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Abstract

In the present study, we elucidated the effects of different water hardness regimens on life stages of Culex quinquefasciatus
mosquito using the techniques of morphometry. Five water hardness regimens (0, 30, 90, 150 and 210 mg/L CaCO;) were
prepared following standard protocols, and freshly hatched larvae reared in them until adulthood. Measurements were made
for the lengths and widths of larval head capsule, thorax, abdomen, siphon, antennae, and anal papillae. Other parts measured
include pupal trumpet, cephalothorax, and total immature body lengths, adult abdominal and wing parameters, volumes of
fourth instar larvae and adult mosquitoes. Analyses revealed significant effects of water hardness on all body parts measured.
The present study shows that water hardness levels significantly affect the morphometrics of Cx. quinquefasciatus mosquito,
and could affect immature growth and development, and adult fitness attributes. It also reveals that moderately hard water
are the best for overall fitness and performance of the species. The information generated from this study is important in
understanding the interplay between water hardness and mosquito development.

Keywords Wing length - Fluctuating asymmetry - Physico-chemical - Morphometry

Background

The Culex quinquefasciatus mosquito is one of the fore-
most medical insects, with great public health importance
in Tropical Africa and Nigeria inclusive. Its close habitation
to human dwellings (Muturi et al. 2008), coupled with its
ubiquitous breeding tendencies (Mwangangi et al. 2008) has
provided an excellent ground for the spread of important
debilitating human and animal diseases (Adeleke 2010).
The success of this mosquito species is closely associated
with its ability to identify breeding habitats with suitable
physico-chemical conditions (Purcell and Almeida 2005)
which maximize immature developmental successes (Braks
et al. 2007) and, hence, adult fitness (Olayemi 2008; Olay-
emi et al. 2014a).
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Mosquito-breeding habitats contain organic and inor-
ganic salts, which determines suitability as an excellent
oviposition site, for gravid female mosquitoes (Olayemi
et al. 2010, 2014b). Among these salts is calcium trioxo-
carbonate IV, CaCO;, which is responsible for temporary
hardness experienced in water bodies (World Health Organi-
sation, WHO 2011), and its relative presence determines
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the hardness category of an aquatic body (Water Quality
Association, WQA 2018). Ecologically, five categories of
water hardness are considered, namely, soft (< 17.0 mg/L
CaCO0s,), slightly hard (17.0-59 mg/L CaCO;), moderately
hard (60-119 mg/L CaCO;), hard (120-180 mg/L CaCOs,),
and very hard water (> 180 mg/L CaCO;) (WQA 2018), and
these have been adopted in the present study.

Physiologically, Ca?* ion is important for normal devel-
opment of insects (Auerswald and Gide 2001), playing cru-
cial role in most regulatory processes (Poteat and Buchwalter
2014) and anatomy of insects, especially in cuticle formation
(Leschen and Cutler 1994). However, excessive presence of
these inorganic salts can become toxic and sometimes lethal
(Paulraj et al. 2011), thereby affecting growth and develop-
ment, especially cuticle formation (Blanksma et al. 2009),
which provides for increase in bodily size. Cuticles cover
the external surface and lines some internal body structure
of insects; their rigidity and integrity provide a first line of
defence against insecticides and pathogens (Hopkins and
Kramer 1992).

The degrees of hardness of water bodies are strong deter-
minants of occurrence and distribution of aquatic organisms,
especially mosquitoes (Robert et al. 1998; Oyewole et al.
2009; Tiimub et al. 2012). More so, distribution and occur-
rence of mosquitoes, especially, mosquito vectors play cru-
cial role in disease pathogen transmission. For examples,
studies have revealed that domestic wells (an important habi-
tat type of mosquitoes) plays key roles in mosquito distribu-
tion, as these water bodies have different hardness levels,
which in turn affect the survivorship of mosquitoes. Pres-
ently, there is little or no scientific report on the influence of
water hardness levels on morphometrics of these organisms,
especially, elucidating the effects on vectorial fitness. It is
hoped that the present study will fill this gap of knowledge.

Further, data collected from field studies form the bases
of most inference of physico-chemical quality on develop-
ment and distribution of mosquitoes (Mwangangi et al. 2006,
2007; Oyewole et al. 2009; Mgbemena et al. 2009; Olayemi
et al. 2010; Tiimub et al. 2012; Garba and Olayemi 2015).
These reports are not only deficient; they do not provide
holistic information of morphologic changes during pre-
imaginal life as predicated by any physico-chemical param-
eters. Moreover, information generated during immature life
stages are critical in understanding the biology of important
insect pests, and are the basis for development of larval-
based control protocols.

Although, relatively new, techniques in the field of mor-
phometry (i.e., measurements of body parts for scientific
procedures) can be employed to provide information on the
physiology of growth and development in insects (Mondal
et al. 2015; Tyagi et al. 2016). Hence, the present study
involved the use of this technique to elucidate the effects
of water hardness on life stages (larval instars I-IV, pupal
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and adult) of Cx. quinquefasciatus mosquito, to provide
ample evidences on developmental changes that occur at
immature life stages, in relation to vectorial fitness of adult
mosquitoes.

Materials and methods

Preparation of stock and working solutions
for water hardness regimens

The methods of Milad et al. (2011) for preparation of water
hardness regimens were adopted for the stock and working
solutions. Briefly, 1 g of calcium carbonate, CaCO; (Chem-
etrics, Inc., Calverton, VA) was weighed and dissolved in
1000 mL (1 L) of distilled water in a beaker, mixed thor-
oughly with a clean glass rod and stored in a reagent bottle.
Five water hardness regimens based on standard classifica-
tion of water hardness to mimic varying hardness condi-
tions were generated. These are O (soft), 30 (slightly hard
water), 90 (Moderately Hard water), 150 (Hard water), and
210 mg/L CaCOj (very hard water). The working solutions
were prepared using the dilution formula of Milad et al.
(2011). Each hardness regimen had four replicates and the
whole study duplicated immediately after the first study (i.e.,
repeated) to minimize error due to sample size.

Source, rearing, and maintenance of experimental
insects

From a colony of Cx. quinquefasciatus in the Insectary Unit
of the Department of Animal Biology, Federal University
of Technology, Minna, freshly laid eggs were collected.
These were incubated in plastic hatching trays. On hatch-
ing, the approximately day-old larvae were reared at the
rate of 1 larva/4 mL (i.e., 100 larvae/400 mL) of the artifi-
cial hardness media prepared. Day-old larvae were reared
in plastic trays (30 cm X 25 cm X 5 cm), following standard
techniques (Ukubuiwe et al. 2016). The larvae were fed fish
feed (Coppens®), sprayed on the water surface at the rate of
0.32 mg/100 larvae every other day. To avoid scum, the rear-
ing water was changed daily. On pupation, the mosquitoes
were placed in well-labelled plastic bowls, (5 cm X 20 cm).
The bowls were half-filled with the prepared media, and
placed in adult-holding cages for emergence. Clean cotton
pad, soaked in 10% sucrose solution, was used to maintain
the emerged adults (Ukubuiwe et al. 2017).

Sample size of measured mosquitoes
At every life stage and larval instar, ten (10) mosquitoes

were selected randomly for each development stage, and
from each replicate (4 replicates per treatment) of a water
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hardness regimen (resulting in a total of 40 mosquitoes
per treatment) for morphometric growth parameters and
analysis. Thus, for the two rounds of study, a total of 2000
mosquitoes (i.e., 1000 x 2 repeats) were studied [compris-
ing of 40 individuals per treatment X 5 life stages (4 larval
instars + pupa+ adult) X 5 concentrations].

Measurement of morphometric parameters

Larval body parts were measured according to modified
methods of Bar and Andrew (2013) with the aid of an ocu-
lar micrometer mounted on a binocular microscope at mag-
nification 4x (with a conversion factor of 0.263). Briefly,
for larval body measurements: the lengths of head, thorax,
abdomen, antennae, siphon, anal papillae and total body
length (Iengths of head + thorax + abdomen) were deter-
mined. Others include widths of head, thorax, abdomen
and siphon. Pupal body parts measured include length of
trumpet, cephalothorax, abdomen and total pupal length
(sum of the lengths of cephalothorax and abdomen), while
adult parameters measured include wing lengths, fluctuating
asymmetry, FA (i.e., difference between right and left wings
of the mosquito, and proxy for ontogenic stress), and surface
area (a product of length and width of each wing), length and
width of abdomen (Abrams et al. 1996).

Vectorial attribute parameters

The volume of fourth instar larvae, a proxy for biomass
accumulation, was estimated as cube of the width of the tho-
rax, and volume of adult, an index for blood meal ingestion,
was determined as cube of length of the wing (Timmermann
and Briegel 1993).

Data analysis

Data generated were processed into means and standard
deviation using Microsoft Office Excel 2016. Differences
in means of entomologic variables among treatments were
compared using one-way and two-way Analysis of Variance
(ANOVA) as appropriate. All decisions on statistical com-
parison of means was taken at p =0.05 level of significance.
The means were separated using Duncan multiple range test
(DMRT).

Results

Effects of water hardness on body parts of larval
instars of Culex quinquefasciatus mosquito

The influence of water hardness on the length and width
of the body parts of larval instars of Cx. quinquefasciatus

mosquito is shown in Fig. 1a, b. The principal components
analysis (PCA) biplots showed that hard water (210 mg/
CaCO;) and moderately hard water (90 mg/CaCO;), respec-
tively, had the most significant effects on lengths and widths
of the body parts of the mosquito species (Fig. 1a, b). Most
of the body parts were mostly affected by the hardness regi-
mens apart from the total body lengths of LIII and IV, and
abdominal length of LIV. Meanwhile, all widths of the body
parts were also affected by hardness regimen except width
of head capsule and thorax of LIV.

Effects of water hardness on body parts of pupal
stage of Culex quinquefasciatus mosquito

Analyses showed that water hardness had significant
effects on the body lengths of this life stage (Fig. 2). The
length of the cephalothorax ranged from 1.68 +£0.13 to
1.91 +0.07 mm, trumpet, 0.46 +0.07 to 0.56 +0.05 mm and
abdomen, 3.61 +1.47 to 4.26 +0.19 mm. Total pupal body
length ranged from 5.75+0.69 to 6.73 +0.31 mm, respec-
tively, at 210 and 90 mg/L CaCO; (Fig. 2).

Effects of water hardness on adult morphometrics
and fitness attributes of Culex quinquefasciatus
mosquito

Abdominal lengths of adult Cx. quinquefasciatus was, sig-
nificantly, affected by water hardness; the shortest lengths
were obtained in mosquitoes reared at 210 mg/L CaCOs,
while longest from those reared at 30 and 90 mg/L. CaCO,.
The wing lengths of the species followed similar trend as
abdominal lengths. However, mosquitoes reared at water
hardness ranging from 0 to 90 mg/L CaCO; had the widest
wings. These resulted in variation in wing surface area with
those reared at 90 mg/L CaCO; having the widest and those
at 210 mg/L CaCO;, the narrowest (Fig. 3).

Effects of water hardness on ptero-fitness of Culex
quinquefasciatus mosquito

Fluctuating asymmetry (FA) was also affected signifi-
cantly (p <0.05) by the water hardness regimen. The male
and female FA ranged, respectively, from 0.01 +0.01 to
0.03+0.01 to 0.01 £0.01 to 0.02 +0.03 mm (Table 1).

Effects of water hardness on body sizes of fourth
instar larvae and adult Culex quinquefasciatus
mosquito

Analyses revealed significant (p < 0.05) effects of water hard-
ness levels on these parameters. The body sizes of the fourth
instar larvae ranged from 2.26 +1.04 to 4.76 +:0.48 mm?. The
sizes of the male and female insects also varied significantly,
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Fig. 1 a Principal components analysis (PCA) biplots for influence of
hardness regimens on length of body parts of Cx. quinquefasciatus
mosquito species (n=2000). For each axis, the amount of variation
explained by each axis is shown. Arrows indicate the direction and
relative importance of the water hardness levels. Hardness regimens:
soft water (0), SHW-slightly hard water (30), MHW-moderately hard
water (90), hard water (150), and VHW-very hard water (210 mg/L
CaCO;). L1-L4 (larval stages 1-4). Body parts: HCL length of
Head capsule, 7L thoracic length, AL abdominal length, SL sipho-
nal length, APL anal papillar length, TBL total body length. b PCA

and ranged from 19.66+1.02 to 31.41 +2.54 mm> and
21.41+2.06 to 37.99+3.71 mm°, respectively, at 210 and
90 mg/L CaCO; (Table 2).
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biplots for influence of hardness regimens on widths of body parts
of Cx. quinquefasciatus mosquito species (n=2000). For each axis,
the amount of variation explained by each axis is shown. Arrows
indicate the direction and relative importance of the water hardness
levels. Hardness regimens: soft water (0), SHW-slightly hard water
(30), MHW-moderately hard water (90), hard water (150), and VHW-
very hard water (210 mg/L CaCO;). L1-L4 (larval stages 1-4). Body
parts: WHC width of head capsule length, TW thoracic width, AW
abdominal width, SW siphonal width

Discussion

Although, calcium forms an integral part of the exoskel-
eton of insects (Leschen and Cutler 1994), and physio-
logically involved in many metabolic processes (Heming
1993). To ensure proper growth and efficient regulation of
physiological processes in aquatic insects, development
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Fig. 3 Effects of water hardness regimens on morphometrics and adult fitness attributes of Culex quinquefasciatus mosquito. Bars with same let-
ter for a body part are not significantly different at p <0.05 according to analysis of variance. Values expressed as Mean + SD

Table 1 Effects of water hardness on wing length and fluctuating
asymmetry of Culex quinquefasciatus mosquito

Water hardness (mg/L CaCO3) Fluctuation asymmetry (mm)**

Male Female
Soft (0) 0.01£0.01% 0.01+0.01?
Slightly hard (30) 0.01+0.01 0.01+0.01?
Moderately hard (90) 0.00+0.01° 0.00+0.01?
Hard (150) 0.02+0.01° 0.01+0.02°
Very hard (210) 0.03+0.01° 0.02+0.03¢

*Values followed by same letter in a column, are not significantly dif-
ferent (at p <0.05) according to analysis of variance

**Difference between left and right wings lengths. Values are
expressed as mean+ SD

must take place within permissible limits. Values below
or exceeding these limits creates pathologic conditions
(Locke 2001). Being an integral part of the exoskeleton,
excess deposition of the mineral salt (Ca’"), may result in

greater accumulation of calcium ions in cuticles: which
can affect the ecdysal process of apolysis (Hopkins and
Kramer 1992) and, hence, dimension of body parts.

In the present study, using morphometry, analyses
showed significant negative effects of water hardness on
the growth and development of Cx. quinquefasciatus;
especially, at concentration above 90 mg/L CaCO; (i.e.,
moderately hard water). For example, gradual increase in
length of the body parts were observed as the level of
hardness increased from 0 to 90 mg/L CaCOj;, however,
beyond this, the length of the body parts started decreas-
ing. The reason for this was unclear, but could depict, per-
haps, gradual deposition of excessive calcium within the
cuticle of the insect, which restricts expansion, or may
perhaps, represent expression of some form of toxicity of
the chemical (CaCOs).

Furthermore, the abdominal length (a proxy for volume
of blood meals), width and surface area of adult mosquito
wings (a proxy for fitness for flight) were significantly
affected negatively, with increase in water hardness level.
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Table 2 Effects of Water Hardness (mg/L CaCO;) Larval size*** (mm?) Adult size**** (mm?)

hardness on body sizes of fourth )

instar larvae and adult Culex Male Female

quinquefasciatus mosquito
Soft (0) 3.10+1.75%+ 25.8812.112** 29.854_-1.98';
Slightly Hard (30) 4.59+0.61° 31.41+2.54; 31.3711.26?
Moderately Hard (90) 476 +0.48° 30.80+£2.747 37.99+3.71%
Hard (150) 2.68+0.97* 22.16+2.31% 22.80+£3.47:
Very Hard (210) 2.26+1.04% 19.66+1.023 21.41+2.06%

*Values followed by same letter in a column are not significantly different at p <0.05 according to analyses

of variance

**Values followed by same letter in a row for male and female are not significantly different at p <0.05

according to analyses of variance

***Cube of diameter of fourth larval instar

**%*Cube of wing length of adult

For example, mosquitoes reared in water hardness lev-
els above 90 mg/L CaCOj; had relatively shorter abdomi-
nal length, smaller wing widths and surface areas. These
are indication that, perhaps, the concentration of 90 mg/L
CaCO; (i.e., moderately hard water), seems to be the opti-
mum for normal physiologic processes of the mosquito
species. It therefore means that these mosquitoes may have
higher propensities for higher volumes of blood and further
ranges of flight that other mosquitoes.

The present study also revealed significant effects of
water hardness on the wing length (WL) and fluctuating
asymmetry (FA) of Cx. quinquefasciatus mosquito. The
wing length of a mosquito species is an index of quality of
the mosquito (Mpho et al. 2002), while, FA is an indication
of level of stress during ontogeny and degree of vectorial
fitness. As regards size, the mosquitoes reared at 30 mg/L
CaCO; (i.e., soft water) and 90 mg/L CaCOj; (i.e., moder-
ately hard) were the largest, and best fit (i.e., low FA), while
individuals reared at 210 mg/L CaCOs; (i.e., very hard water)
were the smallest, and less-fit (i.e., high FA). These results
imply, perhaps, that the mosquitoes from the earlier catego-
ries (i.e., from soft and moderately hard water) may be better
quality and best fit for the transmission of disease pathogens.

The body size of the last larval instar is an index of
biomass accumulation (Timmermann and Briegel 1993).
In addition, the body size of adult mosquito indicates the
volume of ingestible blood per bite of the mosquito spe-
cies (Akoh et al. 1992). These indices are critical for sur-
vivorship and adult success. The present results showed
significant effects of water hardness on these indices.
The larvae reared at moderately hard water (i.e., 90 mg/L
CaCO;) were the largest by volume and could have accu-
mulated the most tenerals. Those raised in soft water (i.e.,
30 mg/L CaCO3) followed these, closely. The smallest
larvae were those reared at very hard water (i.e., 210 mg/L
CaCQOs;). This may indicate that given the same opportu-
nity, those reared at very hard water regimen, if they live
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long enough, may ingest less blood per blood meal time,
develop less eggs, and constitute less nuisance to man,
although, further study in this respect is advocated.

It is interesting to note that mosquitoes reared at 0 mg/L
CaCO; were bigger than those raised at 150 and 210 mg/L
CaCO;, but smaller than individuals from soft (30 mg/L
CaCOs;) and moderately hard water (90 mg/L CaCOs;).
This may, perhaps, indicate that despite the toxicity of
excess calcium expressed as shortening of lengths of body
parts, it is still necessary for the normal functioning of
the larvae (Li et al. 2002), and a threshold level is vital
for this (Leschen and Cutler 1994). This result may also
suggest that Cx. quinquefasciatus mosquito species’ lar-
vae develop optimally at ‘moderately hard water’ than at
‘very hard water’; this information could be incorporated
in manipulating the larval environment towards reducing,
drastically, the population density and vectorial fitness of
the mosquito species.

From the result obtained, there is an indication that an
optimum water hardness of 90 mg/L CaCO; (i.e., moderate
hardness) favours the growth and development of this spe-
cies of mosquitoes, and at hardness levels above this value,
development is severely affected, and less-fit mosquitoes
were produced.

Conclusion

The present study on morphometrics of life stages of Cx.
quinquefasciatus mosquito reveals that water hardness lev-
els significantly affect immature growth and development,
and adult fitness attributes. More so, species of the mos-
quito reared at moderately hard water (90 mg/L CaCO;)
performed best, as bigger mosquitoes and vectorial-fit
mosquito populations were produced from this regimen.
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