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Abstract

Background

The emergence of insecticide resistance in mosquitoes necessitates the exploration, development and
validation of alternative and sustainable biological strategies for controlling mosquitoes in their natural
environments.

Methods

We assessed the predatory effect of Utricularia aurea, an aquatic carnivorous plant found in the Indian sub-
continent, Japan, and Australia, on four instar (larval) stages of Aedes aegypti, Anopheles stephensi, and Culex
quinquefasciatus, in the laboratory and field settings.

Results

In the laboratory, within twelve hours, U. aurea predated ~ 95% of the 1st, 2nd, and 3rd instars of the three
mosquito species, ~ 80% of the 4th instars of Ae. aegypti and An. stephensiand ~ 60% of 4th instars of Cx.
quinquefasciatus. The predatory effect of U. aurea significantly varied among the three mosquito species and
their instar stages. The effect of U. aurea on the instars of Cx. quinquefasciatus differed significantly from that
on the instars of Ae. aegypti and An. stephensi. The effect of U. aurea on the 4th instars was significantly lower
than that on the 1st, 2nd, and 3rd instars of the mosquitoes. The effect of U. aurea was higher during the first
hour when compared to the other time points; within the first hour, U. aurea predated 58, 45, 61% of 1st instars
of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus, respectively. In the field settings, at the end of 16 days,
U. aurea predated 71 and 76% of the immature Ae. aegyptiand An. stephensirespectively.

Conclusion

Our findings suggest U. aurea can be utilized as a potential bio-larval control agent in natural environments;
however, the current claim warrants additional investigations in different natural transmission settings .

Background

Mosquito-borne diseases, such as malaria, dengue, chikungunya, Japanese encephalitis, and filariasis, cause
most of the febrile illnesses in India [1]. Malaria is primarily spread by Anopheles stephensi (in western and
southern India), An. fluviatilis and An. culicifacies (in central and eastern India), An. baimaii and An. minimus
(in north-eastern India) [2]. In India, dengue and chikungunya are primarily spread by Aedes aegypti[3].
Filariasis and Japanese encephalitis are transmitted by species belonging to Aedes, Culex, and Mansonia
genera. These mosquito vectors are present in all types of habitats ranging from urban polluted small water
bodies to large brackish and freshwater bodies, making their control very difficult [4, 5].

Integrated vector control management in India recommends using temephos (an organophosphate insecticide)
for controlling mosquito larvae, and pyrethrum spray and malathion fogging for controlling adult mosquitoes,
especially during their breeding season [6]. However, the emergence of insecticide resistance in mosquitoes and
the harmful effects of the insecticides on other non-targeted organisms such as silkworm moths, honey bees,
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notonectid bugs, fishes, etc. warrants exploration, development, and validation of alternative and sustainable
biological strategies for controlling mosquitoes in their natural environments [7, 8, 9, 10].

Sustainable biological methods to control mosquito larvae include larvivorous fishes, odonates, copepods,
tadpoles, and aquatic carnivorous plants [8, 11, 12, 13]. A promising, but understudied biological control
strategy for controlling mosquito larvae is the use of Utricularia, an aquatic carnivorous plant also known as
bladderwort. It is an oligotrophic plant that partially derives nutrition from its prey [14] by capturing a wide
range of organisms belonging to Tardigrada, Nematoda, Gastropoda, Acaridae, Rotifera, Ciliata and Crustaceae
[15,16,17,18,19, 20, 21, 22, 23, 24]. The suction trap of Utricularia is the fastest known trap among all
carnivorous plants and can capture prey within 500 pm from the trapdoor [25]. The captured prey dies due to
anoxia and is digested by a set of hydrolases and low pH environment [26]. Although the predation of mosquito
larvae by Utricularia was reported in the early 1930s, the use of Utricularia for controlling mosquito larvae is
relatively underexplored’®. Under laboratory conditions within two days, Utricularia reflexa predated 100% of An.
gambiae, the African malaria vector [27, 28]. Similarly, Utricularia macrorhiza, widely distributed in North
America was shown to kill 100% of Ae. aegyptiand 95% of Ae. albopictus larvae within 5 days [29]. Here, we
report for the first time, the predatory ability of U. aurea that is widely distributed in the Indian sub-continent,
Japan, and Australia [30, 31, 32, 33], against the larvae of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus
over time in laboratory and field settings.

Methods

Collection of the mosquito larvae and determination of their
size

The mosquito larvae were obtained from the insectary of the National Institute of Malaria Research, Goa. The
body length of larvae belonging to the 1st, 2nd, 3rd, and 4th instar stages of Ae. aegypti, An. stephensi, and Cx.
quinquefasciatus, was measured from preclypeus to the 8th abdominal segment using a micro-scale and
stereo-microscope (Wild).

Collection and Identification of Utricularia aurea

U. area shoots of 10 cm length were collected from the lake at Band Bhat area, St. Cruz, Goa, India
(15°28'11.4"N 73°50'26.2"E). The shoots were transported to the laboratory in a five-litre bucket filled with the
same reservoir water. The plants were identified using the methods described by Taylor [33] and Janarthanam
and Henry [30].

Predation of the larvae by U. aurea in laboratory mesocosms

The 10 cm shoots of U. aurea containing ~ 100—110 traps were added to cups containing 250 ml of RO water.
Twenty-five larvae of each instar stage of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus were introduced
into separate cups, in quadruplicates, containing the shoot of U. aurea (the ratio between the trap and larvae
was 4:1). The experimental controls were larvae without the U. aurea shoot. The larvae were fed once with ~ 5
mg of fish food (Tetramin). Hourly capturing activity of the U. aurea bladder was recorded from 0-12 hours.

Page 3/17



Predation of the larvae by U. aurea in field macrocosms

The curing waters at a construction site in the Ponda area in Goa were surveyed for the presence of immature
(larvae and pupae) Ae. aegyptiand An. stephensi. The size of these breeding sites was approximately of 1 min
length, 1.2 m in breadth, and 0.17 m in depth. Three sites were chosen for the introduction of U. aurea shoots.
Ten big shoots (~ 30 cm long) of U. aurea were introduced into each experimental breeding site; two shoots per
corner (four corners), and two shoots in the centre. Three cutting water sites without U. aurea shoots were kept
in control. Using the dipper method, the density of the immature stages (larvae and pupae) was recorded before
and after the introduction of U. aurea shoots. From each site, five dips were collected daily for 16 days; the
density of immature Ae. aegypti and An. stephensi from each dip were counted and recorded. The percentage
reduction in the density of immature Ae. aegypti and An. stephensi was determined daily for 16 days using
Mulla’s formula [34].

Statistical analyses

The data are presented as means and their + 1 standard deviation. The lengths of the three mosquito species at
each instar stage were compared using one-way ANOVA along with Tukey’s post hoc tests. The predatory effect
of U. aurea on the 1st, 2nd, 3rd, and 4th instar stages of each mosquito species was compared using one-way
ANOVA along with Tukey’s post hoc tests. In addition, to test whether the predatory effect of U. aurea varied
with the mosquito species (irrespective of the instar stages) and the instar stage (irrespective of the mosquito
species), the data were analyzed using two-way ANOVA along with Tukey’s post hoc tests. Statistical tests were
performed in SPSS version 23 (Statistical Package for Social Sciences, Inc., Chicago, IL, USA). The statistically
significant difference between the means is reported when the p-value is less than 0.05.

Results

Overall, the lengths of different instars of An. stephensi were smaller than those of Cx. quinquefasciatus, which
in turn were smaller than those of Ae. aegypti (Fig. 1). With the exception of the difference between the length
of the 2nd instar of Cx. quinquefaciatus and Ae. aegypti, the length of all the instar stages significantly differed
among the three mosquito species (p< 0.05). U. aurea, either completely or partially, captured the four instar
stages of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus (Fig. 2). Specifically, the bladders of U. aurea
completely engulfed the smaller mosquito larvae (Figs. 2A, B, E, F, G, I), and partially engulfed the bigger
mosquito larvae (Figs. 2C, D, H, J, K, L).

In a 12-hour laboratory predation experiment, U. aurea, at different rates, predated the four instar stages of Ae.
aegypti, An. stephensi,and Cx. quinquefasciatus (Fig. 3 and Tables 1-3). No larval deaths occurred in the
controls (waters with the larvae and without U. aurea).
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Stage-wise capture of Ae. aegyptilarvae by Utricularia aurea during the first 12 hours of exposure.

Table 1

Hours

1
2
3
4
5
6
7
8
9

10
11
12

The
mean
and £ 1
standard
deviation
of
captured
larvae
after1
hour of
exposure

The
mean
and +1
standard
deviation
of
captured
larvae
after12
hours of
exposure

st instar

Rl R2 R3 R4
13 14 13 18
22 20 16 23
22 23 20 24
23 23 20 24
23 25 20 25

23 - 20 -
24 - 23 -
25 - 24 -
- - 24 -
- - 25 -
145+2.4

2540

*R1-R4 - Quadruplicates

2nd instar
R1 R2
23 22
25 24

- 24

- 25
22+1.4
25+0

R3 R4
20 23
24 25
25 -

3rd instar
R1 R2
8 5
12 9
14 13
18 16
19 17
20 18
21 19
22 20
24 22
24 22
25 22
- 22
8.5+2.6
23.5+1.29

R3
10
13
15
17
18
20
21
21
23
23
23
24

R4
11
11
12
14
16
18
18
18
21
21
21
23

4th instar
R1 R2
6 5

6 5

7 7

8 11
11 14
13 18
13 18
14 19
14 20
15 21
15 21
17 23
5.5+1.3
19.25+2.63

N

O© 00 N o

12
16
16
16
17
19

R4

10
12
13
13
14
14
15
15
18
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Table 2

Stage-wise capture of An. stephensilarvae by Utricularia aurea during the first 12 hours of exposure.

Hours 1stinstar 2nd instar 3rd instar 4th instar
Rl R2 R3 R4 R1 R2 R3 R4 Rl R2 R3 R4 R1 R2

1 10 11 13 11 9 13 14 13 18 17 19 20 4 9

2 12 11 13 11 9 14 15 14 20 17 19 20 6 12

3 12 13 13 12 9 19 16 16 20 18 20 21 14 17

4 14 13 14 13 10 20 20 17 21 18 21 23 16 18

5 16 14 15 13 13 21 21 19 21 20 23 23 18 19

6 177 15 15 15 15 24 22 21 21 23 25 24 19 21

7 18 16 15 15 16 24 22 22 22 23 - 24 19 21

8 18 18 16 17 17 25 22 22 22 23 - 25 21 21

9 19 18 18 22 18 - 23 23 24 24 - - 21 22

10 19 19 19 23 20 - 23 23 24 24 - - 21 22

11 20 21 20 23 22 - 24 24 25 25 - - 22 22

12 24 22 20 23 23 - 24 24 - - - - 22 22

The 11.25+1.3 12.25+2.2 185+1.3 7+24

mean

and £ 1

standard

deviation

of

captured

larvae

after1

hour of

exposure

The 22.25+1.7 24 +0.81 25+0 19.75+3.86

mean

and +1

standard

deviation

of

captured

larvae

after12

hours of

exposure

*R1-R4 - Quadruplicates

R3
9

12
13
15
15
17
17
17
21
21
21
21

R4

10
12
13
13
13
13
13
13
14
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Table 3
Stage-wise capture of Cx. quinquefasciatus larvae by U. aurea during the first 12 hours of exposure.

Hours 1stinstar 2nd instar 3rd instar 4th instar

*R1 R2 R3 R4 R1 R2 R3 R4 Rl R2 R3I R4 R1 R2 R3 R4
1 20 22 13 6 10 11 16 7 14 11 4 7 5 1 0 1
2 23 23 18 18 13 12 16 11 15 15 7 13 6 3 0 2
3 23 24 21 19 15 15 21 15 15 15 12 14 6 3 0 3
4 24 25 22 21 177 20 23 17 16 15 13 16 7 5 0 4
5 24 - 23 21 18 20 23 19 19 17 14 18 7 6 2 4
6 24 - 25 21 18 21 25 23 20 17 22 21 8 6 2 4
7 24 - - 21 19 21 - 23 20 17 22 21 9 7 3 4
8 24 - - 21 19 22 - 23 21 17 22 21 10 8 3 4
9 24 - - 21 19 22 - 24 21 19 22 23 11 10 5 5
10 25 - - 22 19 23 - 24 21 20 23 23 12 11 6 6
11 - - - 22 20 23 - 25 22 22 25 23 13 12 7 8
12 - - - 23 20 24 - - 23 23 - 24 15 14 9 10
The 15.25+7.3 11+3.7 9+4.39 1.75+2.2
mean
and £ 1
standard
deviation
of
captured
larvae
after1
hour of
exposure
The 245+1 23.5+2.38 23.75+0.95 12+2.94
mean
and +1
standard
deviation
of
captured
larvae
after12
hours of
exposure

*R1-R4 - Quadruplicates

During the first hour of the exposure, U. aurea predated 52-72% (13—-18 of 25) of the 1st instars of Ae. aegypti,

the mean and standard deviation of the predated larvae were 14.5 and 2.4, respectively (Table 1). At the end of

51to 10 hours of exposure, U. aurea predated 100% of 1st instars of Ae. aegypti. During the first hour of the
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exposure, U. aurea predated 80-92% (20-23 of 25) of the 2nd instars of Ae. aegypti, the mean and standard
deviation of the predated larvae were 22 and 1.4, respectively. At the end of 2 to 4 hours of exposure, U. aurea
predated 100% (25 of 25) of the 2nd instar larvae of Ae. aegypti. During the first hour of exposure, U. aurea
predated 20-44% (5-11 of 25) of the 3rd instars of Ae. aegypti, the mean and standard deviation of the
predated larvae were 8.5 and 2.6, respectively. Within 12 hours, U. aurea predated 88-100% (22-25 of 25) of
3rd instars of Ae. aegypti; the mean and standard deviation of the predated larvae were 23.5 and 1.29,
respectively. During the first hour, U. aurea predated 16—28% (4—7 of 25) of the 4th instar larvae of Ae. aegypti;
the mean and standard deviation of the predated larvae were 5.5 and 1.3, respectively. During the 12 hours of
exposure, U. aurea predated 68-92% (17-23 of 25) of the 4th instar stage of Ae. aegypti the mean and
standard deviation of the predated larvae were 19.25 and 2.63, respectively. The number of predated 1st and
2nd instars of Ae. aegypti differed significantly from that of the 3rd and 4th instars (Fig. 4). Interestingly, U.
aurea predated a significantly higher number of 2nd instars of Ae. Aegypti compared to 1st, 3rd, and 4th instars
of Ae. aegypti (Fig. 4).

During the first hour of the exposure, U. aurea predated 40-52% (10—13 of 25) of the 1st instars of An.
stephensi; the mean and + 1 standard deviation of the predated larvae were 11.25 and 1.3, respectively (Table
2). At the end of 12 hours, U. aurea predated 88—96% (22-24 of 25) of 1st instars of An. stephensi; the mean
and standard deviation of the predated larvae were 22.25 and 1.7, respectively. During the first hour of the
exposure, U. aurea predated 36—-56% (9—14 of 25) of An. stephensi’s 2nd instars; the mean and standard
deviation of the captured larvae were 12.25 and 2.2; respectively. At the end of 12 hours, U. aurea predated 56—
80% (14-20 of 25) of the 2nd instars of An. stephensi; the mean and standard deviation of the predated larvae
were 24 and 0.81, respectively. During the first hour of the exposure, U. aurea predated 72-80% (18-20 of 25)
of the 3rd instars of An. stephensi,the mean and standard deviation of the predated larvae were 18.5 and 1.3,
respectively. At the end of 6 to 11 hours of exposure, U. aurea predated 100% (25 of 25) of the 3rd instars of An.
stephensi. During the first hour of the exposure, U. aurea predated 16—36% (4-9 of 25) of the 4th instars of An.
stephensi; the mean and standard deviation of the predated larvae were 7 and 2.4, respectively. At the end of 12
hours, U. aurea predated 36—88% (14—-22 of 25) of the 4th instars of An. stephensi, the mean and standard
deviation of the predated larvae were 19.75 and 3.86, respectively. During the first hour of the exposure, the
predatory effect of U. aurea on the 4th instars of An. stephensi was significantly lower than on the 1st, 2nd, and
3rd stages of An. stephensi (Fig. 4). Interestingly, the predatory effect of U. aurea on the 3rd instars of An.
stephensi is significantly higher than that on the 1st, 2nd, and 4th instar stages of An. stephensi.

During the first hour of the exposure, U. aurea predated 24 to 88% (6 to 22 of 25) of the 1st instars of Cx.
quinquefasciatus; the mean and + 1 standard deviation of the predated larvae were 15.25 and 7.3, respectively
(Table 3). However, at the end of 2 hours, U. aurea predated 72-92% (18 to 23 of 25) of the 1st instars of Cx.
quinquefasciatus. Interestingly, in the 3 out of 4 replicates, U. aurea predated 100% (25 of 25) of the Cx.
quinquefasciatus 1st instars within 4—10 hours. During the first hour of the exposure, U. aurea predated 28—
64% (7—16 of 25) of the 2nd instars of Cx. quinquefasciatus;the mean and * 1 standard deviation of the
predated larvae were 11 and 3.7, respectively. U. aurea predated 100% of the Cx. quinquefasciatus 2nd instars
within 6-12 hours. During the first hour of the exposure, U. aurea predated 16—-56% (4—14 of 25) of the 3rd
instars of Cx. quinquefasciatus, the mean and * 1 standard deviation of the predated larvae were 9.0 and 4.39,
respectively. During the first hour of the exposure, U. aurea predated 0-20% (0—5 of 25) of the 4th instars of Cx.
quinquefasciatus, the mean and * 1 standard deviation of the predated larvae were 1.75 and 2.2, respectively.
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At the end of 12 hours, U. aurea predated ~ 96—98% of the 1st, 2nd, and 3rd instars of Cx. quinquefasciatus and
36-60% of the 4th instars. Similarly, after the first hour of exposure, the predatory effect of U. aurea on the 4th
instars of Cx. quinquefasciatus was significantly lower than that on the 1st, 2nd, and 3rd instars of Cx.
quinquefasciatus (Fig. 4; p < 0.05).

Subsequently, to test whether U. aurea predation varied with the mosquito species (irrespective of instar stage)
and the instar stage (irrespective of mosquito species), we analyzed the first hour data using two-way ANOVA
along with Tukey post hoc tests for multiple comparisons of means. The predatory effect of U. aurea
significantly varied among the three mosquito species (F = 5.4; p < 0.05); while there was no significant
difference between the predatory effect of U. aurea on Ae. aegyptiand An. stephensi (p>0.05), the predatory
effect of U. aurea on the Cx. quinquefasciatus differed significantly from that on Ae. aegypti (p<0.05) and An.
stephensi (p< 0.05). In addition, the predatory effect of U. aurea significantly varied with the instar stage of the
mosquitoes (F = 24.967; p< 0.05), The predatory effect of U. aurea on the 4th instars was significantly lower
than on the 1st, 2nd, and 3rd instar stages (p < 0.05), but not among the 1st, 2nd, and 3rd instar stages.
Furthermore, there was a significant interaction between the species-type and instar-type (F =8.7 and p < 0.05)
suggesting the predatory effect of U. aurea on the three mosquito species varied significantly with respect to
the instar stage.

The predatory effect of U. aurea on the immature (larvae and pupae) Ae. aegypti and An. stephensiin their
natural breeding habitat were assessed (Fig. 5). At the end of 16 days, U. aurea reduced the density of
immature Ae. aegypti and An. stephensiby 76 and 71%, respectively.

Discussion

We assessed the predatory ability of U. aurea on the different larval stages of Ae. aegypti, An. stephensi, and
Cx. quinquefasciatus, in laboratory and field settings. The results show U. aurea to be a voracious predator of
mosquito larvae, and is in line with the earlier larval predatory reports of U. reflexa (Africa) [27, 28] and U.
macrorhiza (North America) [29]. Previous studies have reported the number of larvae predated by Utricularia
spp. each day over a period of 5 days [35]. Here, we report the hourly larval predatory rates of U. aurea over a
period of 12 hours. U. aurea predated ~ 95% of the 1st, 2nd, and 3rd instars of the three mosquito species and
~ 80% of the 4th instars of Ae. aegypti and An. stephensi and ~ 60% of 4th instars of Cx. quinquefasciatus. The
predatory activity of U. macrorhiza on 1st to 3rd instars of Ae. aegypti and Ae. albopictus over 24 hours was
71.5 and 81.5%, respectively [29]. The superior predatory activity of U. aurea could be because the experiments
were initiated within 24 hours of collecting the plants from their natural environment, while experiments with U.
macrorhiza were carried out after 30 days of acclimatization in the laboratory [29]. Laboratory acclimatization
(reduces the trap size) and nutrient availability are key determinants of Utricularia’s predatory ability [24, 36, 37,
38, 39]. For the first time, this study also reports the predation of the 4th instar mosquito larvae by U. aurea,
although at lower rates, which could be attributed to their lower mobility (reduced interaction with Utricularia)
and bigger size.

The major breeding habitats of Ae. aegyptiand An. stephensi are water-containing cisterns, wells, overhead and
underground tanks, curing pits at construction sites, gutters in the roof, fountains, drums, and ornamental
tanks, which are rarely cleaned [40]. U. aurea exhibited tremendous potential in controlling the larvae of Ae.
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aegypti and An. stephensi, in curing water pits at construction sites. The predatory potential of U. aurea in the
field depends on the ratio between the number of traps and the density of mosquito larvae. Future studies
should evaluate the utility of Utricularia in the settings mentioned above in addition to curing water pits.

The advantages of using Utricularia as a bio-larval control agent are detailed below. Utricularia has been shown
to selectively target mosquito species, and not affect non-target organisms in man-made water storage
containers [29]. Furthermore, water bodies with Utricularia have been shown to be preferred oviposition sites for
odonates, the predators of mosquitoes [41]. Utricularia is highly resistant to insecticides, herbicides, and
pesticides [42, 43, 44], therefore, can be used in combination with other chemical control agents [29]. The
distribution of diverse Utricularia species across different geographical regions [14, 27, 45] negates the need to
introduce new non-native species for larval control [29].

Even though Utricularia holds a lot of promise in the control of mosquito larvae in both natural and manmade
breeding habitats, robust ecological studies on U. aurea must be carried out to evaluate its invasiveness in
natural waters, seasonal distribution, and effect on the food chain. In the present study, we observed U. aurea
traps to be higher and well-developed in the months of December, January, and February. However, the peak
malaria season in southwest India is from June to September, and the peak disease transmission season may
not coincide with the predatory period of the U. aurea. In order to effectively control the transmission of
mosquito-borne diseases using U. aurea as a biological agent, the plants must grow abundantly in the waters
during the transmission seasons of malaria and dengue. Overall U. area holds a lot of promise as a bio-larval
agent, and future studies should explore its efficacy in different natural transmission settings.

Conclusion

U. aurea, a widely distributed aquatic carnivorous plant in India, exhibits high predatory activity on the larval
stages of the mosquito vectors of public health importance. Overall U. area holds a lot of promise as a bio-
larval agent, and future studies should explore its predatory efficacy in different natural transmission settings.
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Figure 1

Length of the instars (or larval stage) of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus. Data are means
along with their +1 standard deviation (n=5). For each instar stage, the mean lengths of larvae of the three
mosquito species were compared using one-way ANOVA along with Tukey’s post hoc tests. * indicates the
means are significantly different (p < 0.05).
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Photographic images of U. aurea along with captured instars of Cx. quinquefasciatus (A-D), An. stephensi (E-H)
and Ae. aegypti (I-L).
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Figure 3

The rate of predation of Ae. aegypti, An. stephensi, and Cx. quinquefasciatus larvae by U. aurea. Data are
means of surviving larvae along with their 1 standard deviation (n=4).
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Figure 4

Number of larvae predated by Utricularia aurea during the first hour of predation experiment in the laboratory
mesocosms. Each bar represents the mean of the larvae captured by U. aureaand the error bars are +1 standard
deviation of the mean. The mean number of captured larvae was compared among the four instar stages of
each mosquito species using one-way ANOVA followed by Tukey’s post hoc tests. The bars connected with the
different letters or symbols are significantly different from each other (p < 0.05).
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Figure 5

Predation of immature stages of Ae. aegyptiand An. stephensiby U. aurea in the field macrocosms
(specifically, stagnant curing water at construction sites).
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