assays de-
scribed later, the water was analyzed also for am-
monium nitrogen (NH3-N). All parameters of
water quality were expressed as milligrams/litre
water. The pH of the water in each drum was mon-
itored weekly during the tests. Water temperature
was measured continuously 2-3 cm below the sur-
face of 1 drum.

The presence of Lagenidium in the experimental
drums was monitored with sentinel larvae and by
sampling the. indigenous larval population. The
sentinels were 2nd- and 3rd-instar Cx. quinquefas-
ciatus larvae collected from nearby nonexperimen-
tal lagoons and held within screened, floating con-
tainers in the experimental drums (50 larvae/
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container/drum) for 4 days in experiments 1 and 2
and 24 h in experiment 3. After exposure the lar-
vae were maintained in the laboratory for 48 hand
then examined microscopically for the character-
istic hyphae and sporangia of L. giganteum. Per-
centage infection among these sentinel larvae in-
dicated the transmission rate of the fungus during
each exposure period. The indigenous larval pop-
ulations were sampled concurrently with exposure
of sentinel larvae . Fifty to 100 larvae were collected
from each drum and examined for infection to

determine the prevalence rate of Lagenidium with-
in the larval populations of each drum. Prior to all
field experiments, larvae from each drum were
examined for infection by Lagenidium and no in-
fected larvae were found.

Laboratory assays. Tests were performed to deter-
mine the relationships between the level of each
water-quality parameter (COD, TKN, NH3-N, P)
and the ability of agar cultures of Lagenidium to
sporulate and infect larvae under standardized
conditions. An indirect bioassay using percentage
larvae infected was preferred to direct observa-
tions of sporulating fungus for several reasons.
Suspended matter in the polluted water made ob-
servation of zoosporogenesis impossible. Filtration
of polluted water through a 0.45-fLm filter was too
laborious except for limited observations on mor-
phological changes of the fungus. Finally, the in-
hibition of infection was better related to the field

situation than an estimate of sporangial vesicle
density on the agar, and could be used to develop
a prediction model of pollution effects on Lageni-
dium.

In the 1st experiment, water samples from 113-
litre plastic trash cans loaded at 0, 15, 30, 60, or
125 ml of poultry manure/wk were collected to
provide water with different proportions of COD,
TKN, P and NH3-N. These samples were serially
diluted in 10% increments to yield a range of pol-
lution levels from 10 to 80% of full-strength pol-
lution levels. Thus ranges of 17-633 mg/litre COD,
1.2-22.9 mg/l TKN, 0.14-13.0 mg/l NH3-N and
0.3-9.4 mg/l P were obtained in various ratios to
each other. A total of 72 water samples were bioas-
sayed.

The bioassay procedure was as follows. Four
slices of Lagenidium agar culture were immersed
(without prior incubation in distilled water to stim-
ulate zoosporogenesis) in 1 litre of the polluted
water sample to which were added fifty 2nd-instar
Cx. quinquefasciatus larvae. Each of the 4 slices of

agar culture was 14 of a 9-cm diam petri plate and
was drawn from a different plate. The slices were
distributed randomly among the water samples in
an assay to minimize differences in zoospore pro-
duction among plates of Lagenidium. A control of
distilled water accompanied each group of pollut-
ed water samples. Immediately prior to addition
of fungus, water samples were collected from each
container, fixed with 0.5 ml H2SO4 per 200 ml
water and analyzed for COD, TKN, NH3-N and P
using standard methods cited earlier.

Larvae used in the assays were from a laboratory
colony established from field-collected females.
The larvae were exposed to the fungus for 3 days
at 25 DC in a 12: 12 (L:D) photoperiod. By the 3rd
day all infections were patent at Stage III of Dom-
nas et al. (1974). Infected larvae were identified by
the presence of sporangia throughout their head
capsules and thoraces. Under the conditions of the
assay, 95-100% of the larvae were infected in the
controls.

Data from the assays were combined for single-
and multiple-regression analysis (Barr et al. 1976)
to determine which among the 4 parameters of
water quality correlated best with inhibition of lar-
val infection by Lagenidium.

A 2nd experiment, using cultures of L. gigan-
teum that were already producing zoospores, was
conducted to determine whether the zoospores
were more or less susceptible to pollution effects
than was the process of sporulation. Agar slices of
Lagenidium were incubated in distilled water for 16
h and then transferred to polluted water. The
water was derived from 1 sample of polluted water
and diluted serially in 10% increments to provide
a range of pollution levels. Conditions of the assay
were as described earlier. The observed percent-
ages of infection for each pollution level were com-
pared with predictions based upon the multiple
regression derived from the 1st experiment.

Further laboratory experiments were conducted
to determine the effects of NH4+, P04=, N03~,
S04=' HC03-, Na+ and K+ ions on vesicle forma-

tion and zoosporogenesis. Agar cultures of Lagen-
idium were immersed in aqueous salt solutions of
ionic strengths comparable to those in polluted
water, and were observed over the subsequent
24-36 h.

As it was impractical to count motile zoospores
and since zoospores are normally formed after ves-
icle formation, counts were made of the numbers

of vesicles per 100x microscope field at 12, 18,
and 24 h after immersion. Vesicles were counted
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TABLE 1. Rates of infection of Culex quinquefasciatus in water polluted with poultry manure in pilot-scale lagoons following
introduction of sporulating cultures of the fungus Lagenidium giganteum at 2 dose rates (4 or 8 plates/drum).

* Means based on 100 sentinel larvae per lagoon exposed 4 days in experiment 1 and 1 day in experiment 2; 50-100
indigenous larvae collected 4 days postinoculation in experiment 1 and 1 day postinoculation in experiment 2.

** Expt. 1: 4 plates of fungus per lagoon, 4 lagoons per loading rate. Expt. 2: 8 plates of fungus per lagoon, 3 lagoons per
loading rate.

in 6 fields on each of 3 pieces of agar culture. The
following salts or bases were assayed at 25, 50, and
100 mg/litre of distilled water: (NH4hC03, NH40H
(adjusted to pH 7.8 with concentrated acetic acid),
(NH4hS04' NaN03, Na2S04' NaCI, Na2HP04,
NaH2P04, K2C03 and K2HP04. Ammonium hy-
droxide (pH 10.1) was assayed at 10 and 20
mg/litre. The pH was unbuffered in all solutions ex-
cept NH4OH, as the fungus sporulated readily at
pH levels from 6.5 to 8.6 in the field trials. Vesicle
counts were compared with those obtained with
distilled water using the Mann-Whitney rank-sum
analysis.

RESULTS

Field tests. Lagenidium did not infect any Cx. quin-
quefasciatus larvae in the water polluted with poul-
try manure, whereas both sentinel and indigenous
larvae in the unpolluted water sustained high ini-
tial infection rates with both levels of fungus intro-
ductions (Table 1).

In unpolluted water (Table 2), L. giganteum es-
tablished itself in the larval mosquito populations
at all 3 levels of fungus introduction, and persisted
but decreased as the water temperature declined.
Detectable transmission in the sentinel larvae de-

clined to zero 18 days after the experiment, but
the prevalence rate of the fungus continued at low
to moderate levels in the indigenous larvae for the
32 days of the field trial. In the 2nd week of the
experiment, twice the normal number of egg rafts
were added to the drums. This addition depressed
the prevalence rate in the indigenous larvae at the
next sampling (day 13), but the rate rebounded
during the subsequent 5 days in 2 of the 3 treat-

ments before decreasing to very low levels at the
25- and 32-days postintroduction sampling.

Laboratory assays. Larval infections by mycelial
cultures of Lagenidium ranged from 0 to 100%

TABLE2. Progression of infections among sentinel and indig-
enous Culex quinquefasciatus larvae after introduction of 1, 2,
or 4 agar cultures of Lagenidium giganteum into pilot-scale

lagoons of unpolluted pond water (2 replicates per dose).

* Means based on 100 sentinel larvae per lagoon exposed
1 day and 50-100 indigenous larvae collected on the day in-
dicated, except that sentinels collected on Day 2 were exposed
from the start of the experiment. Natural population levels of
larvae were maintained by the daily addition of 15-20 egg rafts
per barrel except during the 2nd week of the experiment when
30-40 rafts were added to match normal oviposition rates in
polluted water lagoons.

MANURE
LOADING WATER QUALITYPARAMETERS

RATE % LARVAEINFECTED*
mI!LAGOoN/ COD TKN P

WK mg/I mg/I mg/l pH SENTINELS INDIGENOUS

Expt. 1**
0 53-62 1.5-2.2 0.1-0.3 7.7-8.9 79.6 :t: 22.4 65.8 :t: 21.8

60 119-186 9.9-13.2 1.6-13.2 7.4-8.9 0 0
250 420-644 48.4-72.6 10.5-18.8 7.6-8.4 0 0

Expt. 2**
0 45-60 1.1-1.5 0.1-0.2 7.8-8.8 100 98.3 :t: 2.9

60 100-200 8.4-16.9 1.2-3.8 8.1-8.4 0 0

DAYS WATER TEMP. °C

AFTER D % LARVAE INFECTED*
(DAILY RANGE

INTRODUC- OSE RATE SINCE LAST

TION OF (PLATES/ INDIGE- SAMPLE

FUNGUS LAGOON) SENTINELS NOUS OF LARVAE)

2 1 26 28 18.5-25.0
2 32 34
4 75 73

7 1 5 40 18.6-20.9
2 12 28
4 40 80

13 1 0 2 16.0-27.7
2 6 9
4 3 19

18 1 0 14 15.2-32.9
2 0 6
4 0 51

25 1 0 2 13.3-22.8
2 0 6
4 0 2

32 1 0 6 12-13.8
2 0 5
4 0 7
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TABLE3. Simple linear regressions of percentage infection of Culex quinquefasciatus by Lagenidium giganteum vs. the water quality
parameters COD, TKN, NH3-N and P. Effective concentrations for 50% (EC5o) and 90% (ECgo) reduction of percentage

infection are derived from the regressions of each water quality parameter.

PARAMETER LINEAR REGRESSION PROB.

COD
TKN
NH3-N
P

% inf = 73.7 - 0.029 (mg/l COD)
% inf = 113.3 - 6.31 (mg/l TKN)
% inf = 101.2 - 6.87 (mg/l NH3-N)
% inf = 104.4 - 12.19 (mg/l P)

CORREL.
COEFF.

EC50

mg/l

ECgo
mg/l

0.009
0.64
0.55
0.48

0.45*
0.0001
0.0001
0.0001

10.0
7.1
2.6

16.4
13.2
7.7

* Not significant.

among the different levels of pollution. The tests
were performed in several series, each represent-
ing dilutions of a particular water source. Within
each series, only the highest pollution level giving
0% mortality and the lowest giving 100% were in-
cluded with the intermediate values, resulting in
a total of 65 observations'included in the regres-
sion analyses.

Simple linear regressions of infection rate
against COD, TKN, NH3-N or P concentrations
revealed that correlation with COD was not signif-
icant, while TKN, NH3-N and P correlated signif-
icantly (P < 0.0001) with percentage infection
(Table 3). Individual correlation coefficients, al-
though low (0.48-0.64), were significant. With
multiple regression analysis (Table 4), NH3-N and
P levels correlated significantly with inhibition of
infection (P < 0.0001) when all 4 parameters were
considered simultaneously. Correlations between
infection rate and COD or TKN were not signifi-
cant, which at least in the case of TKN was appar-
ently a result of interactions in the multiple regres-
sion analysis. According to the multiple regression,
the infection rate decreased 0.02% for each addi-
tional milligram/litre in COD, 1.92% for each
added mg/l TKN, 3.41 % for each added mg/l NH3-

TABLE4. Multiple regression analysis and ANOV A of the ef-
fects of pollution levels on the ability of Lagenidium giganteum

cultures to infect Culex quinquefasciatus in the laboratory.*

* % Infection = 113.94 - 0.02(mg/l COD) - 1.92(mg/l
TKN) - 3.41(mg/l NH3-N) - 6.02(mg/l P).

** Not significant.

Nand 6.02% for each added mg/l P when all 4
parameters were considered simultaneously. The
multiple regression correlated better with infection
rates (0.699 correlation coefficient) than the single
regressions and therefore was a more accurate pre-
dictor when all 4 water quality parameters were
included (even though only NH3-N and P were
significant).

In the 2nd experiment, sporulating cultures and
zoospores of Lagenidium were exposed to a range
of pollution levels. The infection rate decreased
with increased pollution. Changes in infection
rates with these introduced zoospores were similar
to those predicted by the substitution of the ex-
perimental pollution values in the multiple regres-
sion equation derived from data with mycelial in-
troductions (Table 5). The data indicated that
zoospores were as susceptible to pollution as the
process (zoosporogenesis) that produced them.

Agar cultures of Lagenidium immersed in pol-
luted water filtered through a 0.45-M-m Millipore
filter produced few discharge tubes, less than 1
vesicle per mm2 of agar, and extremely few zoo-

TABLE5. Effect of organic pollution on Lagenidium giganteum
zoospores, as measured by infection rates among Culex quin-
quefasciatus larvae. Zoospores were produced before exposure
to polluted water. Predicted infection rates were based on the
multiple regression model (Table 4) derived from experi-
ments testing pollution effects on zoosporogenesis, not zoo-

spore survival.

ANOVA CORREL.
SOURCE DF F PROB. COEF.

Model 4 0.1876 0.0001 0.699
Error 60
Corrected total 64
COD 1 1.78 0.1876**
TKN 1 1.55 0.2177**
NH3-N 1 118.06 0.0001
P 1 18.41 0.0001

POLLUTIONLEVELS(mg/l) % LARVAEINFECTED*

COD TKN NH3-N P OBSERVED PREDICTED

0 0 0 0 100 113.9
21 0.9 0.3 1.0 100 105.0
27 1.3 0.7 2.0 95 96.5
49 1.8 0.9 3.1 90 87.8
45 2.2 1.2 4.1 80 80.0
38 2.6 1.6 5.1 75 71.7
46 3.1 1.8 6.3 70 63.0
52 3.8 2.3 7.3 65 54.9
63 4.8 2.9 9.4 35 36.9

* One replicate of 20 larvae per water sample.
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* Acidified to pH 7.8 with glacial acetic acid.
** Significantly less than distilled water controls (rank

sum P "'" 0.01).
***Significantlygreater than controls (rank sum P "'" 0.01).

spores. This water had a COD = 126 mg/litre,
TKN = 9.5 mg/l, NH3-N = 5.4 mg/l and P = 8.8
mg/l. Controls produced vesicles and zoospores 12
h after immersion in distilled water. Peak vesicle

density among controls was 10.7 vesicles per mm2
at 18 h postimmersion. Transfer of sporulating
fungus to the polluted water halted sporulation.
Mature vesicles and zoospores present at the mo-
ment of transfer rapidly degenerated when ex-
posed to the polluted water.

Observations of zoosporogenesis in the dilute
salt solutions revealed that NH4+ as a hydroxide,
carbonate, nitrate and sulfate prevented or par-
tially inhibited zoospore formation at NH4+ con-
centrations equivalent to those of polluted water
(Table 6). Ammonium hydroxide blocked sporo-
genesis even when acidified to pH 7.8 with glacial
acetic acid. No vesicles appeared even after 72 h,
by which time the fungal hyphae had become vac-
uolated and morbid. The pH values of the other
ammonium salts did not exceed levels at which the

fungus successfully sporulates in natural habitats.
Ammonium sulfate caused almost immediate ger-
mination of zoospores upon their formation within

the vesicles; no motile zoospores were observed.
Neither sodium sulfate nor any other salt had this
effect on zoospore formation.

Use of the sodium and potassium salts was de-
signed to be a check on the effects of the anions
associated with NH4+. Only NaN03 inhibited zoo-
sporogenesis to a significant degree; S04 =, HC03 -,
Cl-, Na+, and K+ had no effect at the concentra-
tions tested. Neither of the phosphate salts inhib-
ited zoosporogenesis; on the contrary, after 17 h
in the presence of NaH2P04, zoospore production
was greater than in the control (distilled water).

DISCUSSION

Our studies have shown thatL. giganteum (North
Carolina strain) is not an effective biological con-
trol agent in organically polluted water. Habitats
in which Cx. quinquefasciatus oviposits may have
much higher levels of organic pollution than the
pilot-scale lagoons or samples of polluted water in
the present study. Rutz & Axtell (1978) discovered
that optimal mosquito production, when choices
were available to female mosquitoes, occurred at
a COD of 699-948 mgllitre and TKN of 165 mgll
in poultry-waste lagoons. At COD's of 100 mgll
and TKN's of 25 mg/l, larval mosquito abundance
in lagoons was only 8% of this optimum. Our stud-
ies demonstrated total ineffectiveness of Lageni-
dium at a COD of 119-186 mg/l and a TKN of
9.9-13.2 mg/l in the lagoons. In unpolluted pond
water, Lagenidium was effective in controlling Cx.
quinquefasciatus larvae, although egg rafts had to
be introduced artificially as no natural oviposition
took place in the unpolluted water.

Total phosphorus (P) and ammonia-nitrogen
(NH3-N) levels are the best predictors of successful
infection by L. giganteum when COD, TKN, NH3-N
and P are considered together in a multiple regres-
sion. Complex interactions among the 4 parame-
ters exist in polluted water and modify their effects
on the fungus and infection rate. These interac-
tions were omitted from the analysis for simplicity
and because they did not appreciably improve the
reliability of the multiple regression. Nonetheless,
they partially explain the lack of significance of
TKN in the multiple regression while it was sig-
nificant in the single regression. The validity of the
multiple regression calculated from the laboratory
data is shown by the similarity of observed to pre-
dicted percentage infections in the 2nd lab exper-
iment (Table 5). However, all 4 parameters must
be measured and included in the multiple regres-
sion equation. If it is practical to use only a single

TABLE6. Sporangial vesicle production by Lagenidium giganteum
when agar cultures were placed in dilute salt solutions.

VESICLES PER mm2 AFTER 12-24 H
IN SOLUTION

SOLUTION mgn 12 H 18 H 24 H

Dist. H2O - 2.9 6.4 1.6

NH.OH 20 0** 0** 0**
10 0** 0** 0**

NH.OH* 25 0** 0** 0**

(NH.hC03 100 0** 0** 0**
50 2.7 2.6** 1.0
25 2.7 4.8 0.8**

(NH4hSO. 100 1.0** 1.7 0.2**
50 3.6 5.4** 1.6
25 4.2*** 6.2 1.0

NH.N03 50 4.0*** 2.6** 0.9**
25 3.0 4.8** 0.6**

Na2SO. 100 3.3 6.9 2.2

NaN03 100 2.6 3.9** 1.7
25 3.9 5.3** 1.1

Na2HPO. 100 3.6*** 6.9 1.6

NaH2PO. 100 3.7*** 8.6*** 1.2
50 4.1 *** 6.7

NaCI 100 2.9 6.2 1.5

K2C03 100 2.8 6.3 1.7
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measure of water quality, then NH3-N, TKN or P
may suffice according to the simple linear regres-
sions of Table 4, and the NH3-N and TKN are

slightly more reliable than P. Overall, however,
simple regressions are inferior to the multiple
regressIOn.

These predictive equations of the effects of or-
ganic pollution on Lagenidium infectivity were de-
rived from data obtained under optimum condi-
tions for the infection of larvae, i.e., small volume,

absence of other filter-feeding organisms, and in-
timate contact between zoospores and larvae. Ef-
ficacy of Lagenidium in the field may be less than
predicted by the equations presented herein.

Ambient hydrogen-ion concentration (pH) has
little importance in zoospore production or larval
infection. Larvae were readily infected within a pH
range of 6.3-8.9 in field and laboratory experi-
ments. This pH range includes most larval breed-
ing habitats likely to be encountered in the field.

Regardless of the cause, the effects of polluted
water are to reduce or block zoosporogenesis in L.
giganteum. Vesicle formation and cleavage into zoo-
spores is directly affected. Thus, even if larvae
were infected by a large inoculum of zoospores,
the fungus probably would not produce zoospores
and transmit itself to new hosts. The usefulness of

L. giganteum as a self-perpetuating agent would be
greatly limited in these circumstances.

Laboratory experiments with dilute salt solu-
tions verify that NH4+ can be an important inhib-
itor of zoosporogenesis. Reasons for the variability
of effects by the different ammonium salts, when
NH4 + concentrations are considered, are still un-

clear. Dissociation equilibria of the different salts
may affect the action of NH4+.

The absence of inhibition of zoosporogenesis by
phosphate (Table 6) implies that this anion is un-
important. Phosphorus measurements of polluted
water include organophosphates and tripolyphos-
phates (P2OlO-5). Zoosporogenesis may be inhibited
by 1 or more of these substances rather than by
the simple phosphate anion.

Nevertheless, our results indicate that Lageni-

dium seems to have potential for mosquito control
in unpolluted, mesotrophic waters. In our field
trials, a large proportion of the larvae became in-
fected by the crude system of immersing agar plate
cultures of the fungus into the lagoons. Persistence
of the fungus, despite the continuous influx of
large numbers of healthy larvae, demonstrated
that transmission can occur and that the fungus
can recycle.

The decrease in the prevalence of Lagenidium in
the field trial (Table 2) most likely was due to low
water temperatures in the drums. Temperatures
became suboptimal for fungal growth «20°C)
shortly after the start of the field experiments and
decreased further throughout the trials. Trans-
mission rate to sentinel larvae dropped concur-
rently and was followed by a gradual decline in the
prevalence of infected larvae. By the 25th day of
the field test, larval development had ce~sed in the
drums so that the infected individuals we observed

represented old infections slowed or halted by the
low water temperatures. In late spring and sum-
mer, water temperatures would presumably be at
optimal levels for zoospore production (25-28 °c)
(Domnas 1981) and Lagenidium would readily re-
cycle in the lagoons.

In summary, the North Carolina isolate of L.

giganteum is an ineffective biological control agent
in mosquito breeding habitats polluted by organic
matter. Its ability to infect mosquito larvae in a
particular habitat may be predicted by measure-
ment ofTKN, NH3-N and/or P and substitution of

their concentrations in the appropriate single
regression formulae presented in this report. More
accurate predictions may be made using a multiple
regression model incorporating COD along with
the other 3 water quality measurements. In un-
polluted water, L. giganteum was shown to be an
effective, self-perpetuating pathogen of mosqui-
toes.
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