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Sugar is the sole diet for male mosquitoes and a complementary meal for females. Searching for natural 
sources of sugar is mediated by semiochemicals. Floral nectars, extra floral nectaries, damaged tissues of 
plants and rotten fruits are the most common sources of sugar in nature. I provide laboratory evidence of the 
high attraction of Parthenium hysterophorus L., a weed that grows in tropical climates, to Anopheles gambiae 
Giles. This study has tried to identify the chemicals which might be involved in the chemical attraction of A. 
gambiae to this plant. Using quantitative GC-MS analysis, α-pinene, camphene, 1-octen-3-ol, β-pinene, cis-
β-ocimene, bornyl acetate, α-caryophyllene, hexadecanoic acid, and α-linolenic acid were identified as the 
main constituents of P. hysterophorus volatiles. Successive olfactory assays helped a better understanding 
of the more attractive chemicals of P. hysterophorus to A. gambiae which was the basis for testing a possible 
synthetic blend. Olfactory experiments proved this synthetic blend to be as attractive as Parthenium intact 
plants for A. gambiae. A minimal blend, consisting of only α-pinene, camphene, and cis-β-ocimene, was also 
produced and laboratory experiments indicated its relative attraction for A. gambiae. This blend can be tested 
in the attractive toxic sugar bait stations for sampling, surveillance, or control programs of mosquitoes in trop-
ical Africa, where A. gambiae sensu stricto transfer malaria among residents.
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Introduction

Mosquitoes have evolved many specializations in order to find and 
utilize sugar as their source of energy (Foster 1995, Peach and Gries 
2020). In nature, male mosquitoes solely feed on natural sources of 
sugar (Yuval 1992), such as floral nectar, honeydew, rotten fruits, 
extrafloral nectaries, and damaged tissues (Foster 1995).

The required energy for flight, survival, and fecundity of female 
mosquitoes is obtained by both sugar and blood meals (Nayar and 
Van Handel 1971, Van Handel 1972, Reisen and Emory 1976). 
Previous studies indicated that sugar could be the single energy 
source of flight for host-seeking female Anopheles (Takken and 
Knols 1999), while newer research revealed that different species 
of mosquitoes could utilize different sources to obtain their re-
quired energy. For example, in A. gambiae, sugar and blood have 
the same contribution in providing the required flight energy, while 

A. atroparvus and Ae. aegypti mainly utilize carbohydrates to gain 
energy (Kaufmann and Briegel 2004).

Much of the research indicates sugar feeding in A. gambiae is 
more common than what was once thought (Muirhead-Thompson 
1951, Gillies and De Meillon 1968, McCrae 1989). Nyasembe et 
al. (2018) reported that 24% of the females A. gambiae caught in 
different habitats of Kenya were positive for fructose. While most 
of the older literature name plant nectars, extrafloral nectaries, and 
honeydew as the sources of sugar for female mosquitoes, the more 
recent studies have provided evidence of plant tissue feeding as well 
(Nyasembe et al. 2018).

Mosquitoes use olfactory stimuli shared among vertebrates, 
plants, and honeydew (Dekel et al. 2019, Ignell and Hill 2020, 
Peach and Gries 2020). They detect such chemicals using olfactory 
receptors in their antennal olfactory receptor neurons. Such in-
formation is further integrated with the senses of temperature and 
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humidity, as well as vision, processed in the brain into a behavioral 
output, leading to host finding (Coutinho-Abreu et al. 2022). In ad-
dition to innate olfaction-mediated behaviors, mosquitoes rely on ol-
factory learning which increases their individual fitness by selecting 
advantageous choices (Lutz et al. 2017). Long-range attraction to 
a stimulus is presumably steered by olfaction, while visual cues are 
involved at shorter range (Thorsteinson and Brust 1962, Healy and 
Jepson 1988, Jepson and Healy 1988).

Until recently, the information on specific sugar meal sources 
was mostly narrative and came from few observations, despite 
this phenomenon’s importance (Foster 1995). Anopheles gambiae 
appears to show some preferences among vegetational communities 
of tropical Africa (Gary and Foster 2004, Impoinvil et al. 2004, 
Manda et al. 2007a, Gouagna et al. 2010, Müller et al. 2010a, Beier 
at al. 2012, Nyasembe et al. 2018). Using molecular techniques, 
Nyasembe et al. (2018) indicated that Senna alata (Fabaceae), Senna 
tora (Fabaceae), Ricinus communis (Euphorbiaceae), Parthenium 
hysterophorus (Asteraceae), and Leonotis nepetifolia (Lamiaceae) 
were the preferred host plants of A. gambiae in Kenya. In labora-
tory settings during cage studies and olfactometry experiments, A. 
gambiae was selective in plant choice, which indicates a preference 
for particular plant species as sources of sugar in the field (Manda et 
al. 2007a, Nikbakhtzadeh et al. 2014). Furthermore, studies on plant 
feeding demonstrated that some plant species promote the survival 
of A. gambiae males and females (Gary and Foster 2004, Impoinvil 
et al. 2004, Manda et al. 2007b, Nikbakhtzadeh et al. 2016).

Mosquitoes depend on their ability to respond to chemical cues 
for feeding, host preference, and mate location/selection (Liu et al. 
2010). Chemosensory cues have a major role in directing A. gambiae 
to the hosts and are a significant determinant in vectorial capacity 
of the female individuals (Liu et al. 2010). Olfactory cues mediate a 
variety of behaviors in females, i.e., sugar feeding, host-seeking, and 
oviposition (Takken and Knol 1999).

Availability of sugar sources is a major factor, in regulating 
the dynamics of mosquito populations and their vectorial poten-
tial. Therefore, control interventions targeting natural sources of 
sugar are a promising strategy to lower mosquito populations, and 
thus the local transmission of Plasmodium and other mosquito-
borne pathogens (Kline 2007, Gu et al. 2011). There are only 
a few studies that have investigated the most attractive plants to 
A. gambiae in either the field (Müller et al. 2010a) or laboratory 
(Gary and Foster 2004, Gouagna et al. 2010, Impoinvil et al. 2004, 
Manda et al. 2007a, Nyasembe et al. 2012, Nikbakhtzadeh et al. 
2014). Parthenium hysterophorus L. (Asterales: Asteraceae) has been 
identified as a plant that is likely attractive to A. gambiae (Manda et 
al. 2007a, Nikbakhtzadeh et al. 2014, Nyasembe et al. 2018). It is 
native to South-central America, from the Gulf of Mexico and West 
Indies to central Argentina (Picman and Towers 1982) and has been 
widely introduced to Africa, Australia, and southeastern Asia as an 
aggressive, invasive weed (Picman and Picman 1984). There have 
been contradictory results concerning sugar providing preference of 
P. hysterophorus for A. gambiae (Manda et al. 2007a, Nyasembe et 
al. 2012, Nikbakhtzadeh et al. 2016).

Nikbakhtzadeh et al. (2014) studied the most abundant vol-
atile organic compounds (VOCs) in the floral and foliar scent 
of P. hysterophorus. The current research builds on that study by 
investigating what exact combination of compounds A. gambiae 
s.s. might respond to. Therefore, this work will first provide a ro-
bust laboratory proof regarding the attraction of A. gambiae to 
P. hysterophorus and then add more to the recent findings of P. 
hysterophorus chemical profile. Various parts of Parthenium shrubs 
were chemically analyzed to have a better understanding of its floral 

and foliar volatile compounds. The attractive components for A. 
gambiae were subsequently screened in a dual-port olfactometer, and 
a synthetic blend was developed in the laboratory.

Materials and Methods

Mosquito Rearing
Anopheles gambiae utilized in this study were from the Mbita Strain, 
originating from a local population in Mbita point (00° 26–27’ S, 34° 
12–13’ E), Suba District, Nyanza, and western Kenya. This strain was 
identified by staff of the International Centre of Insect Physiology 
and Ecology in 2001 and its genetic allocation was verified by mo-
lecular techniques (Scott et al. 1993, Stone at al. 2011). Specimens 
for behavioral assays were taken from the Mbita colony at The Ohio 
State University.

Female individuals were blood fed for 15 min from a human 
arm twice per week, conducted in accordance with The Ohio State 
University’s Biosafety Protocol No. 2005R0020 and Biomedical pro-
tocol No. 200440193. Adults were maintained in small acrylic cages 
(26.7 × 20.3 × 14 cm) in a mosquito insectary (27 ± 1°C, 75 ± 5% 
RH, L:D 12:12 h) and had access to aged tap water and 10% (v/v) 
sucrose-soaked cotton wicks. The clock time of light-dark and dark-
light transitions (19:00, and 07:00, with 1.5-h crepuscular periods 
at each end of scotophase) approximately coincided with the light 
cycle during olfactometer tests (see below). The eggs, which were 
laid in half-filled water dishes (3.3 cm high, 9 cm diam), hatched 
2 days later. Groups of 200 first instar larvae were transferred to a 
pan (33 × 24.1 × 5.1 cm) and fed a regimen of powdered Tetramin® 
fish food (Tropical Flakes, Tetra Holding, Inc. Blacksburg, VA, USA) 
until pupation. The mean of wing lengths ± SE was 3.313 ± 0.016 
mm for females (n = 30) and 3.12 ± 0.014 mm for males (n = 30). 
For olfactometer tests, pupae were transferred in cups to the same 
acrylic cages (26.7 × 20.3 × 14 cm), provided with two water wicks, 
for adult emergence. Each cage had a wide-sleeved opening at one 
end and a wide-screened opening at the other, so that it could serve 
as a releasing chamber, connecting directly to the downwind end of 
an olfactometer without being handled prior to each test.

Experimental Plants
Seedlings of P. hysterophorus and Senna didymobotrya (Fabales: 
Fabaceae) were grown, pesticide-free, in the Biological Sciences 
Greenhouse facility at The Ohio State University. Parthenium 
hysterophorus was not only used to measure its relative olfactory 
attractiveness to A. gambiae but used for chemical analysis and 
developing a synthetic blend as well. Parthenium is a fast-growing 
annual weed. Its leaves are branched and covered with soft fine 
hairs. The small white flowers (4 mm across) have five distinct cor-
ners and grow on the stem tips. Each flower produces four or five 
black wedge-shaped seeds that are 2 mm long with thin white scales 
(Australian CRC weed management 2003, Stamps 2011). This plant 
was observed to be stimulating to A. gambiae in experimental cages 
(Manda et al. 2007a) and olfactometer (Nyasembe et al. 2012, 
Nikbakhtzadeh et al. 2014).

Leaves of orchardgrass, Dactylis glomerata L. (Cyperales: 
Poaceae), served as a simultaneously tested neutral control. This 
common grass, native throughout most of Europe, temperate 
Asia, and northern Africa (Shu et al. 2006), and common in North 
America (Kartesz 2011), lacks nectaries (Drabble and Drabble 1927) 
and was considered likely to elicit no more than a general attraction 
to a background of green-plant volatiles. Preliminary experiments 
demonstrated that it was more attractive than a blank (i.e., no plant) 
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(paired t-test, t = 16.1, df = 5, P < 0.001), but did not support mos-
quito survival longer than water alone (paired t-test, t = 0.81, df = 3, 
P > 0.05). Prior to tests, plants were inspected for infesting insects, 
e.g., ants, aphids, scales, and spiders, that might interfere with a 
plant’s volatiles.

Olfactometer
Six, dual-port, wind-tunnel olfactometers were used simultaneously, 
all being modified T-tube versions of Geier’s improved Y-tube de-
sign (Geier et al. 1999), to measure the oriented flight response of 
mosquitoes to the VOCs of Parthenium plant, Parthenium extract 
or synthetic blends in an air current (Fig. 1). The olfactometer tests 
were conducted in a room maintained at ambient 27°C. Suspended 
135 cm above the olfactometers was a 183 × 122-cm network of 
miniature incandescent white lights. Prior to and at the outset of 
the test, the overhead light intensity was 10 lux. Between 19:00 and 
20:30, the light automatically and gradually dimmed to 1 lux and 
remained so for the night. Between 06:30 and 08:00, it gradually 
returned to 10 lux.

Olfactometer Structure
Two air-pressurized diaphragm air pumps were independently 
connected to three olfactometers. The airstream of each pump 
passed through a granular activated charcoal filter, humidified to 
70% RH by being bubbled through warm water, and split equally 
among six tubes with separate flow meters. This arrangement 
provided stable air speed and physical conditions throughout 
the testing period. In each olfactometer, pressurized conditioned 
air streams passed into two polypropylene bags (50.8 × 76.2 cm; 
ULINE, Pleasant Prairie, WI), one holding the test plant, plant 

extracts, or synthetic blends, and the other one holding the con-
trol plant, a solvent, or a different blend. The exiting airflow (20 
ml/s) from each polypropylene bag entered three cylindrical trap 
compartments (23.5 cm long, 10 cm diam.) that retained only 
trapped mosquitoes. Each chamber was fitted with a conical pol-
yethylene terephthalate baffle piece (10.5 cm long, 5.8–7.5 cm di-
ameter) (Verhulst et al. 2008), projecting less than halfway into 
the trap from the port. This piece, netted at one side, allowed air 
to flow around its baffle at the margin of its narrower upwind end, 
and it allowed attracted mosquitoes to enter the port from the 
choice chamber, pass around the baffle, and be retained in the trap 
compartment (Fig. 1).

The trap compartment was enlarged, mainly based on my expe-
rience with a previous prototype where the trap was much smaller 
(Nikbakhtzadeh et al. 2014). This design provided a larger trap 
space and was found to be very useful in attracting a higher number 
of mosquitoes. Because of its depth, the baffle was significantly 
farther from the port and trapped mosquitoes had little chance to 
find their way and return downwind to the choice chamber. This 
new setting is bigger both in length and diameter versus the pre-
vious model (23.5 cm vs 13.5 cm length and 10 cm vs 6.1 cm di-
ameter). The length of baffle trap itself was increased from 6 cm in 
the previous model to 10.5 cm in the present setting. While only 
31.3% of the released mosquitoes flew upwind in the presence of 
an attractive source odor in the previous model of my olfactom-
eter (Nikbakhtzadeh et al. 2014), more than 60% of mosquitoes 
were activated and responded to the same attractant in my new 
olfactometer.

This olfactometer is divided into parts, each made of clear acrylic 
plastic: (i) a choice chamber (36.1 × 16.0 × 12.7 cm, l,w,h), (ii) a 
cylindrical upwind flight section (20.1 cm long, 6 cm diam.), and 
(iii) a release chamber (26.7 × 20.3 × 14 cm). The choice chamber, 

Fig. 1. Schematic design of one double-port olfactometer with choice chamber. Baffle trap, part of trap compartment, is enlarged to indicate details. Light-colored 
band on baffle trap refers to semi-circular opening. Terminal part of baffle trap (diameter 5.7 cm) is covered by netting.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/advance-article/doi/10.1093/jm
e/tjad077/7207919 by guest on 27 June 2023



4 Journal of Medical Entomology, 2023, Vol. XX, No. XX

perpendicular to the flight section, served to combine the airstreams 
from the two 6-cm ports, the inter-margins 20 cm apart, entering 
the chamber from each port at 0.7 m/s, as measured by anemom-
eter (VelociCalc®, Model 9545, TSI Inc., Shoreview, MN). Within the 
chamber, between the ports, a HOBO® datalogger (Onset®, Bourne, 
MA) recorded temperature and humidity as follows: 27 ± 0.5°C and 
RH 70 ± 5% (n = 50). At the centrally positioned exhaust, air exited 
the choice chamber and entered the flight section at 0.2 m/s. When 
mosquitoes were to be tested, the downwind end of the flight section 
was connected directly to the sleeved end of the mosquito-containing 
release chamber. From there, the air was conducted via a dryer vent 
hose from the release chamber’s down-wind screened end, assisted 
by an AC-CPU fan, into a fume hood, drawing at a speed of about 
0.2 m/s. To detect possible intrinsic bias between the two ports, I 
used 4,930 mosquitoes to conduct five tests with both ports blank, 
seven tests with both ports baited with honey and 18 tests with 
honey-baited ports versus blank. No difference was found by t-test 
with dual blanks (t = 0.66, df = 4, P = 0.55) and dual honey (t = 0.8, 
df = 6, P = 0.45), but a highly significant difference was observed 
when tested honey versus blank (t = 4.59, df = 9, P < 0.001).

Olfactometry Procedure
The release chamber of mosquitoes was transferred from the mos-
quito insectary to the testing laboratory at least 1 h prior to its at-
tachment to the flight section. The release chamber contained a mean 
of about 200 (range ~180–220) untested mixed male and female 
adults, which at the time of testing had emerged about 24 h earlier, 
having had continuous access to water on wicks but no access to 
blood or sugar. Intact potted plants were also transferred from the 
greenhouse to the lab 2–3 h before testing. Intact P. hysterophorus, D. 
glomerata (carefully inspected to be pest-free) and sachets containing 
Parthenium extracts, or synthetic blends were placed on their sides 
within polypropylene bags. These bags are connected to in- and out-
pressurized air tubes (ID: 6.4 mm; Tygon tubing, Saint-Gobain) via 
two metal connectors.

Each test ran overnight, from 19:00 to 08:00. Mosquitoes in 
each trap and in the downwind sections were collected, separated by 
sex, and counted at 08:00 the following morning. Mosquitoes that 
had left the release chamber and were found in the choice chamber 
were categorized as “activated.” Those in the treatment trap were in 
fact both activated and “attracted,” but here I call them attracted 
to be clearly differentiated from the other groups. Each experiment 
consisted of at least 10 replicates, unless otherwise stated, conducted 
on consecutive nights, and the test and control ports were alternated 
between right and left in successive replications to cancel any 

positional effect. Pieces of Olfactometers were washed thoroughly 
with hot water for 3 min. All pieces were then placed for 15 min in 
the oven at 120℃.

Extract Preparation
Leaf and floral extracts of P. hysterophorus were made by dipping 
2.13 and 0.64 g fresh leaves and flowers into 12 and 4 ml 99% 
n-hexane (Alfa Aesar, Ward Hill, MA) for 3 h, respectively. The whole-
plant extract was prepared using 3.9 g sprigs containing both leaves 
and flowers (1:1 w/w), immersed in 15 ml n-hexane for the same 
exposure time. In order to have a higher precision, five extracts of P. 
hysterophorus shrubs were prepared and the amount of each vola-
tile compound was measured (n = 5). The final concentration of each 
compound in a synthetic blend was calculated based on the average 
weight of a small-size Parthenium shrub (mean ± SE = 60.1 ± 1.83 
g, n = 5). Since the average weight of a small Parthenium shrub was 
approximately 15 times higher than that of sprigs (3.9 g), I prepared 
a 15-time higher concentration of each volatile (Table 1) in order 
to reach the same competence level with a Parthenium shrub in an 
olfactometer. For instance, when 0.76 ng α-pinene was found in 1 µl 
of Parthenium extract, the final dose of this compound in synthetic 
blend would be 15 folds higher, i.e., 11.4 ng (Table 1).

Chemical Analysis of Volatiles (Quantitative GC-MS)
One microliter of each compound, plant extract or a chemical blend 
was injected, in non-split mode, into an Agilent 6890 GC instrument, 
connected to a 5973 quadrupole mass selective detector (Agilent 
technologies, USA). Regular negative controls (n-hexane blanks) 
were injected between runs to ensure that none of the detected 
records was due to a prior contamination. Vials of plant extracts, 
authentic compounds and synthetic blends were vortexed for 30 s 
before any injection. The Agilent gas chromatograph was equipped 
with a Zebron™ ZB-5 (Phenomenex, Torrance, CA) bonded-phase 
fused-silica capillary column (30 m, 250 μm ID, 0.25 µm FT). The 
oven temperature was held at 25°C for 3 min, first ramped at 10°C/
min to 80°C and then at 25°C/min to 250°C where it was held for 
5 min. Helium was used as the carrier gas at 36 cm/s (flow rate: 
1 ml/min). The injector, ion source, and transfer line temperatures 
were set at 250, 240, and 250°C, respectively. The detector was set 
off for 2.00 min; mass spectra were taken at 70 eV (in EI mode) 
with a scanning speed of 1 scan/s from m/z 20–350. Autointegration 
was achieved by Agilent Enhanced Chemstation® (version D.00.38, 
2001). Chemical components of leaf, floral, and the whole plant 
extracts were identified by matching their mass spectra to NIST 
Mass Spectral Library 2005 and comparison of retention indices to 

Table 1. Compounds detected and identified in a hexane-base extract of Parthenium hysterophorus. Compounds are ordered based on 
their elution time in a GC column. The last two compounds were unattractive for A. gambiae in a dual-port olfactometer, and thus excluded 
from the Parthenium-base synthetic blend.

Components in 
Parthenium extract

Molecular weight
(g/mol)

Boiling point
(°C)

Diagnostic EI-mass 
fragments

Concentration in Parthenium extract
(mean ± SE), ng/µl

Required mass in a 
synthetic blend (ng/µl)

α-pinene 136.23 155 93, 91, 77, 39 0.76 ± 0.325 11.4
Camphene 136.23 159 93, 121, 79, 39 2.56 ± 0.266 38.4
1-octen-3-ol 128.21 174 57, 43, 72 9.36 ± 0.383 140.4
β-pinene 136.2 165 93, 43, 69 19.24 ± 0.536 288.6
cis-β-ocimene 136.23 175 93, 91, 79, 77 13.83 ± 0.278 207.45
bornyl acetate 196.29 223 95, 43, 93, 121 2.11 ± 0.173 31.65
α-caryophyllene 204.35 266 93, 133, 91, 41 2.21 ± 0.22 33.15
Hexadecanoic acid 256.42 351 43, 73, 60, 41 1.68 ± 0.206 -
α-linolenic acid 278.42 443 79, 67, 93, 95 6.9 ± 0.349 -
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published values (Adams 2007). Decisive identification was made 
by comparison of spectra and retention times of major components 
to the authentic standards. Electron impact mass fragments of 
compounds identified in hexane-base extract of P. hysterophorus are 
presented in Table 1. Standards of all chemicals were provided from 
Aldrich (Milwaukee, WI), Sigma-Alrich Co. (St. Louis, MO), and 
Aldrich (Steinheim, Germany).

In order to calculate the amount of each compound within the 
Parthenium chemical mixture, three regression curves were devel-
oped based on allocation of each compound to a chemical group. 
For terpenes, (-)-β-pinene (99%, Aldrich, St. Louis, MO) was serially 
diluted in 99% n-hexane and 1 μl of five ascending concentrations 
(0.24–61.8 ng/μl) of (-)-β-pinene was injected to GC-MS instru-
ment as external standards. This provided a linear regression 
equation (Y = 434148X), in which X and Y axes represent mass 
of (-)-β-pinene versus peak area respectively (R2: 0.96). The same 
procedure was followed for alcohols and acids, which are the other 
main components of a Parthenium whole-plant extract. 1-octen-
3-ol (98%, Aldrich, St. Louis, MO) and hexadecanoic acid (99%, 
Sigma-Aldrich, Milwaukee, WI) were also serially diluted and used 
for quantitation of alcohols and acids, respectively. GC peaks of 
1-μl injections of 1-octen-3-ol, and hexadecanoic acid in ascending 
concentrations (0.2–61.8 ng/μl and 0.3–323 ng/μl for the two 
compounds, respectively) helped me develop two relevant regression 
curves with high accuracy for alcohols (Y = 57744X + 15015, R2: 
0.997) and acids (Y = 38070X + 237175, R2: 0.952). These regres-
sion equations were used to measure the mass of each volatile com-
ponent in Parthenium extracts.

Volatile Concentration- and the Release Rate 
Optimization
Low-density polyethylene (LDPE) sachets (8 × 3.85 cm, ULINE, 
Pleasant Prairie, WI) were used to test the liquid extracts or blends. 
LDPE materials have proved very useful, because they let the VOCs 
release at a constant low rate, and do not need to be refilled for 
a long period of time (Torr, et al. 1997). Another advantage of 
using LDPE sachets is the easier adjustment of release rate, while 
release rate optimization of nylon strips, despite their effectiveness 
(Mukabana et al. 2012), is more challenging. The release rate of a 
chemical blend in a sachet was optimized via series of olfactometry 
experiments until the best mosquito attraction, non-significantly dif-
ferent from the plant itself, was recorded.

Before being used, the headspace of empty LDPE sachets and 
polypropylene bags were collected by SPME gray fibers (Supelco, 2 
cm-50/30 µm DVB/carboxen™/PDMS StableFlex™) and analyzed by 
GC-MS to exclude any volatile compound which could be observed 
in the chemical analyses of plants or synthetic blends.

In order to measure the attraction rate of a Parthenium extract, 
an LDPE sachet was filled with P. hysterophorus extract, heat sealed, 
and placed in a polypropylene bag. The same volume of a hexane-
filled LDPE sachet (control) was similarly placed in another poly-
propylene bag, and the two bags were connected to an olfactometer. 
When testing a blend, each component was individually packed in 
LDPE sachets of the same dimensions and thickness and placed in a 
single polypropylene bag. In this way, possible unknown effects of 
these compounds on each other were avoided.

Subtractive olfactometry bioassays were consecutively conducted 
on the full synthetic blend to determine the relative attraction of 
each ingredient for A. gambiae. The release rate was controlled by 
the volume of mineral oil, changing the surface of the LDPE sachet, 
or putting sachet in another one (double layered).

A seven-component blend (including the most abundant 
compounds in GC profile) was placed in one olfactometer port while 
a reduced six-compound blend, in which one of the components was 
missing, was placed in the other port. Each reduced blend was tested 
10 times. After figuring out the significance of each chemical on mos-
quito attraction, I compared the attraction of the finalized minimal 
blend against Parthenium intact plant and the full blend.

Statistical Analysis
To compare the attractiveness of Parthenium plant, P. hysterophorus 
extract, full synthetic blend or subtractive blends versus my con-
trol plant, n-hexane and P. hysterophorus extract, the number of 
mosquitoes caught in their respective ports was counted for each 
of the 10 replications. Those numbers were divided by total number 
of released mosquitoes in order to have a proportional value. 
Distribution of these values was determined by a Kolmogorov–
Smirnov test. If a normal distribution existed, a paired-comparison 
t-test was used to detect any significant difference between the num-
bers attracted to the tested plant/extract/synthetic blend and the con-
trol; otherwise, the non-parametric Mann–Whitney U-test was used. 
Analyses were performed with SPSS statistical package Ver. 28.00 
(Chicago, Illinois, USA) and graphics were drawn by Microsoft 
Excel® (version 18.2110.13110.0, Redmond, WA).

Results

Attraction of P. hysterophorus for A. gambiae
In the present study, intact P. hysterophorus plant was compared 
with the sugar-poor plant, Dactylus glomerata, in an olfactom-
eter to provide quantitative evidence for the olfactory attraction 
of A. gambiae to this plant. The series of experiments strongly 
indicated that P. hysterophorus was much more attractive than 
the baseline control plant, D. glomerata. While over 48% (mean 
value) of mosquitoes attracted to P. hysterophorus, only 15% of 
them responded to D. glomerata potted shrubs (Fig. 3a); there-
fore, P. hysterophorus is confirmed as a highly attractive plant 
for A. gambiae males and females (paired t-test, t = 8.2, df = 10, 
P < 0.001). My side-by-side olfactometry experiments did not 

Fig. 2. Total ion chromatogram of (a) Parthenium hysterophorus L. (Asterales: 
Asteraceae) whole-plant extract in 99% n-hexane and (b) synthetic blend. 
Detected and quantified compounds are shown in numbers based on their 
elution time. 1: α-pinene (8.5E, 8.43B), 2: camphene (8.8E, 8.81B), 3: 1-octen-
3-ol (9.1E, 9.19B), 4: β-pinene (9.36E, 9.21B), 5: cis-β-ocimene (10.1E, 9.99B), 6: 
bornyl acetate (13.04 E,B), 7: caryophyllene (14.6E, 14.8B). E: extract, B: blend.
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indicate any significant difference in total attraction response 
between P. hysterophorus and S. didymobotrya (paired t-test, 
t = 2.24, df = 8, P > 0.05); however, a higher number of mosquitoes 
were attracted to P. hysterophorus (Fig. 4). These side-by-side 
experiments provided an unambiguous conclusion on the relative 
preference of these very attractive plants for A. gambiae.

In another experiment, 15 µl of Parthenium extract in 99% 
n-hexane was tested versus the same volume of blank (99% 
hexane) to investigate its attractive level for mosquitoes (Fig. 3b). 
Data collected clearly indicated a significant difference between 
the two groups (Paired t-test, t = 4.1, df = 9, P < 0.01). Similar ol-
factometry experiments were arranged between Parthenium floral 
and foliar extracts on one hand, and the n-hexane blank on the 
other hand (Fig. 3c, d). Both experiments confirmed Parthenium su-
periority in attracting A. gambiae over blank (paired t-test, floral 
test: t = 3.1, df = 9, P < 0.05; foliar test: t = 3.6, df = 9, P < 0.01). 
The experiments with 99% n-hexane versus blank (empty LDPE 
sachets) under the same experimental conditions showed no signif-
icant difference. Therefore hexane, as a solvent, did not attract A. 

gambiae better than an empty LDPE sachet (paired t-test, t = 1.05, 
df = 7, P = 0.32).

Chemical Characterization of P. hysterophorus 
Volatiles
Volatile compounds of P. hysterophorus plant, floral, and fo-
liar extracts were chemically characterized and quantified by gas 
chromatography-mass spectrometry (Fig. 5a–c). Terpenes, such 
as α-pinene and cis-β-ocimene are the dominant compounds in P. 
hysterophorus hexane-based extract (Fig. 3a). All these compounds, 
except for hexadecanoic- and α-linolenic acid, which are not very 
volatile due to their high molecular weights and boiling points, 
were quantified and used for making a synthetic blend (Table 1). 
None of hexadecanoic- and α-linolenic acid stimulated A. gambiae 
individuals in my olfactometry experiments, either as a single com-
pound or in mixture, compared to a hexane blank sachet (Mann-
Whitney U test, df = 9, Z = 1.14, P > 0.05). Furthermore, adding 
them to the rest of Parthenium-identified volatiles within a blend 
reduced mosquito response.

The chemical profile of P. hysterophorus whole plant (Fig. 5a) 
was to some extent different from those of flowers (Fig. 5b) and 
leaves (Fig. 5c); however, terpenes were still the most abundant vol-
atile compounds in the plant’s foliar and floral extracts. Floral scent 
of P. hysterophorus was overwhelmed by terpenes. For example, 
β-pinene, cis-β-ocimene, and β-vatirenene constitute about 70% of 
the flowers’ volatile compounds (Fig. 5b). Foliar scent, on the other 
hand, shows a different pattern, in which α-linolenic acid, with over 
60% relative abundance, is the predominant compound (Fig. 5c). 
Mean ± SE of concentration of detected compounds within a P. 
hysterophorus extract has been summarized in Table 1.

Synthetic Blend
Total ion chromatogram of the synthetic blend, consisting of the 
seven most abundant compounds has been shown in comparison 
with the chromatogram of P. hysterophorus whole plant extract in 
99% hexane (Fig. 2). These two chromatograms indicate character-
istic peaks of the most abundant compounds in whole plant extract 
and the blend which have been eluted at the same retention times. 
This provides evidence that the most abundant chemicals of the two 
chromatograms are identical. The full blend was tested in olfactom-
eter comparing an intact Parthenium plant (Fig. 6a), a Parthenium 
extract (Fig. 6b), and a hexane blank (Fig. 6c). The first two served as 
positive controls, hexane as the negative control. Paired t-test anal-
ysis (df = 9) of olfactometry data demonstrated that there was no 
significant difference between attraction response of my full blend 
and that of the plant (t = 1.02, P > 0.05), or its extract (t = 0.38, 
P > 0.05). I also tested my blend against n-hexane in LDPE sachets, 
and found it highly attractive (t = 3.08, P < 0.01). Therefore, the 
blend attracted the mosquitoes as effectively as the plant itself under 
laboratory conditions.

Successive olfactometry experiments determined the relative 
role of each component of my full synthetic blend in attracting 
mosquitoes. One component was excluded at a time and the at-
traction response of mosquitoes was measured in its absence. If 
eliminating a single compound had no significant impact on the 
mosquito response to the rest of blend, then it was considered as 
a non-major component. Two hundred olfactometry experiments 
were carried out, each time by excluding one or more compounds 
from the full blend, to recognize the most attractive compounds 
for A. gambiae. The final minimal blend contained only α-pinene, 

Fig. 3. Percentage of mean proportions (± SE) of Anopheles gambiae attracted 
to (a) Parthenium hysterophorus L. (Asterales: Asteraceae) and Dactylis 
glomerata L. (Poales: Poaceae), (b) P. hysterophorus extract, (c) Parthenium 
floral extract and (d) Parthenium foliar extract versus 99% n-hexane in a 
dual-port olfactometer. Data had a normal distribution. n = 11, df = 10, Paired 
sample t-test; (a): t = 8.217, P < 0.001 (b): t = 4.1, P < 0.01 (c): t = 3.1, P < 0.05 
(d): t = 3.6, P < 0.01.

Fig. 4. Percentage of mean proportions (± SE) of Anopheles gambiae 
responded to Senna didymobotrya (Fresen.) Irwin & Barneby (Fabales: 
Fabaceae) and Parthenium hysterophorus L. (Asterales: Asteraceae) in a 
dual-port olfactometer. n = 9, data had a normal distribution. Paired sample 
t-test (t= −2.24, df = 8, P > 0.05).
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camphene, and cis-β-ocimene, which could not be removed from 
the blend without a significant negative effect on the mosquito re-
sponse. This reduced blend was tested versus Parthenium plant (Fig. 
7a), and the olfactometry data confirmed its successful competence 
with a live intact plant (paired t-test, df = 9, t = 0.52, P > 0.05). The 
minimal blend was similarly tested versus the full blend (Fig. 7b) 
and attracted about the same proportion of mosquitoes (paired 
t-test, df = 9, t = 2.14, P > 0.05). The required concentration of each 

of these compounds remained the same as the full blend and has 
been indicated in Table 1.

Discussion

Attraction response of mosquitoes to plant volatiles and honey has 
been represented in many behavioral assays, either with extracts 
(Thorsteinson and Brust 1962, Vargo and Foster 1982, Jepson and 

Fig. 5. Most abundant VOCs in hexane-based extract of Parthenium hysterophorus L. (Asterales: Asteraceae) (a): whole plant, (b): flowers, and (c): leaves; 
Detected and quantified by an Agilent 6890 gas chromatograph, connected to a 5973 Agilent mass detector.
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Healy 1988, Hancock and Foster 1997, Mauer and Rowley 1999, 
Foster and Takken 2004) or a single floral component (Jhumur et 
al. 2006).

Healy and Jepson (1988) reported responses of A. arabiensis to 
inflorescences of yarrow, A. millefolium, which mainly consisted 
of monoterpenes. Female A. aegypti and C. pipiens also responded 
to inflorescences of yarrow, Achillea millefolium L. (Asterales: 
Asteraceae) (Peach et al. 2019a). Males and females, and also all 
gonotrophic stages and prediapausing females of A. messeae Falleroni, 
C. pipiens L., and C. torrentium Martini not only are attracted to A. 
millefolium but have been observed to feed on its nectar (Andersson 
and Jaenson 1987, Jaenson and Ameneshewa 1991). Culex pipiens 
females were reported being attracted to thujone, a terpene often 
found in essential oils of various plants. Similarly, ocimene has been 
shown to be detected by the antennae of Aedes aegypti (Dekker et 
al. 2011). (E)-β-ocimene was also found in the headspace odorants 
of tansy (Tanacetum vulgare L.) inflorescences (Peach et al. 2019a).

Azeem et al. (2019) showed that the essential oil of P. 
hysterophorus induces repellent activity in Aedes aegypti which does 

not last more than a few minutes. They attributed this short-term 
repellency to the presence of monoterpenes β-myrcene and trans-
β-ocimene in the Parthenium essential oil. β-myrcene has also been 
reported as a repellent against Culex mosquitoes (Park et al. 2005). 
It should be noted that even though olfaction has a prominent role in 
the mosquito search for the natural resources of sugar, they eventu-
ally find the sugar-rich plants by a combination of visual and chem-
ical cues (Foster and Hancock 1994). Behavioral bioassays have also 
indicated that the odor attraction is enhanced by the UV inflores-
cence cues (Peach et al. 2019b).

In series of olfactometry experiments, Nikbakhtzadeh et al. 
(2014) indicated that both sexes of A. gambiae are attracted towards 
some plants, including S. didymobotrya and P. hysterophorus, pre-
sumably by releasing attractive volatiles. A comparison of the 
headspace composition of these attractive plants revealed the high 
importance of some VOCs, such as enantiomers of caryophyllene, 
phellandrene, pinene, and ocimene to A. gambiae.

Mosquitoes apparently detect only a selected number of a 
plant’s volatile compounds (Nyasembe et al. 2012, Nikbakhtzadeh 
et al. 2014). In addition to the role of each component in a vol-
atile plume, concentration of each compound within the mixture 
is also of high importance in locating host plants by A. gambiae 
(Nyasembe et al. 2012, Nikbakhtzadeh et al. 2014). It is likely that 
these compounds function as mosquito attractant stimuli at rela-
tively low concentrations, but as repellent at higher concentrations 
(Jaenson, et al. 2006, Nyasembe et al. 2012). Many studies indicate 
that the antennal sensillae of an insect only detect some components 
of a volatile blend and the most abundant components are not nec-
essarily the most notable ones in terms of behavior (Cha et al. 2008, 
Riffell et al. 2009). It should be noted that sensory transduction, 
neural encoding, and plasticity are different among mosquito spe-
cies. These factors determine mosquito responses to attractants or 
repellents (Wolff and Riffell 2018). Many chemicals have so far 
been developed to attract mosquitoes (Benelli et al. 2016), however, 
mosquitoes endemic to different zoogeographical regions do not 
necessarily respond to a single chemical the same. A chemical com-
pound attractive to a species may be a repellent to others. Therefore, 
any effort in developing new attractants or repellents should take 
into consideration the sensory and behavioral specifics of each target 
vector (Potter 2014, Xu et al. 2015).

Parthenium hysterophorus is specifically discussed in this con-
text because not only this study, but many preceding works have 
proved it to be a very attractive plant for A. gambiae (Manda et 
al. 2007b, Nyasembe et al. 2012, Nikbakhtzadeh et al. 2014). 
Chemical components of this plant have been analyzed in a few 
studies (Chen et al. 2011, Nikbakhtzadeh et al. 2014), and used 
in olfactometry assays (Nyasembe et al. 2012, Nikbakhtzadeh et 
al. 2014). The current study focused on Parthenium and its rela-
tive attraction and chemical analysis of its volatiles. The purpose 
was to confirm some previous observations/studies, reveal other 
aspects of its chemistry, and, most importantly, develop an efficient 
synthetic lure.

There are a few studies on P. hysterophorus palatability 
for A. gambiae (Manda et al. 2007b, Nyasembe et al. 2012, 
Nikbakhtzadeh et al. 2014) and on the volatile compounds which 
might be involved (Nyasembe et al. 2012, Nikbakhtzadeh et al. 
2014). Parthenium hysterophorus was first noticed to be attrac-
tive for A. gambiae when a high rate of feeding was observed in 
a multiple-choice assay (Manda et al. 2007b). My quantitative 
olfactometry experiments with cuttings of P. hysterophorus and 
S. didymobotrya demonstrated both plants as attractive for A. 
gambiae (Nikbakhtzadeh et al. 2014). Those experiments were 

Fig. 6. Percentage of mean proportions (± SE) of Anopheles gambiae attracted 
to (a): full synthetic blend versus Parthenium hysterophorus L. (Asterales: 
Asteraceae) intact plant, (b): full synthetic blend versus Parthenium hexane-
base extract, and (c): full synthetic blend versus 99% n-hexane in a dual-port 
olfactometer. Data had a normal distribution. Paired sample t-test. (a): df = 13, 
t = 1.02, P > 0.05; (b): df = 9, t = 0.38, P > 0.05; (c): df = 9, t = 3.08, P < 0.01.

Fig. 7. Percentage of mean proportions (± SE) of Anopheles gambiae attracted 
to (a): minimal blend versus Parthenium hysterophorus L. (Asterales: 
Asteraceae) intact plant and (b): minimal versus full blend in a dual-port 
olfactometer. Data had a normal distribution. Paired sample t-test. n = 10, 
df = 9, P > 0.05 (a): t = 0.52; (b): t = 2.14.
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achieved with plant cuttings compared to orchard grass; there-
fore, this time S. didymobotrya and Parthenium intact plants were 
compared side by side in a series of olfactometry experiments. This 
new set of data once again confirmed that these two plants evoke 
the same positive response in A. gambiae (Fig. 3).

Parthenium intact plant was considerably more attractive 
than the sugar-poor orchard grass, which is routinely used in 
my olfactometry assays as a base line of comparison (Fig. 2a). 
Floral and foliar, as well as the whole-plant extracts, indicated an 
outstanding attraction compared to the hexane blank. Hexane-
filled sachets, which were tested versus empty sachets, did not do 
any better than the polyethylene material (paired t-test, df = 7, 
t = 1.05, P > 0.05).

Here a question arises whether Parthenium is a good source of 
sugar for A. gambiae. Manda et al. (2007b) reported no sugar in 
Parthenium’s flowers, and only a low volume of sucrose and galac-
tose in leaves. Nyasembe et al. (2012) claims remarkable sugar con-
tent for P. hysterophorus. In another study, Nyasembe et al. (2015) 
detected four types of sugar in the gut of A. gambiae which had previ-
ously fed on P. hysterophorus, Bidens pilosa and Ricinus communis. 
Manda et al. (2007b) interestingly found that even though a substan-
tial number of A. gambiae could be sugar positive, their ingested-
sugar profile was not matched with that of P. hysterophorus. 
Furthermore, it was perceived that most of A. gambiae, already fed 
on Parthenium shrubs, had a considerably shorter life span (Manda 
et al. 2007b). Nyasembe et al. (2015), on the other hand, have re-
ported 10.61 ± 0.17 (mean ± SE) days survival for A. gambiae who 
fed on Parthenium shrubs, which does not look considerable when 
compared with the survival of a pooled population of A. gambiae on 
S. occidentalis (13.69 ± 1.00 d) and S. didymobotrya (19.00 ± 1.13 
d) which are also abundant in the same localities in Eastern Africa 
(Nikbakhtzadeh et al. 2016). However, Nikbakhtzadeh et al. (2016) 
proved very low survival rates for mosquitoes feeding on Parthenium 
(5.9 ± 0.67 d). They found that mosquitoes on P. hysterophorus 
showed a sharp decline in survival within the first 5 days, but a 
few survivors lived up to 25 days. Female A. gambiae were even 
able to survive for more than 15 days (Nikbakhtzadeh et al. 2016). 
Therefore, it seems that depending on how different studies have de-
fined a long survival, they have concluded that Parthenium may or 
may not support high A. gambiae survival rates.

Parthenium hysterophorus is an exception to the attraction-
value rule, since it is highly attractive according to olfactometer 
experiments (Nikbakhtzadeh et al. 2014) and the multiple-choice 
cage assays yet having little survival value (Nikbakhtzadeh et al. 
2016). In a cage study with intact Parthenium shrubs, cold anthrone 
tests detected very low numbers of fructose-positive A. gambiae of 
both sexes, and testing those few positive individuals revealed only a 
low volume of fructose (Nikbakhtzadeh et al. 2016).

Nyasembe et al. (2018) found discrepancy in the number of fruc-
tose positive mosquitoes and those with plant DNA which might 
suggest that mosquitoes can pierce through plant tissue to feed on 
nutrients other than just nectar. Similar observations have been 
made by other research groups confirming direct piercing of plant 
tissues (Junnila et al. 2010). These observations can to some extent 
explain why measuring fructose might not be the best way to deter-
mine the benefit of an attractive plant to mosquitoes. While a spec-
imen might be devoid of any fructose (or other sugars in general), it 
can still be in close association with a specific plant species to obtain 
other necessary compounds. Many studies confirm the important 
role of sugar in the survival and vectorial capacity of mosquitoes; 
however, it is not yet known what role the other compounds may 
play in the natural fitness of these insects. The fact that A. gambiae 

should spend energy to detoxify the cytotoxic compound parthenin 
while feeding on P. hysterophorus (Nyasembe et al. 2015) may in-
dicate that sugar reward might not be the only reason for a vector-
plant association.

Some studies have shown the disruptive effect of P. hysterophorus 
foliar extract on behavior and reproduction of Aedes aegypti (Kumar 
et al. 2011), but it seems that A. gambiae survives relatively well 
on Parthenium (6–10 days) despite ingesting the toxic compound 
parthenin (Nyasembe et al. 2015, Nikbakhtzadeh et al. 2016). 
Overall, it can be said that Anopheles gambiae’s strong preference 
for P. hysterophorus seems to be anomalous (Manda et al. 2007a).

Analyzing P. hysterophorus using high-performance liquid 
chromatography, Azeem et al. (2019) found β-myrcene and trans-
β-ocimene as the main compounds in the plant essential oil. My pre-
vious analyses also confirm the presence of these two compounds 
in the headspace of P. hysterophorus flowers (Nikbakhtzadeh et 
al. 2014). Chen, et al. (2011) could isolate 17 and 18 compounds 
from the floral and foliar extracts of Parthenium, respectively, in 
which terpenoids were predominant and constituted over 90% of 
the volatiles. This is to some extent different from my liquid-extract 
analysis of Parthenium (Fig. 4b, c). These differences have been fre-
quently observed in the literature and could be explained by varia-
tion in the components or their abundances in the plants themselves 
according to growth phase and geographical origin, to the ease 
of transformation among enantiomers for various reasons, or to 
differences in the techniques used, including which parts of the plant 
were specifically excluded (Nelson et al. 2012).

Some important aspects of any control approach in the field are 
the ease of use, low cost, and safety to people, animals, and envi-
ronment. Using a synthetic lure in the field has been shown to be 
effective, easy, and safe (Müller et al. 2008, Müller et al. 2010b), and 
the cost can be kept low in many ways. Not a lot of the ingredients 
are usually needed to make an efficient mosquito lure. Subtractive 
testing is a method to identify the non- or low chemical efficacy, by 
dropping select ingredients until an ideal minimal blend is found 
which is still highly effective. Though the minimal blend introduced 
in this study attracted a relatively lower number of mosquitoes, 
it remains effective and comparable to the full blend (Fig. 7). The 
minimized one has only the three main components of Parthenium 
volatiles and LDPE sachets functioned well in the slow releasing of 
the compounds over a 12-h time frame in my olfactory experiments. 
Preliminary tests indicate that with some adjustments, LDPE sachets 
will be able to deliver the chemicals over an even longer period. A 
test in a semi-field provision, where mosquitoes have easy access to 
competitive plants, will demonstrate whether this developed blend 
has the same success outside laboratory conditions.
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DETERRENT EFFECTS OF GLYPHOSATE ON OVIPOSITION AND LARVAL
DEVELOPMENT OF CULEX QUINQUEFASCIATUS

MAHMOOD R. NIKBAKHTZADEH AND YELISSA FUENTES

Department of Health Science and Human Ecology, California State University, San Bernardino, CA 92407-2393

ABSTRACT. Glyphosate is one of the most common herbicides used to control weeds in the USA. This
herbicide can impact the mosquito life cycle through being carried to mosquito habitats by runoff. This study
investigates the effects of glyphosate on the larval development and oviposition of a laboratory colony of Culex
quinquefasciatus. Our experiments indicated that a concentration of 1 g/liter glyphosate was lethal to larval instars
or the larvae impacted were either unable to molt to pupae or never emerged as adults. Larval instars exposed to 0.5
g/liter glyphosate experienced a similar impact; however, the larval stage was extended and pupation was
considerably delayed. Mosquitoes oviposited in 0.5 g/liter glyphosate laid the same number of egg rafts as in water,
but a considerably lower number of eggs exposed to glyphosate hatched as first instars. If gravid females laid their
eggs in 1 g/liter glyphosate versus water, the difference between the 2 groups would be statistically significant and a
very low number of eggs exposed to glyphosate could ever hatch into larvae. In an oviposition assay carried out in a
cage with 3 choices of water, 0.5 g/liter, and 1 g/liter glyphosate, a higher number of egg rafts were laid in water,
followed by 0.5 g/liter and 1 g/liter glyphosate concentrations, respectively. Our study indicated such a severe effect
of glyphosate on all immature stages of Cx. quinquefasciatus that no adult could ever emerge.

KEY WORDS Culex quinquefasciatus, glyphosate, herbicide contamination, larval development, mosquito
oviposition deterrent

INTRODUCTION

Glyphosate [N-(phosphonomethyl) glycine, CAS
No. 1071-83-6], the world’s most widely used
herbicide (Bataillard et al. 2020), is an isopropyl
amine salt classified as an organophosphorus broad-
spectrum herbicide (Salazar Lopez et al. 2016).
Glyphosate has nonselective and systemic foliar
action (Prata et al. 2003, Gimsing et al. 2007,
Sanchı́s et al. 2012). Most of the herbicides applied
in agriculture do not reach their target sites (Nguyen
et al. 2016) and are therefore found in considerable
levels beyond agricultural fields (Peruzzo et al. 2008,
Struger et al. 2008, Bai and Ogbourne 2016).
Glyphosate similarly leaves a target site through
surface runoff, where it has been detected in aquatic
systems frequently (Morrissey et al. 2015, Kibuthu
et. al. 2016, Van Bruggen et al. 2018). In addition to
surface runoff, direct overspray and drift during
herbicide application may also lead to high levels of
glyphosate that infiltrate the aquatic ecosystems
(Solomon and Thompson 2003).

Many studies have shown that glyphosate can
induce biochemical, physiological, and behavioral
changes in nontarget species (Miller 2004, Annett et
al. 2014, Gill et al. 2018, Daam et al. 2019). For
example, honeybees that received very low doses of
glyphosate developed neurotoxic effects (Herbert et
al. 2014, Balbuena et al. 2015). Because of its
presence in nontarget sites, the effects of glyphosate
on nontarget species, including mosquitoes, have
attracted attention (Baglan et al. 2018). Immature
stages of mosquitoes, including eggs, larvae, and
pupae, are vulnerable to water contaminants.

Culex quinquefasciatus Say, more commonly
known as the southern house mosquito, is one of
the most widespread mosquitoes in southern Cal-
ifornia. This species is responsible for transmitting
arboviruses such as West Nile virus (WNV), St.
Louis encephalitis (SLE), and western equine
encephalomyelitis (WEE) to the local residents.
Culex species are known for laying their eggs in
stagnant water, making them vulnerable to glyph-
osate exposure. Such exposure may change mosquito
behavior, life history traits such as larval survival rate
or reproduction (Bara et al. 2014), and resistance to
pesticides (Riaz et al. 2009, Bataillard et al. 2020),
which in turn can influence the mosquito vectorial
capacity.

Most of the previous studies on herbicides have
focused on the field realistic doses (Herbert et al.
2014, Baglan et al. 2018, Bataillard et al. 2020) or
residual (Mohamed 2011, Bara et al. 2014, de
Saraiva et al. 2016, Mehdizadeh et al. 2021), which
have often been shown to be nonlethal to mosquito
immature stages. The current study was conducted to
investigate the effect of higher levels of glyphosate
on Cx. quinquefasciatus oviposition, eggs, larvae,
and pupae. In other words, we wanted to better
understand how the various stages of Cx. quinque-
fasciatus may react to higher doses of glyphosate, a
nonselective herbicide. Glyphosate formulations
(mixed with adjuvants) have been reported to be
more toxic than pure glyphosate (Gill et al., 2018,
Nagy et al. 2019, Pochron et al. 2020). Available
glyphosate-based herbicides on the market have
several compounds with variable toxicity. Surfac-
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tants, which are added to an herbicide formulation to
improve its performance, are mostly responsible for
disrupting physiological or behavioral mechanisms
of nontarget organisms (Annett et al. 2014). In the
current study, we have reported some of these
reactions ranging from avoiding egg laying in a
glyphosate substrate and toxic effects on the egg
viability to deterring larval growth and molting,
prolonging larval stages, and toxic effects on pupae,
which might prevent them from emerging as adults.
All such effects can impact the fecundity, population
size, and adult fitness and eventually reduce the
vectorial capacity. Therefore, even though herbicides
help weed management in modern agriculture and
urban landscape, their side effects on other organisms
should be also taken into consideration.

MATERIAL AND METHODS

Mosquito rearing

Egg rafts of Cx. quinquefasciatus were hatched to
first-stage larvae in environmental chambers under
65 6 5% RH, 25 6 28C temperature, and 12:12
(L:D) photoperiod. Groups of 120 first instars were
transferred to shallow plastic pans (29.3 3 19.7 3 6
cm), filled with 750 ml of aged tap water. All larval
instars were fed daily with grinded TetraMint

tropical fish food based on a larval diet protocol
(Gary and Foster 2001) until pupation. Pupae were
transferred to 9-cm-diam Petri dishes, and a total of
400 pupae were placed in each mosquito field cage
(40 3 40 3 40 cm, BioQuip Products, Inc., Compton,
CA). Emerging adults had access to aged tap water
and 10% (w/v) sucrose-soaked cotton wicks.

Two-to-three-day-old adults were blood fed by an
artificial feeding apparatus for 2 consecutive nights
using Na citrate defibrinated bovine blood (LAMP-
IRE Biological Laboratories, Pipersville, PA). Four
days after the second blood meal, half-filled water
dishes (9 cm in diam) were placed in each cage for
oviposition.

Glyphosate concentration

Roundupt Weed and Grass Killer, Super Concen-
trate, was used as a commercially available glyph-
osate product (50.2% glyphosate isopropylamine salt;
Monsanto, Marysville, OH). Concentrations of 0.5
and 1 g/liter glyphosate were made from this super
concentrate formulation.

Larval experiment

Twenty larvae of each instar were placed in small
containers (400 ml volume, 10.8 cm diam) with 200
ml aged tap water. Glyphosate concentration was
kept at 0.5 or 1 g/liter depending on the experiment,
while control larvae were added to the same quantity
of aged tap water. Larval experiments were replicat-
ed 10 times (n¼ 10) versus control (n¼ 10). Larvae
of treatment and control replicates were fed daily

with 0.02 g of TetraMint fish food, and their
mortality, pupation, or emergence as adults was
recorded daily to prepare the survival curves for each
experimental group. If larvae were molted to pupae,
the number of live pupae was considered in the
calculation of survival ratio and survival rate. Those
pupae were observed daily to check whether they
emerged as adults. If they did so, the number of
adults was also added to the total number of live
individuals. In this way, comparison of treatment and
control groups was possible even if the pupation of
treated larvae would have been prolonged.

Oviposition experiment

To observe the mosquito oviposition, 9-cm-
diameter Petri dishes (ovicups) with 20 ml water
were used as control, whereas treatments contained
0.5 or 1 g/liter glyphosate concentrations at the same
volume of water. Those ovicups were placed in cages
with 400 adult mosquitoes overnight, 4 days after the
second blood meal. Upon removal from the cage, the
number of egg rafts was counted for each ovicup.
These experiments were repeated 5 times (n¼ 5) for
both treatment and control groups.

Egg viability experiment

Egg rafts of each ovicup were individually
transferred to Petri dishes, and the number of hatched
first instars was counted for 3 days. The total number
of first instars was then compared between treatment
and control replicates (n¼ 5).

Triple-choice oviposition experiment

Three ovicups (each containing 20 ml liquid), one
with 0.5 g/liter glyphosate, one with 1 g/liter
glyphosate, and one with aged tap water, were placed
in 3 corners of a Bioquip adult cage for a night with
400 adult mosquitoes 4 days after the second blood
meal. The number of egg rafts was then counted for
the 2 glyphosate solutions and control (water) to find
the oviposition preference of gravid females when
they had access to various choices (n¼5). The corner
location of the 3 choices was randomly changed in
each replication to avoid a systemic bias.

Statistical analyses

Survival curves were constructed with the Kaplan-
Meier estimator and analyzed with Wilcoxon tests
(Nikbakhtzadeh et al. 2016). ANOVA, followed by a
Waller-Duncan post-hoc test, was used to compare
the means of surviving larvae in consecutive days
and determine the significantly different groups
(Timmermann and Briegel 1996, Manda et al.
2007, Baz 2017). To normalize the distribution of
our oviposition data between treatment and control,
data in each of the two groups were transformed by
arc sin =a/(aþb) and arc sin =b/(aþb), respectively,
and their mean value were calculated. This transfor-
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mation enabled us to use the parametric t-test for
comparing the number of egg rafts between treatment
and control groups (Manda et al. 2007, Nikbakhtza-
deh et al. 2016). The distributions of transformed
data were tested with a Shapiro-Wilk test for
normality at P . 0.05, followed by a paired-
comparisons t-test (Nikbakhtzadeh et al. 2016). All
analyses were performed with SPSS statistical
package version 28.00 (Chicago, Illinois, USA),
and graphics were generated with Microsoft Excel
(version 18.2110.13110.0, Redmond, WA).

RESULTS

These sets of experiments focused on the impact of
glyphosate at 0.5 and 1 g/liter concentrations on
different larval instars of Cx. quinquefasciatus from
hatching time until pupation and eventually emer-
gence as adults.

Larval instars exposed to 0.5 g/liter of glyphosate

When exposed to 0.5 g/liter glyphosate, the
survival ratio of the first instars sharply dropped to
less than 0.2 in 2 days and continued to decrease until
all larvae died in 9 days. A slower trend was
observed for the second instars in which survival
ratio dropped to 0.205 in day 5 and continued its
gradual reduction, finally reaching zero on day 13.
The dose response for the third larval instar overall
followed a less sharp curve, in which the survival
ratio reached 0.215 on day 7 and reached zero in 10
days. Although it was expected that the fourth instars
would react to the same dose even more slowly than
the second or third instars, their survival ratio
dropped to zero in 8 days (Fig. 1a). Control replicates
(water) of each of those instars did not show a drastic
change and kept their high survival ratio throughout
the experiments (Fig. 1a). Analysis of variance
(ANOVA) on the mean value of the survived larvae
also indicated that control larvae within all 4 instars
had more or less a constant survival rate, while larvae
under glyphosate treatment began their sharp reduc-
tion from day 2. Presumably, as larvae grow and molt
into a higher instar, they can tolerate the same dose
of glyphosate for a longer period (Fig. 2).

Larval instars exposed to 1 g/liter glyphosate

The pattern of dose response to 1 g/liter glyphosate
was very similar to 0.5 g/liter; however, the
distinction among larval instars was more readily
observable. The survival ratio of larval instars 1–4
reached zero on day 3, day 5, day 11, and day 14,
respectfully. Therefore, younger larvae could not
tolerate being exposed to a higher dose of glyphosate
for a long time, but older instars could resist the
higher dose for up to 2 wk (Fig. 1b). Compared to the
control (water), all larval instars exposed to 1 g/liter
glyphosate showed very low survival rates, as seen in
Fig. 3. While the survival rate of control replicates
remained constant over several days from the

beginning of the experiments, those of treated larvae
were reduced significantly. This drop was so rapid for
the first larval instar (Fig. 3a) that the survival rate
came to less than 1 just in 2 days. As larvae grew,
this drop was delayed; therefore, in the case of larval
instars 2–4, the very low survival rate, similar to that
of first instars, was observed at days 3, 6, and 8,
respectively (Fig. 3b–3d).

Oviposition experiment

When female Cx. quinquefasciatus were offered
an ovicup containing 0.5 g/liter glyphosate, no
significant difference (Fig. 4a) was observed between
the number of egg rafts deposited in glyphosate and
water containers (paired-sample t-test, n¼ 5, df¼ 4, t
¼ 0.276, P ¼ 0.796). Mean value for laying eggs in
water was 5.00 versus 6.4 for glyphosate. Oviposition
of Cx. quinquefasciatus gravid females in 1 g/liter
glyphosate solution indicated a significant difference
(paired sample t-test, n ¼ 5, df ¼ 4, t ¼ 3.515, P ,
0.05) in the number of egg rafts between treatment
and control (water only) groups. The glyphosate-
treated ovicups showed a very low number of egg
rafts (mean ¼ 3.6) laid, while control ovicups had a
higher number of eggs laid (mean¼ 13.2), as seen in
Fig. 4b. Most of the eggs in glyphosate solutions
turned to a dark color soon after being laid, which
might be an indication of losing their viability.

Fig. 1. Survival curve of Culex quinquefasciatus larval
instars exposed to (a) 0.5 g/liter and (b) 1 g/liter glyphosate.
Kaplan-Meier survival estimator, followed by Wilcoxon
test.
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Egg viability experiment

Although the number of eggs rafts deposited by
female mosquitoes gives us some information on
their preferred substrate for oviposition, we did not
know if eggs deposited in a glyphosate solution had
been affected or not; therefore, right after the
oviposition experiment, we transferred the egg rafts
into separate Petri dishes and counted the number of
eggs hatched into first instars. This is a good
indicator of whether the eggs were actually alive.

In other words, we wanted to measure the viability
percentage of eggs laid in a glyphosate solution
versus the plain water solution. As seen in Fig. 5a,
our findings indicate that when comparing 0.5 g/liter
glyphosate with water (control), the percentage of
hatched eggs was significantly higher for water
(69%) versus glyphosate (12.7%) (paired-sample t-
test, n ¼ 5, df ¼ 4, t ¼ 3.589, P , 0.05). When the
same assay was arranged for 1 g/liter glyphosate
versus water, the number of eggs hatched to first

Fig. 2. Effect of 0.5 g/liter glyphosate (mean 6 SEM) on the survival of the Culex quinquefasciatus (a) first, (b)
second, (c) third, and (d) fourth instars. Different letters indicate statistically significant groups, P , 0.001, n¼10. Waller-
Duncan post-hoc test.

Fig. 3. Effect of 1 g/liter glyphosate (mean 6 SEM) on the survival of the Culex quinquefasciatus (a) first, (b) second,
(c) third, and (d) fourth instars. Different letters indicate statistically significant groups, P , 0.001, n¼ 10; Waller-Duncan
post-hoc test.
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instar was significantly higher for water (paired-
sample t-test, n ¼ 5, df ¼ 4, t ¼ 17.759, P , 0.001;
Fig. 5b). This time the mean percentage of eggs
hatched in water was 85.5% versus 7.6% for 1 g/liter
glyphosate. It looks like as we increase the
glyphosate concentration, fewer eggs remain viable
in that solution.

Triple-choice assay

While the two aforementioned oviposition exper-
iments provided very useful information about the
impact of glyphosate on Cx. quinquefasciatus
oviposition and egg viability, we still did not know
what the females’ choice would be if they had access
to contaminated water with various levels of
glyphosate versus plain water. Therefore, triple-
choice assays were therefore designed to observe
the females’ choice (Fig. 6). According to this assay,
female Cx. quinquefasciatus could discriminate
between water and glyphosate concentrates and
mostly chose to lay their eggs in water (mean value
¼ 11.4), while significantly lower numbers of egg
rafts were deposited in 0.5 g/liter glyphosate (mean
value ¼ 4.6) and 1 g/liter glyphosate (mean value ¼
2.2). The ANOVA showed significantly different

groups with these parameters: F¼ 33.165, df¼ 14, P
, 0.001, n ¼ 5 (Fig. 6).

DISCUSSION

Glyphosate, the most widely used agricultural
herbicide in the world with approximately 150,000
tons applied annually in the USA alone (Atwood and
Paisley-Jones 2017), can easily leave its target site
and enter stagnant water bodies in different concen-
trations (Bataillard et al. 2020). The enormous use of
glyphosate for decades has led to its widespread
presence in the environment, which threatens eco-
systems and the life of many organisms (Zhan et al.
2018). Improper application practices and overspray
have also resulted in its extensive leaking into
aquatic and terrestrial environments (Hanke et al.
2010).

According to the Weed Science Society of
America (WSSA), glyphosate is technically nontoxic
to mammals and birds (oral LD50 for mice, rabbits,
and goats is greater than 10,000 mg/kg, US National
Library of Medicine 1995), but invertebrates, includ-
ing insects, are highly sensitive to this herbicide
(WSSA 2014). Studies have indicated that mosqui-
toes can be easily exposed to glyphosate concentra-

Fig. 4. Culex quinquefasciatus oviposition in (a) 0.5 g/liter (b) 1 g/liter glyphosate versus water (control). (a) Paired-
sample t-test, P¼ 0.796; ns: nonsignificant. (b) Paired-sample t-test, P¼ 0.0245. Asterisk on a column shows a statistically
significant difference.

Fig. 5. Percentage of Culex quinquefasciatus eggs hatched to first instars in (a) 0.5 g/liter and (b) 1 g/liter glyphosate
versus water (control). Paired-sample t-test, (a) P , 0.05 and (b) P , 0.001. Asterisk on a column shows a statistically
significant difference at (a) 95% and (b) 99.9% confidence levels.
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tions, which in turn can impact their development,
reproduction, and behavior (Kibuthu et al. 2016,
Morris et al. 2016). Although many studies have been
conducted on the impacts of chemicals on different
insects (Kibuthu et al. 2016, Oliver and Brooke
2018), no study has ever focused on the impact of
glyphosate on Cx. quinquefasciatus in southern
California. On the other hand, previous studies have
focused on the exposure of mosquito larvae to very
low doses of glyphosate, while we know that
glyphosate in water, particularly in water polluted
with organic materials, has a considerably shorter life
span with a rapid breakdown into its metabolites
(Zaranyika and Nyandoro 1993, Mallat and Barceló
1998). Glyphosate is degraded through either biotic
pathway (microbial activity) or abiotic approaches
such as adsorption and thermolysis (Lund-Høie and
Friestad 1986). Zaranyika and Nyandoro (1993)
studied glyphosate degradation in rivers with high
sediments and found that the degradation mechanism
was mostly microbial. They reported an immediate
35% glyphosate reduction in such rivers due to
adsorption to suspended particles and deposition in
the bottom of river. In another study, Mallat and
Barceló (1998) found that half-life of glyphosate in
river water with pH 7 was about 4 days. In their
review, Zhan et al. (2018) concluded that the main
degradation mechanism of glyphosate in water,
especially organic-polluted water, was the microbial
activity.

We performed a laboratory study in which larvae
of Cx. quinquefasciatus reared in water containing a
high volume of organic material (larval food diet)
under higher temperatures (approx. 26–278C); there-
fore, single use of a higher dose of glyphosate could
compensate for the rapid degradation so that all
immature stages could come into contact with a
sufficient dose of glyphosate. In most previous
studies, the rearing substrate was refreshed for every
instar/life stage, and therefore a specific dose of
glyphosate was added again to retain the concentra-

tion throughout the experiment (Baglan et al. 2018).
We did not refresh the rearing water in our
experiments to simulate what really happens in the
field.

Although other studies have mostly focused on the
residual impacts of glyphosate on the behavior and
physiology of freshwater invertebrates (Annett et al.
2014, Baglan et al. 2018), we were more interested in
the lethal or deterrent effects of glyphosate on the
eggs and larvae of Cx. quinquefasciatus. Exposure to
1 g/liter of glyphosate led to a rapid reduction of
survival ratios over the course of 3–13 days,
depending on the larval stage. The survival ratio of
first and second instars dropped to zero in 3 and 6
days, respectively, whereas third and fourth instars
showed a slow reduction of survival ratio and
reached a zero point in 11 and 13 days, respectively
(Fig. 6). The slower decline of the survival ratio in
third and fourth larval instars can be attributed to
their lower rate of feeding. When mosquitoes reach
the last larval instars, they stop feeding (AMCA
2022), and this ceases the glyphosate ingestion. A
lower concentration of glyphosate (0.5 g/liter) also
reduced the survival ratio, but with a much slower
pace. The survival ratio of larval instars 1–4 dropped
to zero over a period of 9–13 days (Fig. 1). This time,
younger and older instars survived longer, had a
prolonged larval stage, and molted into pupae with a
considerable delay. Even though glyphosate is highly
toxic to invertebrates (WSSA 2014), similar studies
also suggest that mosquito larvae are more tolerant to
glyphosate than many other insects (Bataillard et al.
2020), and that is why they can still develop in a high
level of glyphosate solution and even molt to pupae.
In both the 0.5 g/liter and 1 g/liter glyphosate
experiments, none of the exposed larvae ever
emerged as adults, while a very high percentage of
control larvae eventually left the puparium as adults.
Studying sublethal doses of glyphosate, Kibuthu et
al. (2016) also noticed that glyphosate-caused
mortality in larvae and pupae of Cx. quinquefasciatus
impacted the adult emergence rate.

In addition to the induced larval mortality,
glyphosate impacted the life cycle of mosquitoes by
significantly extending the larval period and deterring
larvae from molting into pupae. Those effects were
repeatedly observed for both concentrations of
glyphosate. While control fourth-stage larvae entirely
molted into pupae in 3–4 days, the treated larvae
molted in 7–8 days. Very similar findings have been
recorded for Aedes aegypti (L.), where pupation was
considerably delayed because of glyphosate exposure
(Morris et al. 2016). We will continue these series of
experiments to figure out the impact of lower
concentrations of glyphosate on the larval develop-
ment. The effect of glyphosate concentrations on the
oviposition of Cx. quinquefasciatus is also very
interesting. When 0.5 g/liter glyphosate was com-
pared with water in single-choice experiments, the
egg rafts laid in those media did not show any
significant difference (Fig. 4a), but when 1 g/liter

Fig. 6. Number of Culex quinquefasciatus egg rafts
oviposited in the triple-choice cage assay [0.5 g/liter and 1
g/liter glyphosate versus water (control)]. Different letters
indicate statistically significant groups, P , 0.001, n ¼ 5;
Waller-Duncan post-hoc test.
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glyphosate was used in the same experimental
setting, a significantly higher number of egg rafts
were laid in water (Fig. 4b). Gravid females take
advantage of visual and olfactory cues to find suitable
sites for their oviposition. As a site is approached,
visual, olfactory, tactile, and gustatory cues are used
to figure out the site appropriateness for oviposition
(Day 2016). These cues originate from plant
infusions, microbes, mosquito immature stages, and
predators (Afify and Galizia 2015). We do not know
what cues gravid females used to detect glyphosate in
water, but it appears regardless of the mechanism
involved, they were unable to discriminate between a
site with a lower concentration of glyphosate and
water (Fig. 4a). When 1 g/liter glyphosate was used
as the oviposition site, females could differentiate it
from plain water very well (Fig. 4b). Similarly,
Kibuthu et al. (2016) found that female Cx.
quinquefasciatus preferred to oviposit in nitrogenous
fertilizers and not in a glyphosate solution. They also
concluded that agrochemicals not only affected
mosquito oviposition site selection, but impacted
offspring survival as well. Gravid females of Ae.
aegypti also avoided temephos-treated substrates
(Quiroz-Martinez et al. 2012). Overall, herbicides
and other pesticides can modify mosquito oviposition
behavior, but the direction of the response is
dependent upon pesticide and its concentration
(Kibuthu et al. 2016).

Most of the eggs deposited in glyphosate solutions
soon changed to a dark color, which can be
considered as a sign of decay. When the egg rafts
in both treatments and control groups were watched
until hatching time, it was observed that a signifi-
cantly higher percentage of eggs deposited in water
(69%) hatched versus those in 0.5 g/liter glyphosate
solution (12.7%) (Fig. 5a). The percentages for eggs
hatched in 1 g/liter glyphosate solution versus water
were 7.6% and 85.5%, respectively (Fig. 5b).
Therefore, when the glyphosate solution is more
concentrated, fewer eggs ever hatched. In a similar
study, Schneider et al. (2009) found that the eggs of
Chrysoperla externa Steinmann exposed to glyph-
osate were abnormal and appeared smaller than
control eggs; they were dehydrated and eventually
perished 2 days after oviposition. In another research
study, Avigliano et al. (2014) concluded that being
exposed to glyphosate, a considerable number of
estuarine crab eggs, Neohelice granulata (Nana),
could not hatch into larvae. Even if they successfully
hatch to larvae, several larval abnormalities poten-
tially develop that deter them from emerging as
adults. Although these findings are, per se, interest-
ing, they are single-choice experiments where gravid
females had no choice other than laying eggs in a
chemically contaminated water substrate. Therefore,
a question is raised as to how females would react if
they had access to more diverse types of oviposition
sites. In other words, if freshwater sites are also
accessible, would females still oviposit in glypho-
sate-contaminated water? To answer this question,

multiple-choice cage assays were designed, where 3
ovicups with aged tap water (control) and the 2
varying concentrations of glyphosate were simulta-
neously placed in adult BioQuip cages. In this way,
we could figure out whether females exhibited any
site preference. Analysis of our data indicated that
most gravid females preferred to oviposit in a water-
only ovicup, and the number of egg rafts laid there
was significantly higher than any glyphosate concen-
tration (Fig. 6). The second choice for oviposition
was the 0.5 g/liter glyphosate solution. Of course,
avoiding a glyphosate substrate is understandable
because females try to avoid any unfavorable
oviposition site which might put their offspring at
risk. For successful reproduction, female mosquitoes
must find and evaluate potential oviposition sites
(Navarro et al. 2003). To select a suitable oviposition
site, gravid females have to first respond to visual or
olfactory (attractant or repellent) stimuli, resulting in
orientation toward oviposition sites. Secondarily,
they should respond to chemotactile cues or deter-
rents, which may eventually result in the egg
deposition (Bentley and Day 1989). In an evolution-
ary trend females have developed a site selection
capability that lets them optimize the selected
breeding site to increase the suitability for their
larval development. For example, female Ae. aegypti
do not lay eggs in high-salinity water to avoid
exposing their larvae with a lethal salt concentration
(Bentley and Day 1989). Aedes aegypti also avoid
oviposition in a chlorine-treated water (Sherman et
al. 1998). Factors involved in choosing a suitable
breeding site are chemicals, salinity, pH, and a
predictable/reliable food content of water (Merrit et
al. 1992).

Our lab experiments clearly indicated that higher
concentrations of glyphosate could be lethal to eggs,
larvae, and pupae of Cx. quinquefasciatus. Further-
more, they prolong the larval development and delay
pupation. Glyphosate at both 0.5 g/liter and 1 g/liter
concentrations caused 100% mortality in pupae and
therefore prevented the mosquito immature stages
from emerging as adults. Our data with a high
concentration of glyphosate demonstrated the lethal
effect on all immature stages of Cx. quinquefasciatus,
but even in sublethal concentrations, herbicides can
affect mosquito life histories and thus impact their
vectorial capacity. For example, exposure to the
herbicide Atrazine caused longer aquatic stage
development in Ae. aegypti and Ae. albopictus
(Skuse), resulting in smaller adult females (Bara et
al. 2014), and glyphosate has been found to prolong
larval development at high concentrations and
decrease proportional survivorship to adulthood in
Ae. aegypti (Morris et al. 2016). Because of the vast
application of herbicides in agriculture, more re-
search is needed to find the effects of various
concentrations of glyphosate on the natural fitness
and vectorial capacity of major mosquito vectors.
Different mechanisms have been suggested for the
toxicity of all glyphosate-based herbicides in nontar-
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get organisms, such as inducing oxidative stress
damage, acetylcholinesterase inhibition, and geno-
toxicity. It is plausible that several mechanisms are
involved, depending on the herbicide formulation
and the living organism. Since exposure of aquatic
organisms to glyphosate will be increased as a result
of more herbicides being used globally, studying the
mode of action of glyphosate-based herbicides across
various taxa is another area to be explored (Annett et
al. 2014).

It is also important to accomplish more single-dose
exposure studies to understand how a one-time
exposure may affect adult mosquitoes. Many mos-
quito vectors around us can be found in suburban
agricultural fields, and such studies will increase our
knowledge of the vector-environment interactions
and thus enable us to find more effective control
approaches. At the same time, we should notice that
although glyphosate has helped farmers to reduce
various weeds on their farms, sustainable farming
practices are required (Gill et al. 2018) to preserve
the balance between commercial monoculture and
fragile surrounding ecosystems which that our food
webs.
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