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Abstract

Commercially available formulations of two entomopathogenic fungi, Beauveria bassiana (Bals.-Criv.) Vuill. 
(Hypocreales: Clavicipitaceae) and Metarhizium anisopliae (Metchnikoff) Sorokin (Hypocreales:  Clavicipitaceae), were 
assessed for control of Culex quinquefasciatus Say (Diptera: Culicidae) in underground storm drain systems (USDS) in 
the Coachella Valley of southern California. Each of three treatments, the two fungi or a water control, was applied to 1 
m2 of vertical wall at eight USDS sites in spring and autumn of 2015. Fungal infectivity and lethality were assessed at 1 d 
and 1, 2, and 4 wk post-application. Overnight bioassays using adult lab-reared female mosquitoes were carried out on 
the treated USDS wall areas and then mosquitoes were held in the laboratory for up to 21 d to allow fungal infections to 
be expressed. Postmortem fungal sporulation was assessed up to 2 wk at 100% humidity. Mosquito–fungal interactions 
also were assessed in bioassays of the three treatments on filter paper exposed to USDS conditions during autumn. 
Metarhizium anisopliae killed mosquitoes faster than B. bassiana; nevertheless, both freshly applied formulations 
caused greater than 80% mortality. Fungal persistence declined significantly after 1 wk under USDS conditions, but 
some infectivity persisted for more than 4 wk. Beauveria bassiana was more effective against Cx. qinquefasciatus 
in the spring, while M. anisopliae was more effective in the cooler conditions during autumn. USDS environmental 
conditions (e.g., temperature, relative humidity, standing water) influenced fungal-related mortality and infection of 
Cx. quinquefasciatus. The utility of these fungal formulations for mosquito abatement in the Coachella Valley and 
implications for fungal control agents in USDS environments are discussed.
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City underground storm drain systems (USDS) typically feature hun-
dreds to thousands of miles of horizontal drain channels, and thou-
sands of catch basins and manhole chambers (Kluh et al. 2001, Su et 
al. 2003). In southern California, these systems can produce signifi-
cant numbers of arbovirus vectors such as Culex quinquefasciatus 
Say (Diptera: Culicidae) (Mulligan et al. 1982, Dhillon et al. 1985, 
Kluh et al. 2006) and are thought to be foci of West Nile virus activ-
ity in urban landscapes (Kluh et al. 2006).

Standing water in USDS provides developmental sites for imma-
ture mosquitoes and the relatively moist, cool environment of USDS 
is also favorable for resting and overwintering adult mosquitoes. 
Relative to aboveground sites during the summer and autumn, tem-
peratures and relative humidity in drain trunk lines are compara-
tively constant (27°C, 70–80% RH: Mulligan et  al. 1982). Most 
adult mosquito resting activity takes place on the vertical walls 

within the upper 1 m of manhole chambers (Dhillon et  al. 1985) 
and cisterns. The movement of mosquitoes within and into USDS is 
thought to be a major factor reducing the efficacy of focal control 
efforts in USDS (Dhillon et al. 1985, Kluh et al. 2006).

Various approaches have been used to reduce mosquito produc-
tion from USDS including oils (Kimball and Perruzzi 1970, Pfuntner 
1978), chlorinated hydrocarbons and organophosphorus insecticides 
(Dill and Roberts 1975, Vetrone et al. 2011), pyrethroid insecticides 
(Kluh et al. 2006), biorational control agents (insect growth regula-
tors: Stewart 1977; Bacillus thuringiensis subsp. israelensis Berliner 
(Bacillales: Bacillaceae) and Lysinibacillus sphaericus (Meyer and 
Neide) (Bacillales: Bacillaceae): Mulligan et al. 1981, Kluh et al. 
2001), and flushing with sea water (Schoeppner 1977). Retrofitting 
(e.g., filling below-grade cisterns with cement: Mulligan et al. 1982) 
is an option for problematic but readily accessible catch basins, but 

Journal of Medical Entomology, 55(3), 2018, 654–665
doi: 10.1093/jme/tjx233

Advance Access Publication Date: 22 December 2017
Research Article

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article-abstract/55/3/654/4773888 by Bio Agricultural Library user on 20 M
arch 2019

http://www.oxfordjournals.org/
mailto:william.walton@ucr.edu?subject=


is not feasible for existing trunk lines that are often important sites 
of mosquito production. Mosquitofish reduced Cx. quinquefasciatus 
host-seeking populations by 75 to 94% relative to drains without 
mosquitofish during a 14-wk period in Fresno, CA, but no mating of 
fish was observed in the drains and mosquitofish populations failed 
to persist (Mulligan et al. 1983). Due to restricted accessibility of 
breeding sources in these systems, controlling mosquito populations 
in USDS continues to be a challenging task for vector control districts.

In addition to difficulty accessing mosquito developmental sites 
within the confined space of USDS, current mosquito abatement meth-
ods are problematic in other ways. Vector control is costly often requir-
ing multiple treatments per mosquito season and necessitating several 
personnel to gain entry to underground sites and manipulate vector 
control equipment safely and efficiently. Application of a residual adul-
ticide to the vertical walls of manholes can reduce mosquito popula-
tions, but has not achieved satisfactory control because of dispersal 
of adult mosquitoes within, and into, USDS to and from the primary 
sites of production that are thought to be comparatively inaccessible 
for vector control (Kluh et al. 2006). Moreover, preventing pesticide 
residues from contaminating drain lines requires time-consuming pro-
cedures that do not allow the control of mosquitoes in the horizon-
tal main trunk lines (Kluh et al. 2006). Bacterial larvicides provide an 
environmentally friendly alternative to chemical insecticides for mos-
quito control, but delivery of product to aquatic developmental sites in 
trunk lines is problematic. As municipalities are required to meet more 
stringent water quality total maximum daily loads for stormwater, 
mosquito control agents that include particulates in the formulations 
(like bacterial materials) might receive more scrutiny.

Conditions in USDS not only provide favorable conditions for 
mosquitoes, but the moisture, moderated temperatures, and protec-
tion from sunlight also should favor persistence of entomopatho-
genic fungi relative to other habitats, especially in a hot desert 
environment such as the Coachella Valley. Metarhizium anisopliae 
(Metchnikoff) Sorokin (Hypocreales:  Clavicipitaceae) and 
Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: Clavicipitaceae) 
are the two most common fungal species used for mosquito con-
trol, and strains of each fungus can be effective against a range of 
pathogen-vectoring mosquitoes (Stevenson et al. 2013). For ex-
ample, a single strain (ICIPE 30) of M. anisopliae isolated from a 
stemborer (Lepidoptera: Noctuidae) has been recommended for 
use against both anopheline malaria vectors in Africa and aedine 
dengue vectors worldwide (Scholte et al. 2003, 2007; Darbro et al. 
2011). Conversely, multiple strains can vary in efficacy in single mos-
quito hosts; e.g., isolates of B. bassiana originating from different 
insect orders distributed globally demonstrated a wide spectrum of 
virulence against the African malaria mosquito Anopheles coluzzii 
Coetzee and Wilkerson (Valero-Jiménez et al. 2014).

We explored the potential of B.  bassiana and M.  anisopliae as 
biological control agents for Cx. quinquefasciatus in USDS in the 
Coachella Valley, California using two types of bioassays. The first 
type exposed mosquitoes on-site to a single fungal or control treat-
ment applied previously to a vertical USDS wall area. Laboratory-
reared mosquitoes were transported to each USDS, confined within a 
field exposure chamber overnight, and returned to the laboratory to 
monitor mortality and infection for up to 3 wk post-exposure. On-site 
mosquito assays were repeated weekly or biweekly over a month to 
document the persistence of fungal applications in each USDS. The sec-
ond bioassay involved laboratory-based exposures performed on mos-
quitoes not subjected to field deployment. A single fungal or control 
treatment was applied to filter paper in the laboratory, aged concur-
rently in USDS during the aforementioned bioassay study, and returned 
to the laboratory for overnight mosquito exposures. Inter-seasonal 

variation in fungal efficacy on USDS walls was assessed in separate 
spring and autumn trials in 2015. Environmental conditions, wild 
mosquito activity, and fungal-based mortality and infection of Cx. 
quinquefasciatus were quantified at eight USDS structures grouped 
into three geographic areas spread across the Coachella Valley. A per-
formance profile was generated for each fungal species formulation 
based on initial virulence, USDS persistence, and assay-specific activity. 
The utility of entomopathogenic fungi and implications for mosquito 
abatement strategies within USDS settings is discussed.

Materials and Methods

Fungus Formulations
Commercially prepared fungal formulations were the Met52 EC 
suspension (M.  anisopliae strain M52, Novozymes, Salem, VA) and 
BotaniGard 22WP dry powder (B. bassiana strain GHA, Laverlam, 
Butte, MT). Samples of Met52 and BGWP were used before their 
expiration dates and viability of fungal conidia was assessed before 
experimental use by monitoring germination rates. In brief, a water di-
luent of 107 conidia/ml was spread evenly across potato dextrose agar 
plates and examined 12–24 h after inoculation using phase contrast 
light microscopy at 200× magnification. One hundred conidia were 
assessed for each of three samples per formulation and hyphal growth 
greater than twice the diameter of the originating spore was considered 
a positive indication of germination (see Wraight et al. 2007).

In vivo activity of each formulation was also monitored in la-
boratory assays of fresh material with Cx. quinquefasciatus cohorts 
performed in parallel with USDS aging assays. The fungi in both 
types of bioassays (USDS wall and filter paper: description below) 
were applied at the maximum recommended label rates (BGWP: 
3 lbs/5,000 ft2 = 1.3 × 1011 conidia/m2; Met52: 3 fl oz/1,000 ft2 = 
5.0 × 1010 conidia/m2) which were determined to have high efficacy 
against Cx. quinquefasciatus in laboratory assays pre-USDS deploy-
ment (D. A. Popko, unpublished).

Field Sites
Experiments were performed in eight USDS structures at three sites 
in the Coachella Valley. The three sites were La Quinta (N. Harland 
Dr.: 33° 43′ 24″ N, 116° 17′ 21″ W), Palm Desert-A (Elkhorn Trail: 
33° 43′ 58″ N, 116° 18′ 58″ W), and Palm Desert-B (Deep Canyon 
Rd.: 33° 44′ 03″ N, 116° 21′ 55″ W). At La Quinta and Palm 
Desert-A, three storm drain chambers with separate accessibility 
located within a block of each other were treated with one of three 
treatments: BGWP (B. bassiana), Met52 (M. anisopliae), or a water 
control. Palm Desert-B had only two appropriate storm drain struc-
tures. Therefore, the BG22WP and water control treatments were 
applied on opposite walls within one large chamber while Met52EC 
was applied in a second chamber.

Each USDS chamber was accessible from ladders underneath 
sidewalk manholes and was 1-m wide (distance perpendicular to 
street). The overall dimensions, cardinal direction of street-side 
drainage openings, and presence of standing water were variable 
(Table 1). Total volume varied from 4.4 to 17 m3 (Table 1), measur-
ing 1.6 to 3.1 m deep (below street level) and 2.0 to 8.5 m long (dis-
tance parallel to street). The Palm Desert-B (BG22WP and control 
treatments) site was markedly deeper (3.1 m) than all other sites.

Temperature and humidity within a subset of USDS chambers 
were recorded hourly using HOBO sensors (model U23-001, Onset 
Computer Corp., Bourne, MA). Each HOBO sensor was suspended at 
the center of the 1 m2 spray areas. In the spring trial, one HOBO unit 
was deployed for the first 3 wk at the USDS treated with BG22WP 
located at the Palm Desert-A site. After week 3, five additional HOBO 
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units were available and distributed to all USDS areas treated with either 
BG22WP or Met52EC formulations. HOBO units were not deployed 
in USDS with control sprays, except for the Palm Desert-B site chamber 
with both BG22WP and control treatments. Belowground temperature 
and humidity measurements were compared to those measured above 
ground by the California Irrigation Management Information System 
(CIMIS) weather station in La Quinta, CA (La Quinta II—Imperial/
Coachella Valley—Station 208; 33° 40′ 41″ N, 116° 16′ 23″ W) that 
was the closest in proximity to all three USDS sites.

USDS Wall Sprays
Treatments were applied as a fine mist to delineated, centrally located 
1 m2 areas on the vertical concrete walls of each USDS site. Dedicated 
portable pressure sprayers (B&G 2 gallon stainless steel sprayer, 
18-inch wand, B&G Equipment Co., Jackson, GA) were used at a 
pressure of 41.4 kPa (6 psi) to apply each treatment. The output (ml/s) 
for each sprayer was calibrated over three trials using a 200 ml gradu-
ated cylinder and stopwatch in the laboratory. Approximately 176 ml 
of 100-fold dilutions of a given fungal formula (BGWP ~ 1.3 × 1011 
conidia/m2 and Met52 ~ 5.0 × 1010 conidia/m2) or a water control 
were applied evenly across each 1 m2 USDS site for 30–50 s, using 
vertical and horizontal overlapping swaths to get even coverage. This 
pattern wet the area, but without any appreciable runoff. Two trials 
were carried out beginning on 18 April and 21 October 2015.

USDS Wall Bioassays
Each 1 m2 area was subdivided into a grid of 25 squares (20 cm × 20 cm). 
On a given date, three grid squares were selected using a random number 
generator and a chamber for holding mosquitoes was attached to each 
grid square. The grid design, based on x-y coordinates, prevented reuse 
of any wall subsection for bioassay within a USDS and season.

Mosquito assays on treated USDS walls were performed 1 d and 
1, 2, and 4 wk post-spray during each of the two trials. Mosquitoes 
in bioassays were nulliparous host-seeking female Cx. quinquefascia-
tus adults, aged 2–7 d, from a laboratory colony established in 2013 
from wild mosquito populations collected from the Coachella Valley. 
The parent colony was maintained in an organdy mesh (36 × 24 × 
24 cm) cage at 27°C, RH = 40–70%, with a light:dark cycle of 16:8 
h. Egg rafts were transferred and reared to pupae in ceramic pans 
(36 × 24 cm: 3-liter capacity) filled with 2 liters of tap water and a 
larval food slurry (three parts mouse lab diet: one part brewer’s yeast). 
Larval food (2–5 ml) was added daily depending on larval age and 
density. Late-developing pupae more likely to have a female-dominate 
sex ratio (some males present) were transferred to experimental mesh 
cages (30 × 30 × 30 cm) and used within a week’s duration.

The morning before field deployment, female mosquito groups 
(n = 15 mosquitoes per replicate, 3 replicates per treatment) were 
aspirated from experimental cages and gently blown into a mos-
quito housing chamber (MHC) composed of a 50-dram plastic vial 

(diameter = 4.7 cm, height = 11 cm, volume = 191 cm3). Each MHC 
contained a plastic snap cap with a small (2-dram) glass vial and 
dental wick inserted through a hole to provide mosquitoes with a 
10% sugar solution. In the afternoon, the mosquitoes were trans-
ported from the University of California at Riverside laboratory to 
USDS field sites, being careful to minimize changes in temperature 
and humidity. Within each USDS, each mosquito group was trans-
ferred gently by aspirator from an MHC to a mosquito exposure 
chamber (MEC). The MECs were designed to contain mosquitoes 
in free contact with the treated wall, while also keeping the humid-
ity high to enhance survival. Each MEC consisted of a plastic petri 
dish (diameter = 8 cm, height = 1 cm, volume = 50 cm3), a central 
hole with rubber stopper, an internal removable dental wick lining, 
a foam collar, and a 25-ml plastic vial water reservoir covered with 
fiberglass mesh connected to the base of the petri dish (Fig. 1). Each 
MEC was temporarily fastened to USDS walls with masking tape, 
and the compressible foam collar minimized mosquito escape that 
could occur during transfers and through cracks and other surface 
irregularities on the wall. Each MEC provided approximately 75 cm3 
of space for mosquito movement and sufficient humidity for excellent 
mosquito survival for the duration of the 18-h overnight exposures. 
In the morning, mosquitoes in each MEC were lightly anesthetized 
for about 10 s with carbon dioxide supplied from a backpack tank, 
gently transferred back to a corresponding MHC with a modified 
funnel and forceps, and returned to the UC Riverside laboratory. 
Each mosquito group in its respective MHC (supplied with a 10% 
sucrose wick) was monitored daily for mortality and infection for 
21 d. Dead individuals were removed to check for fungal sporula-
tion. Mosquitoes surviving the entire 21 d were anaesthetized and 
observed for evidence of fungal sporulation for at least 1 wk.

Filter Paper Bioassays
Transporting individuals to field sites and exposure in the MECs 
provided potential additional stress for mosquitoes and compara-
tive bioassays were performed in the laboratory with mosquitoes 
not subjected to field stresses. Laboratory bioassays consisted of a 
50-dram vial with a Whatman #1 filter paper lining (10.75  cm × 
15 cm) treated in the laboratory with Met52, BGWP, or water treat-
ments. A 1-ml dilution of Met52 EC, BG22WP, or deionized water 
was evenly pipetted across the inner-facing surface of each filter 
paper at the maximum application label rate equivalent to that of 
each wall spray. Treated filter paper was air-dried and inserted inside 
plastic vials sealed with plastic snap caps before USDS deployment. 
Twelve vials of the same treatment, each vial orientated vertically 
with its open side facing up, were housed in plastic trays (Husky 
Professional Tool Caddy, model 211892, Home Depot, Atlanta, GA) 
suspended from USDS ladders. Each tray was lowered to the vertical 
height of the center of each 1 m2 spray area and offset horizontally 
by an average distance of 0.5 m distance.

Table 1. Physical characteristics of six USDS chambers in the Coachella Valley, California in two trials during 2015

Site Volume (m3) Depth (m) Direction of opening to street Treatment

La Quinta 13.6 1.6 East Beauveria
6.0 2.0 West Metarhizium

17.0 2.0 North Water
Palm Desert-A 10.3 2.4 West Beauveria

10.8 2.5 West Metarhizium
8.6 2.0 East Water

Palm Desert-B 6.8 3.1 South Beauveria/water
4.4 2.1 North Metarhizium
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Three replicate vials per treatment were removed 1 d and 1, 2, 
and 4  wk after USDS deployment and closed with snap caps for 
transport to the laboratory. Laboratory bioassays were performed 
on female Cx. quinquefasciatus (2–7 d old) collected from the same 
experimental cages used in field bioassays. Cohorts of 15 female Cx. 
quinquefasciatus were aspirated in the laboratory into each field-
aged 50-dram vial for 18 h, the same duration used in USDS wall bio-
assays (one d after due to time constraints). A 2-dram vial containing 
10% sugar solution on a cotton wick was inserted through the hole 
in each cap. In the morning, mosquitoes were lightly anesthetized 
with carbon dioxide, and the treated filter paper was removed from 
the plastic chamber. The researcher then gently blew on each MHC 
to dispel residual concentrations of CO2. MHCs were observed for 
21-d post-exposure in the same manner as the USDS wall bioassays.

Abundance and Fungal Infection of Wild Mosquitoes 
in USDS
Wild adult mosquito populations in USDS were sampled with unbaited 
suction traps (without carbon dioxide or light; model 512, J. W. Hock 
Co., Gainesville, FL) hung from the ladders adjacent to sample trays. 
Suction traps were run overnight on the same dates as the wall bioas-
says. Mosquitoes in suction trap nets were killed by freezing, counted, 
identified by species, and monitored for fungal sporulation.

To limit contaminant growth, mosquito cadavers (dead for <1 d) 
first were surface-sterilized (~20 s) in 70% ethanol and air-dried on 
tissue paper. Cadavers then were transferred onto individually cut 
and disinfected filter paper sections (95% ethanol immersion fol-
lowed by a wash with deionized water) within wells of a 24-well 
tissue culture plate. They were monitored for 1 wk in covered plastic 
boxes with high humidity (wet paper towels at room temperature, 
22–24°C). Characteristic fungal morphological traits, including color, 
growth form and size, and shape of conidia, assisted in diagnosis for 
each fungal species (Stevenson et al. 2013). Mosquitoes that survived 
the 21-d assay period were frozen for 1 h and processed in the same 
manner as all other dead mosquitoes (held as above) to monitor for 
sublethal fungal infection rates. The infection rates thus are conserva-
tive minimum estimates (based on overt signs of infection), since not 
all fungus-killed individuals would be expected to produce distinctive 
fungal growth from the cadaver (Stevenson et al. 2013).

Data Analyses
The SURVIVAL module in SYSTAT (version 9, SPSS Inc., 1998) pro-
vided non-parametric Kaplan–Meier estimators to analyze the timing 
and magnitude of mosquito survival and infection for the duration 
of the 21-d bioassay period. The stratified Kaplan–Meier estimation 

option generated relative probabilities of mosquito survival/infec-
tion among treatments (e.g., fungal/control agent, duration of aging, 
USDS site, sample season, and bioassay type). Statistical significance 
comparisons were made using log-rank tests of mosquito survival 
and infection. Mosquitoes with sublethal infections (revealed after 
euthanasia in sporulation chambers) were pooled into a single post-
bioassay event (day 22)  in Kaplan–Meier models. The descriptive 
statistic option in SYSTAT was used to generate means and 95% CIs 
for USDS HOBO probe and weather station data.

Results

USDS Wall Bioassays
Across all samples, the average probability of mosquito survival 
after exposure to fungus-treated surfaces in USDS decreased by 
more than 65% compared to water controls (Tarone–Ware log-
rank: χ2 = 181.8, df = 1, P < 0.001). Minimum infection rates with 
B.  bassiana or M.  anisopliae (established postmortem) averaged 
25% of the total number of fungi-exposed mosquitoes. It was very 
common to observe adult mosquitoes resting on the concrete sur-
faces within the MECs. Mosquitoes held on water-treated (control) 
and later died were never shown to be infected, with the exception 
of a single mosquito that died and was positive for B. bassiana infec-
tion (spring trial: Palm Desert-B).

After pooling across sample dates within each season, the rela-
tive effectiveness of each fungal formulation for mosquito control 
differed between seasons (Fig. 2). During spring, mosquito mortality 
was marginally enhanced in BGWP assays compared to Met52 assays 
(range for mean survival time [d] across four bioassays during the 
month: BGWP: 14.9–25.1; Met52: 13.7–39.1) and infection rates 
were similar (Table 2). During autumn, mosquito mortality and in-
fection were clearly greater as a result of Met52 exposure compared 
to BGWP exposure (Table 3: mortality: 50 vs 62%; range for mean 
survival time [d] across four bioassays during the month: BGWP: 
16.1–22.8; Met52: 8.8–27.1). Survival time in the control was longer 
than for both fungal treatments in most weeks of both experiments, 
especially early in each experiment. The range for weekly mean sur-
vival time (d) in the control across four bioassays during the month-
long experiments were 17.8–33.4 (spring) and 19.9–25.0 (autumn).

Seasonally based differences in mosquito assays were apparent 
for BGWP and controls, but not for Met52 (Figs. 2 and 3; Tables 2 
and 3). Mosquito control with BGWP was enhanced in spring com-
pared to autumn, indicated by 40% greater mortality (Tarone–Ware 
log-rank: χ2  =  58.481, df  =  1, P  <  0.001) and 26% higher infec-
tion rates (Tarone–Ware log-rank: χ2 = 43.177, df = 1, P < 0.001). 

Fig. 1. An MEC (left panel) and removing mosquitoes from MECs mounted on the wall of an underground storm drain (right panel).
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Control assays in the spring were associated with a 15% increase in 
average mortality rates compared to control assays in the autumn 
(Tarone–Ware log-rank: χ2 = 14.65, df = 1, P < 0.001). Met52 expo-
sures in spring and autumn generated similar curves for mosquito 
mortality (Tarone–Ware log-rank: χ2 = 0.003, df = 1, P = 0.955) and 
infection (Tarone–Ware log-rank: χ2 = 1.743, df = 1, P = 0.187).

Mortality and infection of mosquitoes by fungi declined during 1 
mo after fungal applications to USDS walls (Fig. 3). Fresh fungal sprays 
(aged 1 d) were by far the most pathogenic and increased the average 
probability of mortality and infection by fivefold and eightfold, respect-
ively, compared to older treatments (Tables 2 and 3). Mortality and 
infection of mosquitoes exposed to fungal applications after 1, 2, and 
4 wk differed to a lesser degree, with sporadic fungal activity appear-
ing across the entire sample period. In the spring (Table 2), mosquito 
mortality was lower in 1-wk-old fungal residues compared to 2- and 
4-wk-old residues; although infection prevalence was low, especially 
for Met52. In the autumn (Table 3), the trend for Met52 was reversed 
and greater mosquito mortality and infection rate was evident in the 
1-wk-old residue compared to the 2- and 4-wk-old residues. Mortality 
from BGWP residues in autumn did not differ when aged 1, 2, or 4 wk 
and infections were not detected after 2 wk. Control assays were stat-
istically separated by residue age in both seasons; however, the mag-
nitude of these differences was generally lower than in fungal assays 
and trends were inconsistent, except for increased mosquito mortality 
post-exposure to 4-wk-old controls during the spring.

USDS Site Location
The geographical site of each USDS generally did not relate to changes 
in spray residue efficacy, except for USDS with the BGWP treatment 

in the spring trial (Table 2). Springtime BGWP-exposed mosquitoes at 
the Palm Desert-B site averaged nearly double the mortality (78 vs 55 
and 56%) and infection rates (58 vs 36 and 23%) compared to spring-
time BGWP-exposed mosquitoes at La Quinta and Palm Desert-A sites. 
Mean survival time of BGWP-exposed mosquitoes in Palm Desert-B 
was slightly lower than in the other sites (16.5 vs 17.6 and 18.8 d). 
Site location was not statistically linked to springtime Met52 mortality 
(Tarone–Ware: χ2 = 2.880, df = 2, P = 0.237) or infection (Tarone–Ware: 
χ2 = 0.248, df = 2, P = 0.883) and control mortality (Tarone–Ware: 
χ2 = 1.507, df = 2, P = 0.471). In the autumn, mosquito survival and 
infection post-exposure to all three treatments did not differ among 
USDS site locations (log-rank tests: χ2 < 4.398, df = 2, P > 0.110).

Filter Paper Laboratory Bioassays
Laboratory bioassays with BGWP-treated filter paper were similar 
to field bioassays with BGWP-treated USDS walls (Fig. 4) in terms 
of mosquito mortality (Tarone–Ware, χ2 = 0.118, df = 1, P = 0.731) 
and infection (Tarone–Ware, χ2 = 0.252, df = 1, P = 0.616). In con-
trast, laboratory assays with Met52 and the water control reduced 
mosquito mortality by an average of 16%, extending the average 
mosquito life span by 4 d compared to field assays with Met52 
(Tarone–Ware, χ2 = 25.588, df = 1, P < 0.001) and the water control 
(Tarone–Ware, χ2 = 22.704, df = 1, P < 0.001). Infection with Met52 
was an average of 16% less prevalent in laboratory bioassays than in 
field bioassays (Tarone–Ware, χ2 = 27.191, df = 1, P < 0.001)

USDS and Surface Environments
In the USDS, mean (±SD) air temperature (Fig. 5) was both warmer 
and more stable (24 ± 3°C) compared to the surface temperature 
(20 ± 11°C) from the nearest weather station. The springtime average 
temperature in the USDS approached 30°C and daily maximum 
temperatures exceeded 35°C regularly. The month-long aging period 
in spring included a prolonged heat wave over a 9-d stretch (days 
8–17) where the mean of daily maximum temperatures was greater 
than 38°C. Conversely, autumn temperatures averaged 21–22°C and 
values above 35°C were uncommon and restricted to the first 10 d 
post-spray. Minimum temperatures in autumn never dropped below 
12°C, although values below 15°C were common during the second 
half of the sample month.

The magnitude and variability (mean ± SD) of relative humidity 
(Fig. 5) in the USDS (39 ± 8%) were similar to surface measurements 
(44  ±  11%). During the month of fungal assays, the relative hu-
midity in USDS was similar during the spring (mean RH = 39%, max 
RH = 55%, and min RH = 23%) and autumn (mean RH = 38%, 
max RH = 54%, and min RH = 22%) trials.

At selected USDS sites studied in more detail, temperature and 
relative humidity varied significantly within and between sample 
seasons (Table 4). Palm Desert-B (Beauveria and control), the larg-
est underground chamber, was the most thermally stable and pro-
duced the narrowest range of temperatures compared to all other 
USDS in spring and autumn. Palm Desert-B was characterized by 
springtime conditions that were cooler and wetter than most other 
USDS sites and autumn conditions that were warmer and drier than 
all other USDS sites. Palm Desert-A (Beauveria) and Palm Desert-B 
(Metarhizium) sites exhibited the warmest springtime temperatures, 
by at least several degrees, coupled with the lowest springtime rela-
tive humidity compared to all other sites. Autumn moisture levels 
appeared to be at their highest at the La Quinta (Beauveria) USDS 
compared to all other sites. During the spring, a permanent reservoir 
of standing water existed solely at the Palm Desert-B (M. anisopliae) 
site; in contrast, during autumn standing water persisted in all USDS 
except at the Palm Desert-B (Beauveria and control) site.

Fig. 2. Kaplan–Meier analysis of survival (open symbols) and infection (closed 
symbols) rates of Culex quinquefasciatus (mean ± SE) exposed to USDS wall 
sprays averaged across the duration of sampling. Met = Metarhizium anisopliae, 
BG = Beauveria bassiana, and control = water. -i denotes infection rate.
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Abundance and Fungal Infection of Wild Mosquitoes 
in USDS
Adult mosquitoes were rare in suction trap collections and never 
exceed two individuals per sampling night, except on the last sam-
pling date of the autumn study when cool nighttime temperatures 

outside the USDS presumably drove resting adult mosquitoes into 
USDS. Nevertheless, fewer than 10 Cx. quinquefasciatus or Culex 

tarsalis were collected per trap night on the last sampling date of the 
fall study. The few individuals collected were not infected with either 
of the two fungal species on postmortem examination.

Table 2. Kaplan–Meier log-rank analysis of Culex quinquefasciatus survivorship and infection post-exposure to USDS walls treated with 
spray applications in spring 2015

 Survivorship Infection

Treatment Time period MST (d)a K-Mp
b MIT (d)c K-Mp

BGWP 4 wk 17.3 0.371a 20.4 0.369a
Met52 4 wk 18.9 0.440b 22.2 0.231a
Control 4 wk 20.7 0.683c 30.9d 0.002b
BGWP Week 0 14.9 0.128a 16.7 0.898a

Week 1 25.1 0.673b 28.6 0.269b
Week 2 18.5 0.448c 41.9 0.083c
Week 4 17.9 0.260d 21.6 0.285d

Met52 Week 0 13.7 0.112a 13.9 0.886a
Week 1 39.1 0.874b n/ae n/a
Week 2 18.8 0.465c 21.9 0.007b
Week 4 19.0 0.408c n/a n/a

Control Week 0 30.6 0.834a n/a n/a
Week 1 33.4 0.872a 21.8d 0.014
Week 2 23.1 0.698b n/a n/a
Week 4 17.8 0.278c n/a n/a

La Quinta (BG) 4 wk 17.6 0.454b 24.1 0.356b
Palm Desert-A (BG) 4 wk 18.8 0.439b 21.9 0.230a
Palm Desert-B (BG) 4 wk 16.5 0.222a 19.7 0.575c

Different letters indicate that treatments differ by log-rank test (P < 0.05) among fungal treatments, across time periods within a treatment or among sites 
treated with BGWP.

aMean survival time in days.
bProbability of survival (or infection) during bioassay.
cMean infection time in days.
dOne individual mosquito infected.
en/a (not applicable).

Table 3. Kaplan–Meier log-rank analysis of Culex quinquefasciatus survivorship and infection post-exposure to USDS walls treated with 
spray applications in autumn 2015

Survivorship Infection

Treatment Time period MST (d)a  K-Mp
b MIT (d)c K-Mp

BGWP 4 wk 20.4 0.621b 21.4 0.137a
Met52 4 wk 16.8 0.502a 20.0 0.242b
Control 4 wk 21.2 0.802c n/ad n/a
BGWP Week 0 16.1 0.234a 19.4 0.629b

Week 1 22.6 0.748b 25.6 0.041a
Week 2 20.4 0.721b 27.5 0.052a
Week 4 22.4 0.754b n/a n/a

Met52 Week 0  8.8 0.081a 9.74 1.000c
Week 1 17.5 0.361b 19.6 0.315b
Week 2 27.1 0.785c 21.9 0.009a
Week 4 20.8 0.792c n/a n/a

Control Week 0 19.9 0.721a n/a n/a
Week 1 25.0 0.862b n/a n/a
Week 2 22.5 0.867b n/a n/a
Week 4 20.9 0.761a n/a n/a

Different letters indicate that treatments differ by log-rank test (P < 0.05) among fungal treatments or across time periods within a treatment.
aMean survival time in days.
bProbability of survival (or infection) during bioassay.
cMean infection time in days.
dn/a (not applicable).
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Discussion

This study tested the hypothesis that the shallow but subterranean 
USDS systems might provide an excellent environment for residual 
applications of entomopathogenic fungi against mosquito adults 
that are produced and rest in these systems. Our bioassay results 
suggest fungal-based control of Cx. quinquefasciatus mosquitoes in 
USDS in the Coachella Valley has some promise, together with sig-
nificant challenges. Notably, it was encouraging that fungal formula-
tions sold commercially to combat primarily agricultural pest insects 
also may provide greater than 80% control of adult mosquitoes that 
rest on treated USDS surfaces, although product virulence differed 
significantly. Freshly applied Met52 EC (M. anisopliae strain M52) 
caused very high Cx. quinquefasciatus mortality within two wk, 
which was about 1  wk faster than mortality produced by freshly 
applied BG22 WP (B. bassiana strain GHA). We saw some low levels 
of continuing infectivity in field USDS habitats out to 4 wk, even 
under these somewhat severe desert conditions. Laboratory experi-
ments with our fungal formulations (D. A. Popko, unpublished) dem-
onstrated persistence that was far better than was seen in our field 
bioassays, however. This strain and batch of B.  bassiana retained 

some infectivity for up to 12 wk under laboratory conditions (tem-
perature range: 21–25°C, RH < 40%) and M. anisopliae persistence 
was extended up to 11 wk in an incubator (mean temperature = 21 
or 25°C, RH ≥ 70%).

The novel exposure containers (MECs) used here for overnight 
wall exposures in the field may be helpful for other researchers inter-
ested in field bioassays of mosquitoes. They provide an attached 
water reservoir which likely increased humidity and could be drunk 
by the mosquitoes. Subsequent mosquito survival was excellent, with 
about 80% survival of control mosquitoes out to 20 d. Nevertheless, 
comparison of the mortalities in the control treatments between the 
two types of bioassays (Fig. 4) indicates that placement of mosqui-
toes into a MEC on a USDS wall stresses mosquitoes more than a 
(more spacious) 50-dram holding container under laboratory condi-
tions, and there is some evidence this may have enhanced fungal 
infectivity in some of the USDS field trials, at least for M. anisopliae.

Beauveria bassiana and M. anisopliae have been formulated into 
contact bioinsecticides that maximize spore presentation and persist-
ence without residual repellency to mosquitoes (Wraight et al. 2007, 
Mnyone et al. 2010, Blanford et al. 2011). In addition to the genetic 

Fig. 3. Kaplan–Meier analysis of survival (white and gray symbols) and infection (black symbols) rates of Culex quinquefasciatus (mean ± SE) exposed to USDS 
wall sprays aged 1 d (fresh) and 1, 2, and 4 wk. Met = Metarhizium anisopliae, BG = Beauveria bassiana, and control = water. -i denotes infection rate.
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variability of strains of these species, efficacy is dependent on formu-
lation and application techniques that include choice of non-fungal 
compounds to preserve and deliver spores, spore density, method 
of distribution, and type of treatment surface (Scholte et al. 2003; 
Mnyone et  al. 2009, 2012; Farenhorst and Knols 2010; Blanford 
et al. 2011, 2012; Farenhorst et al. 2011). Moreover, reduced conidia 
virulence occurs post-application and is attributed to environmen-
tal stresses such as temperature, humidity, and sunlight exposure 
(Scholte et  al. 2005; Zimmermann 2007a,b; Darbro and Thomas 
2009; Blanford et al. 2012; Carolino et al. 2014; Falvo et al. 2016).

Persistence of infective fungal residues at USDS sites was a 
key factor in mosquito survivorship. Despite its lesser initial viru-
lence, B.  bassiana persisted longer and resulted in greater overall 
mosquito mortality than M.  anisopliae during the warmer spring 
trial. Conversely, M.  anisopliae persistence was extended during 
the cooler autumn and resulted in overall greater mortality than 
B. bassiana. Therefore, B. bassiana appeared to be more tolerant of 
warmer spring temperatures (mean = 26°C) with daily maxima fre-
quently above 35°C and less than 20% RH, while M. anisopliae was 
superior in cooler, less variable autumn temperatures (mean = 22°C).

Prevailing environmental conditions around and within USDS 
sites should certainly be considered when choosing where and 
when to apply fungal barriers; however, individual USDS site vari-
ability must also be taken into account and may warrant special 
considerations. For example, a permanent water reservoir, if pre-
sent, could be expected to moisten and cool conditions and improve 
fungal efficacy. The greater prevalence of standing water reservoirs 
in the autumn compared to the spring may have been one factor 
for enhanced M. anisopliae persistence in the autumn. A  combin-
ation of factors may offset the impact of a single variable such as 
standing water presence—e.g., the only USDS with standing water 
in the spring (M.  anisopliae, Palm Desert-B) was also oriented in 
favor of prolonged exposure to direct sunlight and hot, dry condi-
tions prevailed without noticeable changes in M. anisopliae efficacy 
compared to USDS without standing water. The deepest USDS by 
more than 0.5 m (B. bassiana Palm Desert-B) never held standing 
water (due to a giant crack at its base) and yet B. bassiana efficacy 
was higher in this more sheltered environment than in more shallow 

USDS with standing water. Extended fungal persistence found in the 
deepest USDS and approaching that observed in laboratory assays 
might be replicated in other USDS components not examined in 
this study, such as trunk lines of sewers and storm drains that are 
comparatively inaccessible and maintain cool and moist conditions 
(Mulligan et al. 1982).

Optimal abiotic conditions are similar for B.  bassiana and 
M. anisopliae. Temperatures of 23–30°C, relative humidity greater 
than 95%, and the absence of sunlight exposure are advantageous, 
but isolates vary widely and sometimes can tolerate temperature 
extremes less than 5°C to greater than 35°C, relative humidity less 
than 30%, and extended UV exposure (Zimmermann 2007a,b; 
Fernandes et al. 2015). Blanford et al. (2012) reported decreased ef-
ficacy of B. bassiana against Anopheles gambiae Giles if spore pow-
ders were stored at increasing temperatures (22–32°C), especially 
when desiccated samples were opened to ambient humidity levels 
(RH = 80%). Heinig et al. (2015) determined that freshly harvested 
B.  bassiana spores, once inside anopheline mosquitoes, appear to 
be buffered against temperature stresses and cause similar mortality 
rates in infected hosts reared at 10–34°C. Daoust and Roberts (1983) 
found M. anisopliae activity against Culex pipiens pipiens L.  and 
Anopheles stephensi Liston was greatest when stored at either 19 or 
26°C if the RH = 97% or at 4°C under dry conditions (RH = 0%). 
In comparisons of both species, Darbro and Thomas (2009) docu-
mented far greater persistence of germinating B. bassiana compared 
to germinating M. anisopliae on slides in a slide box at 26°C. Inglis 
et al. (1999) reported a shift in relative efficacy between B. bassi-
ana and Metarhizium flavoviride on grasshopper hosts that was dir-
ectly associated with the magnitude of temperature fluctuation—i.e., 
B. bassiana was superior to M. flavoviride at 25 ± 5°C and M. fla-
voviride was superior to B. bassiana at 25 ± 15°C. Ultraviolet (UV) 
light exposure has been reported to be detrimental toward both spe-
cies to varying degrees among strains and formulations (Fernandes 
et al. 2015), although harmful effects of UV can be dependent on 
surface features of attachment sites that can mitigate lethality against 
mosquitoes (Falvo et al. 2016). While UV exposure was variable in 
our Coachella Valley USDS tests, both fungi tolerated the relatively 
hot and dry USDS conditions well enough to retain good short-term 
infectivity for mosquitoes and some persistence out to 4 wk.

The structure of USDS chambers, particularly surface compos-
ition and orientation, also may be important for fungal infectivity. 
The smooth vertical concrete surfaces of our USDS wall assays con-
trasted with the coarse horizontal cylindrical filter paper surfaces of 
lab assays. While the field versus laboratory abiotic conditions were 
of course highly influential, the surface texture may have played a 
role in differential trends of M. anisopliae and B. bassiana infect-
ivity between the two assay types. In general smooth surfaces may 
allow the fungal infective units to be acquired more easily by an 
insect host, but texture also provides some shelter for the spores. 
Farenhorst and Knols (2010) found glossy surface of proofing paper 
increased the efficacy of M. anisopliae and B. bassiana compared to a 
cardboard surface in vertical cylinder assays of A. gambiae; however, 
the magnitude of this difference was greater for B.  bassiana than 
M. anisopliae. Blanford et al. (2011, 2012) documented improved 
persistence of B. bassiana against An. stephensi and An. gambiae on 
clay tiles compared to cardboard, cement, and wood substrates. The 
surfaces in our USDS assays were restricted to predominately in-
tact, smooth vertical wall sections to minimize mosquito escape from 
MECs via superficial cracks and tunnels; however, such subsurface 
irregularities could have provided refuge for viable conidia in our 
study and would be expected to enhance fungal proliferation across 
larger barrier treatments.

Fig. 4. Kaplan–Meier analysis of mosquito survival and infection (mean ± SE) 
of concurrent exposures in field (MEC: dark symbols) and laboratory (vial: 
light-colored symbols) assays. Data are the averages of 1-d (fresh) and 1-, 2-, 
and 4-wk-old samples. All samples from the La Quinta site were excluded in 
the analysis due to flooding loss of Metarhizium samples. Met = Metarhizium 
anisopliae, BG  =  Beauveria bassiana, and Ctl  =  water control. -i denotes 
infection rate.
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Metarhizium anisopliae exhibited greater tolerance to harmful effects 
of UV exposure if applied to mesh netting or, interestingly, directly on the 
cuticle of Aedes aegypti (L.), instead of agar media (Falvo et al. 2016). 
Commercial formulations of both fungi often provide protection against a 
range of stresses related to temperature, humidity, and UV extremes. Most 
commercial preparations employ low-viscosity oils that evaporate and 
expose fungal conidia on surfaces to more efficiently intercept mosquitoes 
compared to thicker oils, aqueous carriers, or dry conidia (Zimmermann 

2007a,b; Farenhorst and Knols 2010; Farenhorst et al. 2011; Fernandes 
et al. 2015). Further studies that manipulate the architecture between fungi 
and mosquitoes may prove useful for USDS applications.

Recommendations for Use of Fungi for Mosquito 
Control in USDS
Each USDS probably presents a unique set of environmental vari-
ables. In this subtropical desert environment, the most promising 

Fig. 5. Daily temperature means (Tavg) and maximum values greater than 35°C (Tmax) and relative humidity means (RHavg) and minimum values less than 15% 
(RHmin) within USDS chambers. USDS probe measurements were compared to averages above ground (surface) at a nearby weather station (La Quinta II, CIMIS 
Station 208). A single probe was deployed in the spring trial in the BG22WP-treated USDS at the Palm Desert-A site (SD reported diurnally) until 8 May (dotted 
line) when one probe was placed in each of the six USDS with a fungal treatment (SE bars reported among the six USDS).
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USDS sites for fungal application to walls would have characteris-
tics to provide some thermal buffering and at least slightly enhanced 
humidity: standing water, greater chamber depth, and shading by 
street trees. Proper fungal storage prior to application, prompt use 
of purchased material, preliminary mosquito and pre-application 
monitoring of spore germination are wise precautions to help 
ensure effectiveness. In our experiments, laboratory bioassays run 
before and in parallel to field bioassays were critical to ensure the 
quality of fresh fungal formulations were similar between trials and 
such baseline comparisons are recommended for monitoring the 
viability of fungal products purchased commercially for mosquito 
control programs.

Both fungal formulations we tested have promising applications 
for mosquito abatement in USDS even in the relatively unfavorable 
desert conditions of the Coachella Valley. Depending on prevail-
ing seasonal patterns and the microclimate of each site, the fungi 
would likely be helpful in many USDS situations, especially within 
climates that are cooler and less arid than those examined here. 
The fungi exhibit lethality 3–14+ d post-exposure and this delay 
has been projected to reduce selective pressures for resistant traits 
when compared to mosquitoes exposed to faster acting chemical 
insecticides (Knols et al. 2011). Sublethal effects of fungal infection 
can further inhibit the capacity of mosquitoes to vector disease by 
reducing blood feeding, fecundity, and flight capability (Scholte et 
al. 2006, Howard et al. 2010a, Blanford et al. 2011, Darbro et al. 
2012). The fungi show enhanced activity with chemical-resistant 
mosquitoes (Howard et al. 2010b) and can be used in combination 
with chemical adulticides (Farenhorst et al. 2010, Paula et al. 2013) 
and larvicides (Snetselaar et al. 2014). Some Cx. quinquefasciatus 
populations (i.e., La Quinta) in the Coachella Valley show high lev-
els of resistance to synthetic pyrethroids (White and Snelling 2015). 
The fungi also can help combat mosquito resistance to traditional 
insecticides and have potential within attractive stations (Knols 
et al. 2011, Snetselaar et al. 2014), which also could be deployed 
within USDS environments. Lastly, these fungal formulations are 
considered environmentally friendly with minimal toxicity to ver-
tebrates and safe for human uses (e.g., approved for use on edible 
crops: Zimmermann 2007a,b).
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