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ABSTRACT

Insect larvae are reported to be a major component of the simple but
highly productive trophic web found in Lake Magadi (Kenya, Africa),
which is considered to be one of the most extreme aquatic
environments on Earth. Previous studies show that fish must
display biochemical and physiological adjustments to thrive under
the extreme conditions of the lake. However, information for
invertebrates is lacking. In the present study, the occurrence of the
larval chironomid Tanytarsus minutipalpus is reported in Lake Magadi
for the first time. Additionally, changes in larval metabolism and
antioxidant defense correlated with diel variations in the extremely
hostile environmental conditions of the lake are described. Wide
variations in water temperature (20.2-29.3°C) and dissolved oxygen
content (3.2-18.6 mg O, I-") were observed at different times of day,
without significant change in water pH (10.0+0.03). Temperature and
dissolved oxygen were higher at 13:00 h (29.3+0.4°C and 18.6+
1.0mg O, I7") and 19:00 h (29.3+0.8°C and 16.2+1.6 mg O, I-") and
lower at 01:00 h (21.1£0.1°C and 10.7+0.03 mg O, I-") and 07:00 h
(20.2+0.4°C and 3.2+0.7 mg O, I-"). Significant and parallel increases
in parameters related to metabolism (cholinesterase, glucose,
cholesterol, urea, creatinine and hemoglobin) and the antioxidant
system (SOD, GPx, GR, GSH and GSSG) were observed in larvae
collected at 13:00 h. In contrast, no significant changes were observed
in pro-oxidants (ROS and NO), TOSC and oxidative damage
parameters (LPO and DNA damage). Therefore, the observed
increases in temperature and dissolved O, content in Lake Magadi
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were associated with changes in the antioxidant system of
T. minutipalpus larvae. Adjustments performed by the chironomid
larvae were efficient in maintaining body homeostasis, as well as
protecting biomolecules against oxidative damage, so that oxidative
stress did not occur. GSH-GSSG and GPx-GR systems appeared to
play an essential role in the adjustments displayed by the chironomid
larvae during the diel changes in the extreme conditions of Lake Magadi.

KEY WORDS: Adjustment, Glutathione, Insect, Reactive oxygen
species, Oxidative stress, Urea

INTRODUCTION
Lake Magadi in southern Kenya (East Africa) represents the most
saline water body of the African Rift Valley (Kodikara et al., 2012).
Additionally, waters coming from the northwestern and
southeastern thermal springs in the lake can reach up to 86°C
(Jones et al., 1977). Physicochemical analyses of Lake Magadi
waters indicate marked diel changes in temperature (20-43°C) and
dissolved oxygen content (3—18 mg O, 17!). Indeed, this lake is
considered to be one of the most extreme aquatic environments on
Earth (pH ~10, carbonate alkalinity ~380 mEq1~!; specific
density: 1.015; osmolality: ~600 mosmol 1!; and high incidence
of ultraviolet light) (Reite et al., 1974; Johansen et al., 1975;
Narahara et al., 1996; Wilson et al., 2004; Johannsson et al., 2014).
The tolerance of aerobic aquatic animals to extreme
environmental conditions, especially temperature and dissolved
oxygen content, is dependent on morphological, biochemical,
physiological and behavioral adaptations (Hermes-Lima, 2004;
Wilson et al., 2004; Régnicre et al., 2012; Johannsson et al., 2014).
Therefore, animals inhabiting Lake Magadi must have evolved
adaptive processes to colonize and thrive under the extreme
conditions of the lake. For example, Randall et al. (1989) and
Wood et al. (1989) showed that Alcolapia grahami (formerly
Oreochromis alcalicus grahami), a tilapia endemic to Lake Magadi,
excretes all nitrogenous waste as urea rather than ammonia, thus
being different from most fish. Although several studies have
focused on the responses of A. grahami to the extreme
environmental conditions of Lake Magadi (for example, Reite
etal., 1974; Johansen et al., 1975; Randall et al., 1989; Wood et al.,
1989, 1994; Narahara et al., 1996; Wilson et al., 2004; Wood et al.,
2012, 2013; Johannsson et al., 2014), there have been no similar
studies on invertebrates of this lake. A simple but highly productive
trophic web exists in the extreme conditions of Lake Magadi. This
food web is composed of the cyanobacteria Arthrospira sp.,
copepods, insect larvae, the tilapia A. grahami, and a variety of
piscivorous birds (e.g. egrets, herons, terns, gulls and pelicans) and
flamingos (Coe, 1966; Javor, 1989; Johannsson et al., 2014).
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Although the presence of insect larvae has been reported previously
in the lake, they were never taxonomically identified. Therefore,
during expeditions to Lake Magadi in 2010 and 2013, chironomid
larvae were collected, identified at the species level, and analyzed
for possible biochemical and physiological adjustments correlated
with diel variations in the harsh and extreme conditions of the lake.

Among aquatic insects, those belonging to the family
Chironomidae show a wide distribution around the world, being
present in all zoogeographical regions (Trivinho-Strixino, 2010).
They can be found in almost all freshwater environments (lotic and
lentic systems), thermal springs, volcanic lakes, melting waters,
brackish waters, intertidal zones and even in oil wells (Pinder and
Reiss, 1983); and they can be saprophytes, herbivores, detritivores
or predators (Merritt and Cummins, 1984; Ward, 1992; Trivinho-
Strixino and Strixino, 1995). Just like all other insects belonging to
the order Diptera, chironomids undergo a complete metamorphosis
during their life cycle. Juvenile stages and adults show
morphological, physiological, behavioral and ecological
differences (Chapman, 1998; Jurenka, 2015). Larvae of most
species are aquatic, with some occurring under organic matter
undergoing decomposition, barks of plants or humid soils; adults
generally have a very short lifespan and do not feed, with few
exceptions (Rasmussen, 1996; Jurenka, 2015).

In the context of the present study, it is worth noting that water
temperature and dissolved oxygen content have a great influence on
the metabolism of aquatic insects, including chironomids
(Rasmussen, 1996; Chapman, 1998; Corbi and Trivinho-Strixino,
2006; Jurenka, 2015). In turn, the oxygen needed to fulfill the
metabolic requirements of chironomids is stored by the hemoglobin
present in tissues (Lankester, 1867; Walshe, 1947; Panis et al.,
1995; Rasmussen, 1996); therefore, changes in insect metabolism
induced by increasing water temperature or changes in dissolved
oxygen content can be evaluated using alternative indicators such
as hemoglobin and its metabolite bilirubin. Similarly, changes in
ventilation and locomotor behavior in insects can be evaluated
through cholinesterase activity (Jensen et al., 1997; Azevedo-
Pereira et al., 2011).

In most cases, increased environmental temperature is paralleled
by an enhanced metabolism in insects, which could be reflected by
changes in the amount of free and stored energy substrates such as
carbohydrates, lipids and proteins, as well as their metabolites
(Chapman, 1998; Jurenka, 2015). However, significant changes
have generally been observed more often in carbohydrate and lipid
stores than in protein levels. Creatine and creatinine are found in the
circulating fluid, fat body and excreta of insects (Lazar and
Mohamed, 1988a,b). Therefore, these compounds can be used as
alternative indicators of changes in protein metabolism in insects.

Extreme conditions and marked diel variations in temperature
and dissolved oxygen content have been reported in Lake Magadi
for decades (Reite et al., 1974; Johansen et al., 1975; Narahara et al.,
1996; Wilson et al., 2004). Recently, we demonstrated that Lake
Magadi waters also exhibit exceptional levels of reactive oxygen
species (ROS) that can reach up to 8.10 uM H,O,, among the
highest ever reported for any water body (Johannsson et al., 2014).
Probably, the marked increases in daytime water temperature and
dissolved oxygen content observed in Lake Magadi waters (Reite
et al., 1974; Johansen et al., 1975; Narahara et al., 1996; Wilson
et al., 2004) could lead to excessive oxygen consumption followed
by an enhanced generation of ROS, which could induce oxidative
stress. Indeed, a worse scenario may occur when this condition is
combined with the high levels of ROS found in Lake Magadi waters
(Johannsson et al., 2014).
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In light of the above, we predicted that the chironomid larvae of
Lake Magadi would display biochemical and physiological
adjustments to deal with the extreme environmental conditions.
In particular, we hypothesized that when chironomid larvae were
exposed to natural changes in environmental conditions,
especially temperature and dissolved oxygen content, they
would show increased metabolism and that defense would be
provided by the antioxidant (enzymatic and non enzymatic)
system against ROS. In turn, this would avoid oxidative stress and
consequent damage to biomolecules. Therefore, the main goal of
the present study was to evaluate changes in metabolism and
oxidative status in chironomid larvae found in Lake Magadi during
the natural diel changes observed in the extreme environmental
conditions of the lake. To achieve our goal, major water
physicochemical parameters of Lake Magadi were measured and
chironomid larvae were collected at five time points over a
continuous 24-h period. Whole larvae were analyzed for 22
parameters related to metabolism and oxidative status using
spectrophotometric methods. Biochemical and physiological
parameters evaluated included energy substrates, metabolites,
respiratory pigments, enzyme activities, oxidants, antioxidants,
and oxidative damage to biomolecules.

RESULTS
The larval chironomids used in the present study were
taxonomically identified as Tanytarsus minutipalpus (Ekrem and
Harrison).

Water physicochemical parameters measured in Flamingo
Lagoon (Lake Magadi) during late July, the coolest time of the
year, are shown in Fig. 1. Wide variations in water temperature
(20.2-29.3°C) and dissolved oxygen content (3.2-18.6 mg O, 171)
were observed at the different sampling times. Higher mean water
temperature and dissolved oxygen content were observed at 13:00 h
and 19:00 h, whereas lowest values occurred at 01:00 h and 07:00 h
(Fig. 1). In contrast, there was no significant diel variation of water
pH and therefore a mean value was calculated for all sampling times
(pH 10.0+0.03).

Data for several indicators of chironomid metabolic activity are
shown in Table 1. There were no significant changes in whole-body
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Fig. 1. Diel variations in water temperature and dissolved oxygen content
in Flamingo Lagoon in Lake Magadi (Magadi Township, Kajiado County,
Rift Valley, Kenya, Africa). Measurements were performed in July 2010 and
2013. Data are meanzts.e.m. (n=6). Different letters indicate significantly
different mean values among times of day for each environmental parameter
(one-way analysis of variance followed by Tukey’s test; P<0.05).
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Table 1. Natural variations in biochemical and physiological parameters in the whole larvae of the chironomid Tanytarsus minutipalpus from Lake

Magadi collected at different times of day

Time of day

Parameter 07:00 h 13:00 h 19:00 h 01:00 h* 07:00 h*
Trig 0.11+£0.03 0.11+0.03 0.11+0.03 0.12+0.04 0.13+0.02
Prot 0.60+0.10 0.42+0.14 0.67+0.12 0.64+0.17 0.72+0.14
Bil 83.1+7.7 90.6+10.7 nd nd nd

Muco 21.4+2.7 19.9+1.7 nd nd nd

ROS 0.18+0.04 0.14+0.06 nd nd nd

NO 67.1+4.2 86.8£16.8 61.9£11.9 44 4+3.7 48.1+£3.1
TOSC 46.017.2 47.0+9.7 46.9+8.9 25.0+5.9 35.116.1
LPO 0.29+0.04 0.28+0.06 0.20+0.02 0.18+0.02 0.17+0.02
AP 3.1£0.5 2.6+0.4 2.8+0.5 3.0+0.1 3.4+0.8

Data are meants.e.m. (n=6 pools; 10 larvae per pool). There were no significant differences among chironomids sampled at different times of day for each
parameter analyzed (one-way analysis of variance followed by Tukey’s test; P<0.05). Trig, triglycerides (mg g ww~"); Prot, proteins (mg g ww~"); Bil, bilirubin (ug
mg protein~"); Muco, mucoproteins (ug g protein~"); ROS, reactive oxygen species (umol mg protein~"); NO, nitric oxide (umol g protein~"); TOSC, total
oxyradical scavenging capacity (mmol copper reducing equivalents g protein~"); LPO, lipid peroxidation (mmol MDA g protein~1); AP, apurinic/apurymidinic sites

(AP sites 107 base pairs~"); nd, not determined.
*Following day.

concentrations of triglycerides, proteins, bilirubin and mucoproteins
in larvae collected at the different times of day. Also, no significant
diel changes were observed in the concentrations of pro-oxidants
(ROS and NO), as well as in the total antioxidant capacity (TOSC).
Furthermore, no significant variations were observed in LPO and
DNA damage levels in larvae collected at the different times of day.
However, whole-body glucose (Fig. 2), cholinesterase activity,
cholesterol (Fig. 3), creatinine and hemoglobin (Fig. 4)
concentrations were significantly higher in chironomid larvae
collected at 13:00 h than in those collected at the other times of
day (07:00 hand 19:00 h of the first day, and 01:00 h and 07:00 h of
the next day). Whole-body urea concentration was higher in
chironomid larvae collected at 13:00 h than in those collected in the
morning (07:00 h of the first day and 07:00 h of the following day)
(Fig. 2).

Activities of SOD (Fig. 5), GPx and GR (Fig. 6), as well as
concentrations of reduced (GSH) and oxidized (GSSG) glutathione
(Fig. 7) were significantly higher in chironomid larvae collected at
13:00 h than in those collected at other times of day. The GSH/
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Fig. 2. Whole-body glucose and urea concentrations in larvae of the
chironomid Tanytarsus minutipalpus collected from Flamingo Lagoon in
Lake Magadi at different times of day. Data are meants.e.m. (n=6 pools; 10
larvae per pool). Different letters indicate significantly different mean values
among chironomids sampled at different times of day for each parameter
analyzed (one-way analysis of variance followed by Tukey’s test; P<0.05).

GSSH ratio was between 19.5 and 25.3 at the different times of day,
with reduced GSH corresponding to 94.8-96.0% of the total GSH
content; although no significant diel variation was observed in CAT
(Fig. 5) and GCL (Fig. 6) activity.

DISCUSSION
The larval chironomid collected at the Flamingo Lagoon on the east
side of Lake Magadi was identified as the larvae of Tanytarsus
minutipalpus (Insecta, Diptera, Chironomidae). Tanytarsus is
described as one of the most diverse genera of the Chironomidae
family (Pinder and Reiss, 1983; Rasmussen, 1996; Chapman, 1998;
Jurenka, 2015). T. minutipalpus was first described in 1999, with the
occurrence of adult and larvae being reported in saline lakes of
Ethiopia, Tanzania and Kenya; however, no reference was made for
its occurrence in Lake Magadi in Kenya (Ekrem and Harrison, 1999).
Therefore, to the best of our knowledge, this study is the first to report
the occurrence of the chironomid 7. minutipalpus in Lake Magadi.
The present study is also the first to report biochemical and
physiological adjustments of an invertebrate species to natural
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Fig. 3. Whole-body cholinesterase (ChE) activity and cholesterol
concentration in larvae of the chironomid Tanytarsus minutipalpus
collected from Flamingo Lagoon in Lake Magadi at different times of day.
Data are meanzts.e.m. (n=6 pools; 10 larvae per pool). Different letters indicate
significantly different mean values among chironomids sampled at different
times of day for each parameter analyzed (one-way analysis of variance
followed by Tukey’s test; P<0.05).
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Fig. 4. Whole-body creatinine and hemoglobin concentrations in larvae of
the chironomid Tanytarsus minutipalpus collected from Flamingo
Lagoon in Lake Magadi at different times of day. Data are meants.e.m.
(n=6 pools; 10 larvae per pool). Different letters indicate significantly different
mean values among chironomids sampled at different times of day for each
parameter analyzed (one-way analysis of variance followed by Tukey'’s test;
P<0.05).

variations in the extreme conditions of Lake Magadi. As we
hypothesized, 7. minutipalpus larvae displayed biochemical
and physiological adjustments correlated with these changing
conditions. As reported by Verschuren (1997), Tanytarsus sp. is
anoxia intolerant and the only genus of chironomid to thrive in
meta-saline African soda lakes. The diel variations in water
temperature (20.2-29.3°C) and dissolved oxygen (3.2-18.6 mg
0, 17") content, as well as the more or less constant water pH (10.0+
0.03) found in the present study are quite similar to those previously
reported for Lake Magadi (Reite et al., 1974; Johansen et al., 1975,
Narahara et al., 1996; Wilson et al., 2004; Johannsson et al., 2014).
As hypothesized, these variations correlated with a significantly
enhanced metabolism (increased activity of cholinesterase and
concentrations of glucose, cholesterol, urea, creatinine and
hemoglobin) paralleled by positive and cooperative adjustments in
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Fig. 5. Whole-body superoxide dismutase (SOD) and catalase (CAT)
activity in larvae of the chironomid Tanytarsus minutipalpus collected
from Flamingo Lagoon in Lake Magadi at different times of day. Data are
meanzs.e.m. (n=6 pools; 10 larvae per pool). Different letters indicate
significantly different mean values among chironomids sampled at different
times of day for each parameter analyzed (one-way analysis of variance
followed by Tukey’s test; P<0.05).
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Fig. 6. Whole-body glutathione reductase (GR), glutathione peroxidase
(GPx) and glutamate-cysteine ligase (GCL) activity in larvae of the
chironomid Tanytarsus minutipalpus collected from Flamingo Lagoon in
Lake Magadi at different times of day. Data are meants.e.m. (n=6 pools; 10
larvae per pool). Different letters indicate significantly different mean values
among chironomids sampled at different times of day for each parameter
analyzed (one-way analysis of variance followed by Tukey’s test; P<0.05).

the major components of the antioxidant system (increased SOD,
GR and GPx activity and GSH concentration) in 7. minutipalpus
larvae during the natural increase in water temperature and dissolved
O, content. Therefore, as discussed in detail below, our findings
support the idea that the observed changes are key adjustments
performed by this aquatic animal in association with the diel
variations in physicochemical conditions of Lake Magadi.
Cholinesterase exhibits widespread distribution in chironomid
tissues, especially in the central nervous system, playing an essential
role in the regulation of functional activities, including ventilation
(Booth and Lee, 1971; Pitman, 1971; Toutant, 1989; Chapman,
1998; Azevedo-Pereira et al., 2011; Jurenka, 2015). Therefore, the
increased cholinesterase activity observed in chironomid larvae
collected at 13:00 h suggests a possible enhanced ventilation
activity of 7. minutipalpus larvae in order to support an increased
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Fig. 7. Whole-body reduced glutathione (GSH), oxidized glutathione
(GSSG) and GSH/GSSG concentration ratio in larvae of the chironomid
Tanytarsus minutipalpus collected from Flamingo Lagoon in Lake
Magadi at different times of day. Data are meanzts.e.m. (n=6 pools; 10 larvae
per pool). Different letters indicate significantly different mean values among
chironomids sampled at different times of day for each parameter analyzed
(one-way analysis of variance followed by Tukey’s test; P<0.05).
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rate of O, consumption. Therefore, in spite of the observed higher
water O, content, chironomid larvae would still need to increase
their ventilation. As further discussed below, this could be
associated, at least in part, with increased feeding activity.
However, cholinesterase activity in larvae collected at 19:00 h
was similar to that observed in larvae collected at 07:00 h of the
same day, as well as 01:00 h and 07:00 h of the next day. Mean
water temperature and dissolved oxygen content at 19:00 h were as
high as those observed at 13:00 h of the same day. Consequently,
while natural increases in temperature and/or dissolved oxygen
content may be triggering the observed changes in 7. minutipalpus
larvae, it is also possible that biochemical and physiological
adjustments are initiated and/or terminated in response to signaling
factors other than temperature. One possible explanation would be
the existence of an intrinsic circadian rhythm in the chironomid
larvae associated with daylight. Therefore, further studies are
needed to understand the mechanisms involved in the signaling
process. In summary, data reported in the present study are
correlated with time and natural variations in environmental
conditions, but correlation does not necessarily imply causation.
Future experiments under controlled laboratory conditions designed
to test the isolated and combined effects of increasing water
temperature and dissolved oxygen content will be required to
unambiguously link the cellular responses observed in the
chironomid larvae to these specific environmental stressors.

In addition to the increased nervous cholinergic activity observed
in T minutipalpus larvae collected at 13:00 h, there also appeared to
be enhanced metabolism in other tissues, as indicated by the
significantly higher whole-body concentration of creatinine
observed in larvae collected at this time. This suggests enhanced
muscular activity in these larvae. In insects, the metabolism of
creatine and creatinine is similar to that observed in vertebrates, and
these compounds can be found in the fat body, circulating fluids and
excreta of insects (Lazar and Mohamed, 1988a,b). Indeed, the level
of creatine and creatinine in blood and fat body is indicative of the
rate of mobilization and deposition of proteins throughout the larval
development of insects (Shinzato et al., 1997).

In light of the discussion above, it seems that both nervous and
muscular activities were increased in chironomid larvae collected at
13:00 h compared to those collected at other times of day. A higher
whole-body activity would imply enhanced oxygen consumption.
Indeed, a significantly higher concentration of hemoglobin was
observed in chironomid larvae collected at 13:00 h (Table 1).
Bilirubin, a metabolite from hemoglobin degradation, can be stored
in the fat body of insects (Rockstein, 1978; Morgan, 2010).
Therefore, the increase in hemoglobin concentration, together with
the lack of change in bilirubin concentration observed in larvae
collected at 13:00 h, suggest that the carrying capacity of blood O,
of these larvae was enhanced with respect to those collected at other
times of day. Indeed, an increased rate of oxygen consumption to
support larval development and growth at increasing temperatures
probably occurred. In fact, hemoglobin is known to have a
comparatively high affinity for O, and to be widely distributed in
tissues of chironomids, including those of the genus Tanytarsus
(Lankester, 1867; Walshe, 1947; Panis et al., 1995; Rasmussen,
1996). The increased levels of dissolved oxygen content observed in
Lake Magadi waters between 13:00 h and 19:00 h would enhance
the O, gradient between the environment and hemoglobin in the
larvae, thus ensuring the diffusion of adequate amounts of O, into
the chironomid larvae. As for other metabolic parameters, the
increased concentration of hemoglobin observed in larvae collected
at 13:00 h was probably transient. Also, a transient increase in

bilirubin concentration is expected to occur in larvae collected at
some sampling point after 13:00 h and before 07:00 h of the
following day. Unfortunately, hemoglobin and bilirubin
concentrations were not measured in larvae collected within this
time period.

In terms of energy budget, increased concentrations of glucose,
urea, and cholesterol in larvae collected at 13:00 h suggest that the
increased metabolism at this time relies on the absorption,
mobilization and use of all major biomolecules (carbohydrates,
lipids and proteins). The increased whole-body glucose could be
explained as a typical response to changes in environmental
conditions (Chapman, 1998; Jurenka, 2015), with this carbohydrate
serving as the main source of energy during increasing temperature
(from 07:00 h to 13:00 h). In turn, the increased whole-body urea
concentration in parallel with a lack of change in total protein
concentration could indicate a higher rate of protein metabolism,
which is usually observed during development and growth of insect
larvae (Régniere et al., 2012; Jurenka, 2015). Notably, whole-body
urea concentration remained elevated for a longer period of time
(from 13:00 h to 19:00 h) than the whole-body glucose level. This
may mean that the first part of the increased metabolism when water
temperature and dissolved oxygen levels were at maximum values
during the daytime is related to food acquisition. This process
requires an enhanced larval activity, but results in increased
amounts of resources for growth. Indeed, the prolonged urea
signal likely indicates that development and growth is occurring into
the latter part of the day and evening, slowing as resources decline
between 19:00 h and 07:00 h.

In insects, sterols are involved in critical functions such as
components of cellular membranes, precursors for many hormones
and regulators of genes involved in development processes
(Canavoso et al., 2001; Behmer and Nes, 2003). Insects, differently
from most other animals, have a dietary requirement for sterols
because they lack the ability to synthesize sterols (Behmer and Nes,
2003). Therefore, the observed natural increase in whole-body
cholesterol concentration would likely have been associated with a
higher ingestion of cholesterol. In turn, a likely higher food ingestion
rate in chironomid larvae collected at 13:00 h could be related to
higher food availability at this time of day, associated with the natural
increase in water temperature (Coe, 1966; Javor, 1989; Johannsson
etal., 2014). Among the organisms already described as being part of
the food web in Lake Magadi, the most likely source of food for
T. minutipalpus larvae would be the cyanobacteria Arthrospira sp.
(Coe, 1966; Javor, 1989; Johannsson et al., 2014).

As discussed above, a likely higher gross metabolism may be
occurring in chironomid larvae collected at 13:00 h. This would
imply increased food acquisition, as well as enhanced cellular
production of ATP. However, the cellular use of oxygen as a final
electron acceptor, as well as the consumption of reduced coenzymes
(NADH and FADH,), produced in the aerobic pathways at the
electron transport chain, generates a variety of ROS. It can be
assumed that 0.1% of the utilized oxygen consumed is converted
into free radicals (Bachschmid et al., 2013). However, higher rates
of ROS generation can be observed during increasing aerobic
metabolism associated with increases in water temperature
(Fridovich, 2004). Although there was a lack of change in ROS
concentration in chironomid larvae collected at 13:00 h, the
increased SOD activity observed in these larvae is evidence of
increased ROS generation. This is supported by the fact that
superoxide is the first free radical generated during oxidative
processes such as the electron transport chain and the xanthine/
xanthine oxidase system. The superoxide radicals undergo
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dismutation and are converted into hydrogen peroxide in a reaction
catalyzed by SOD. Indeed, this enzyme is considered as the first line
of defense against the superoxide radical (Fridovich, 1997).
Therefore, the higher SOD activity observed in chironomid larvae
collected at 13:00 h in comparison to those collected at other times
of day suggests that these larvae are producing more superoxide
radicals during the period of increasing temperature and dissolved
oxygen content (from 07:00 h to 13:00 h) in Lake Magadi.

The superoxide radical generated by oxidative processes can act
as either an oxidizing or a reducing agent, thus generating other
ROS which are more aggressive toward biomolecules (Fridovich,
1995). This free radical can induce the generation of the hydroxyl
radicals through the Fenton and Haber-Weiss reactions, as well as
react with hydroxyl radical generating the singlet oxygen (Sies,
1985). In fact, hydroxyl is one of the most reactive free radicals,
interacting with and oxidizing all kinds of major biomolecules
(Halliwell and Gutteridge, 2007).

The hydrogen peroxide produced after dismutation of the
superoxide radical could be converted into water in a reaction
catalyzed by CAT or GPx (Hermes-Lima, 2004). No significant
diel variation was observed in CAT activity in the larvae of
T. minutipalpus. Neither significant diel change in TOSC, nor any
indication of altered levels of oxidative damage [LPO and number of
apurinic/apurymidinic (AP) sites] was observed in chironomid
larvae. These findings support the importance of the increased GPx
activity observed in chironomid larvae collected at 13:00 h. Indeed,
GPx is a major enzyme involved in the degradation of hydrogen
peroxide and elimination of organic hydroperoxides (LOOH)
(Fridovich, 1997; Hermes-Lima, 2004). Therefore, our data suggest
that that GPx may play a key role in the antioxidant system of
T. minutipalpus larvae from Lake Magadi. They also suggest that
CAT seems not to be involved in the adjustments of the antioxidant
system of 7. minutipalpus larvae during the diel variations in water
temperature and dissolved oxygen content naturally observed in Lake
Magadi. An alternative explanation for the lack of diel changes in
CAT activity is that this enzyme could be continuously working at its
maximum activity. In this case, CAT regulation would not follow a
diel pattern, unlike SOD, GPx and GR.

Reactions catalyzed by GPx have GSH as the reducing agent
(Meister, 1988). Therefore, an expected higher generation of ROS
would lead to a higher rate of GSSG production. In fact, a higher
whole-body GSSG concentration was observed in larvae of
T. minutipalpus collected at 13:00 h. This finding is in complete
agreement with the increased SOD activity observed in these larvae.
After the formation of GSSG by oxidative processes, the cellular
level of GSH is restored through the oxidizing-reducing cycling
mediated by the GR-GPx enzymatic system (Fridovich, 1997;
Hermes-Lima, 2004). The proportional and significant increase in
GPx and GR activities observed in larvae collected at 13:00 h is
strong evidence that these two enzymes are working cooperatively,
making the GSH/GSSG cycling a pivotal mechanism in the
antioxidant system of larval 7. minutipalpus.

In addition to the cycling system involving GPx and GR, cellular
levels of GSH can be increased after a de novo synthesis of GSH
mediated by two ATP-dependent enzymes, glutamate-cysteine
ligase (GCL) and glutathione synthase (GS). GCL catalyzes the
reaction between glutamate (Glu) and cysteine (Cys) to form the
dipeptide YGlu-Cys, while GS combines the dipeptide with glycine
to generate GSH (Maher, 2005). In the present study, we found no
significant difference in GCL activity in the whole-body of
T. minutipalpus larvae collected at 07:00 h and 13:00 h. This
finding suggests that 7. minutipalpus larvae were able to scavenge
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ROS produced without changing the rate of GSH production, thus
reinforcing the major role of the GPx-GR system in the maintenance
of the oxidative status in the chironomid larvae. However, the
involvement of other non-enzymatic antioxidants cannot be ruled
out — e.g. metallothioneins, biliverdin and mucoproteins (Monserrat
et al., 2007). In the present study, we measured the whole-body
concentration of mucoproteins in 7. minutipalpus larvae collected at
07:00 h and 13:00 h, however, there was no significant difference
among the two groups of chironomids. This finding reinforces the
hypothesis that GSH plays a major role in scavenging both
superoxide and hydroxyl radicals generated during the oxidative
metabolism in 7. minutipalpus larvae. In fact, we found that the
oxidized form (GSSG) varied between 4.0 and 5.1% of the whole-
body GSH content in 7. minutipalpus larvae over a 24-h period.
This finding illustrates the great potential of this antioxidant when
the chironomidae larvae are exposed to the natural diel changes in
the environmentally stressful conditions of Lake Magadi.
Interestingly, the percentage of GSSG also varied within a narrow
range (3-5% of the total GSH pool) in the goldenrod gall former,
Eurosta solidaginis (Diptera: Tephritidae), during winter
acclimatization (Denlinger and Lee, 2010).

In addition to superoxide and hydroxyl radicals, other free
radicals such as peroxyl and alkoxyl can be also generated from
organic hydroperoxides and oxygen-centered radicals, respectively.
It is known that these ROS can act as intermediaries in LPO, and
other oxidizing processes (Bergendi et al., 1999). As no significant
diel variation in oxidative damage (LPO and AP sites) was
observed, we can suggest that no significant amounts of peroxyl
and/or alkoxyl were generated.

As a higher concentration of creatinine was observed in
chironomid larvae collected at 13:00 h, we can infer that these
larvae were more active at this time of day. In this case, an increased
body (muscular) activity could lead to a higher production of
reactive nitrogen species, as observed during exercise in humans
(Souza Junior et al., 2012). The nitric oxide system is also well
characterized in insects (Miiller, 1997). Therefore, as observed for
oxygen-centered free radicals, cellular oxidizing processes can also
lead to the generation of nitrogen-centered free radicals. Although
NO is a gas, which plays important biochemical and physiological
roles, it can also be considered as a free radical. This reactive
nitrogen species (RNS) is generated through the activity of nitric
oxide synthase, an enzyme involved in cellular signaling and
immunological responses. In oxidative metabolism, NO is
associated with the generation of the peroxynitrite radical
(ONOO™) (Dusse et al., 2003); however, as observed for ROS, no
significant variation in whole-body NO concentration was seen in
T. minutipalpus larvae collected at different times of day. This
finding suggests that RNS are not involved in the adjustments
performed by the antioxidant system of 7. minutipalpus larvae
in association with the natural diel variations occurring in
physicochemical parameters of Lake Magadi waters.

As discussed above, both oxygen- and nitrogen-centered radicals
can lead to an oxidative stress condition with consequent damage to
biomolecules. The most common damages are LPO, protein
carbonylation and DNA oxidation (Dusse et al., 2003; Giorgio
et al., 2007). Peroxidation of membrane lipids is one of the main
causes of cell lesions and death (Abuja and Albertini, 2001).
However, an organism undergoes oxidative stress only when the
concentration of ROS, and likely RNS, overwhelms the organism’s
antioxidant capacity. Data reported in the present study clearly show
that larvae of 7. minutipalpus did not undergo an oxidative stress
condition associated with the natural diel variations in temperature
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and dissolved oxygen content observed in Lake Magadi. This is
supported by the fact that no significant changes in the levels of
damage to lipids and DNA were observed, in accordance with the lack
of significant changes in TOSC level, as well as ROS and NO
concentrations, in chironomid larvae collected at different times of
day. Therefore, it is clear that larvae of 7. minutipalpus have an
efficient antioxidant system to scavenge all of the pro-oxidants
generated when facing the natural changes in the stressful conditions
of Lake Magadi. Interestingly, the antioxidant system also served to
counteract the ROS production in adult beetles, Alphitobius
diaperinus (Coleoptera: Tenebrionidae), during exposure to severe
cold conditions (Lalouette et al., 2011). A similar finding was also
reported for the goldenrod gall former, E. solidaginis (Diptera:
Tephritidae), a freeze-tolerant insect adapted to harsh environments
(Martel, 1995). In addition to the efficiency of the antioxidant system
in ROS scavenging discussed above, the involvement of other
mechanisms to prevent ROS formation and/or repair of molecules
affected by ROS (Storey, 1996; Ribeiro et al., 2005) cannot be
disregarded. Notably, efficient protection provided by the antioxidant
system against hydroxyl radicals relied on the important GSH pool in
the chironomid 7. minutipalpus, as well as in the beetle A. diaperinus
(Lalouette et al., 2011) and the fly E. solidaginis (Martel, 1995).

In summary, in the present study we analyzed a large suite of
biomarkers related to metabolism and the antioxidant system
involved in ROS scavenging in the larvae of the chironomid
T. minutipalpus from Lake Magadi. Considering that major
enzymes involved in this scavenging capacity are SOD, CAT,
GPx and GR (Michiels et al., 1994), our findings clearly indicate
that all enzymatic components of a typical antioxidant system are
present in the chironomid larvae. However, the mechanism involved
in ROS scavenging in 7. minutipalpus larvae comprises not only
antioxidant enzymes, but also ROS-binding (non-enzymatic)
antioxidants. GSH was shown to be abundant and play a crucial
role in the antioxidant system of 7. minutipalpus larvae. Indeed,
GSH concentrations were found to be on average 20-fold higher
than those of GSSG at any time of day. This is indicative of the
importance of GSH as a non-enzymatic antioxidant for the whole-
body antioxidant capacity of the chironomid larvae. This role is
even more important when we consider the following facts:
hydroxyl radicals are highly toxic to biomolecules; there are no
known enzymatic defenses against these free radicals (Bains and
Shaw, 1997); and GSH is particularly efficient in protecting against
the adverse effects of hydroxyl radicals. Therefore, our findings
support the idea that larvae of the chironomid 7. minutipalpus rely
on a very important pool of GSH to avoid potential oxidative stress
imposed by the natural diel changes observed in the extreme and
harsh physicochemical conditions of Lake Magadi waters. In the
chironomid 7. minutipalpus, our findings clearly show that this
GSH pool is kept at adequate levels by an active and efficient
oxidizing-reducing cycling system mediated by GPx and GR.

MATERIALS AND METHODS

All experiments complied with the laws of Kenya, and were performed
under a research permit (No. NCST/RRI/12/1/MAS/99) issued by the
National Council for Science and Technology of the Ministry of Higher
Education, Science, and Technology of the Republic of Kenya.

Chironomid sampling and water physicochemical analysis

Chironomid larvae were collected from 29 July to 02 August 2010 and from
20 to 29 July 2013 at Flamingo Lagoon, which is one the four ponds or
lagoons belonging to the Fish Springs Lagoon complex (1.867°S, 36.267°E)
located on the east side of Lake Magadi (Magadi Township, Kajiado County,
Rift Valley, Kenya, Africa) (for maps and details see: Johannsson et al.,

2014). On different days of the two years of field expeditions, chironomid
larvae were collected at different times of day (07:00 h, 13:00 h and 19:00 h
of the first day; and 01:00 h and 07:00 h of the following day). These
sampling time points were selected to cover a complete and continuous 24-h
sampling period, allowing us to evaluate changes in biochemical and
physiological parameters associated with the natural diel variations in extreme
environmental conditions in Lake Magadi. Collections were performed at the
lake shore (<0.7 m depth) using a beam trawl net (90 pm mesh). During
larvae collection, the pH, dissolved oxygen content and temperature of
surface water were measured (model DMO-2, Digimed, Sao Paulo, SP,
Brazil). Based on results from the 2010 expedition (see Results section),
larval sampling in the 2013 expedition was only performed at 07:00 h and
13:00 h of the first day (see Results section). In fact, increases in water
temperature and dissolved oxygen content were always observed between
these times of day (Johannsson et al., 2014).

Immediately after collection, larvae were manually separated using a
plastic disposable Pasteur-type pipette, pooled (5-10 larva per pool; 4-6
pools per sampling time), frozen in liquid nitrogen and transferred to the
laboratory for further analysis. In the 2010 expedition, all analyses were
performed in an outdoor laboratory set up on the balcony of a house kindly
provided by the Magadi Soda Company (Tata Chemicals Magadi) in the
nearby Magadi Township. Some larvae were also preserved and transferred
to the Department of Zoology and Ecology of the Federal University of
Santa Catarina (Florianopolis, Santa Catarina State, Brazil ) for taxonomical
identification. In the 2013 expedition, all analyses were performed in an
indoor laboratory set up at the Magadi Secondary School (Magadi
Township). Additionally, live larvae were transferred to this laboratory in
water from the collection site for ROS concentration analysis.

Sample preparation, reagents and biochemical analyses

In the laboratory, frozen samples were weighed (wet weight) using an
electronic scale (model AD500S, Marte Cientifica, Sao Paulo City, Sao
Paulo State, Brazil), homogenized in cold saline solution (0.9 g 1=! NaCl)
using an ultrasonic processor (Sonaer Ultrasonics, Farmingdale, NY, USA),
and centrifuged at 2800 g for 5 min (model NT800, Nova Técnica,
Piracicaba, SP, Brazil). The supernatant was collected and immediately used
for biochemical analyses using colorimetric methods, as described below.

The following parameters were measured using commercial reagent kits
from Labtest Diagnostica (Lagoa Santa, Minas Gerais State, Brazil):
cholinesterase activity (Colinesterase Liquiform kit) and glucose (Glucose
PAP Liquiform kit), triglycerides (Triglicérides Liquiform kit), cholesterol
(Colesterol Liquiform kit), proteins (Sensiprot kit), urea (Uréia CE Kkit),
creatinine (Creatinina K kit), hemoglobin (Hemoglobina kit), bilirubin
(Bilirrubina kit), and mucoprotein (Mucoproteinas kit) concentration.

The following parameters were measured using reagent kits from
PromoCell GmbH (Heidelberg, Germany): superoxide dismutase (SOD)
activity (SOD Assay Kit), glutathione reductase (GR) activity (Colorimetric
Glutathione Reductase Activity Kit), reduced glutathione (GSH)
concentration (Colorimetric Glutathione Detection Kit), and DNA
damage (Genomic DNA Isolation Kit I and DNA Damage Detection Kit).

The following parameters were measured using commercial reagent kits
from Oxford Biomedical Research (Oxford, Michigan, USA): catalase (CAT)
activity (Spectrophotometric Assay for Catalase), glutathione peroxidase
(GPx) activity (Colorimetric Assay for Cellular Glutathione Peroxidase),
oxidized glutathione (GSSG) concentration (Microplate Assay for GSH/
GSSG), glutamate-cysteine ligase (GCL) activity (GCLM Elisa kit), nitric
oxide (NO) concentration (Nitric Oxide Colorimetric Assay Kit), total
oxyradical scavenging capacity (TOSC) level (Total Antioxidant Power Kit),
and lipid peroxidation (LPO) level (Lipid Peroxidation Microplate Assay Kit).

In all cases, we followed the instructions of the reagent kit manufacturer.
Whenever possible, assays were adapted to a 96-well microplate. Therefore,
sample absorbance readings were performed using either a microplate reader
(model ELx-800, BioTek, Winooski, VT, USA) or a spectrophotometer
(model Spectronic 20, Milton Roy Company, Houston, TX, USA). Data
were expressed considering the wet body weight or the protein content in the
larval homogenate.

Upon arrival in the laboratory, live larvae were immediately used for
ROS measurements. They were pooled, homogenized and centrifuged as
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described above for frozen samples. However, samples were homogenized
using a phosphate-buffered saline solution containing NaCl (140 mM),
potassium phosphate buffer (10 mM, pH 7.0) and dextrose (5.5 mM). ROS
concentration was determined in the homogenate supernatant using the
colorimetric method described by Fowler et al. (2003), which is based on the
measurement of H,O, using phenol red and peroxidase. A standard curve was
developed with solutions of H,O, at different concentrations (7.5-30 uM)
prepared in the homogenizing buffer. Protein content in the homogenate
supernatant was measured as described above for the frozen samples. Data

were expressed as umol H,O, mg protein™!.

Data presentation and statistical analysis

Data were expressed as meantstandard error (n=6 pools of 10 larvae per
pool). Data were first tested for homogeneity of variance using the Cochran’s
C test. In turn, data normality was checked by the normal probability plot of
raw residuals. Data for all parameters were parametric (normal distribution
and homogeneous variance). Therefore, mean values were compared using
one-way analysis of variance (ANOVA) followed by Tukey’s test. In all cases,
the significance level adopted was 95% (0=0.05).

Acknowledgements

We thank the Tata Magadi Soda Company, particularly John Ndonga, Lemaron
Kaanto and John Kabera, for their cooperation and the University of Nairobi for
logistic support. Dishon Muthee and George Muthee provided assistance in the field.
Luiz Carlos de Pinho (Department of Zoology and Ecology, Federal University of
Santa Catarina, Floriandpolis, SC, Brazil) identified taxonomically the larval
chironomid used in the present study.

Competing interests
The authors declare no competing or financial interests.

Author contributions

L.F.B. and A.B. designed the study, performed most of the experiments, analyzed
the samples in the laboratory, and wrote the first draft; C.M.W., O.E.J., P.L., C.C. and
G.D.B. performed some experiments; H.L.B., M.L.K., G.D.K., M.B.P., K.V.B., J.N.M.
and R.O.0. collected material and performed some of the experiments; R.0.0.
organized the field trip; all authors contributed to the execution and interpretation of
the study, and to drafting and revising the manuscript.

Funding

A.B. is a Research Fellow from the Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq, Brazil; grant: 304430/2009-9) and is supported by
the International Canada Research Chair Program from the International
Development Research Centre (IDRC; Ottawa, Canada; grant: 104519-003), along
with C.M.W. L.F.B. was a recipient of a Masters Fellowship from the Coordenagao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES, Brazil). K.V.B was
supported by a post-doctoral fellowship from the National Science Foundation
(USA). This research was funded by a grant from the Brazilian Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPg; grant: 573949/2008-5) to A.B., a
Natural Sciences and Engineering Research Council of Canada (NSERC)
Discovery grant to C.M.W. (grant: 473-12), and a grant from the National Research
Foundation (NRF) of South Africa to J.N.M. (grant: NRF-083835-2010).

References

Abuja, P. M. and Albertini, R. (2001). Methods for monitoring oxidative stress,
lipid peroxidation and oxidation resistance of lipoproteins. Clin. Chim. Acta 306,
1-17.

Azevedo-Pereira, H. M. V. S., Lemos, M. F. L. and Soares, A. M. V. M. (2011).
Effects of imidacloprid exposure on Chironomus riparius Meigen larvae: linking
acetylcholinesterase activity to behaviour. Ecotoxicol. Environ. Saf. 74,
1210-1215.

Bachschmid, M. M., Schildknecht, S., Matsui, R., Zee, R., Haeussler, D., Cohen,
R. A., Pimental, D. and Loo, B. (2013). Vascular aging: chronic oxidative stress
and impairment of redox signaling—consequences for vascular homeostasis and
disease. Ann. Med. 45, 17-36.

Bains, J. S. and Shaw, C. A. (1997). Neurodegenerative disorders in humans: the
role of glutathione in oxidative stress-mediated neuronal death. Brain Res. Rev.
25, 335-358.

Behmer, S. T. and Nes, W. D. (2003). Insect sterol nutrition and physiology: a global
overview. Adv. Insect Physiol. 31, 1-72.

Bergendi, L., Bene$, L., Duradkova, Z. and Ferendik, M. (1999). Chemistry,
physiology and pathology of free radicals. Life Sci. 65, 1865-1874.

90

Booth, G. M. and Lee, A.-H. (1971). Distribution of cholinesterases in insects. Bull.
World Health Org. 44, 91-98.

Canavoso, L. E., Jouni, Z. E., Karnas, K. J., Pennington, J. E. and Wells, M. A.
(2001). Fat metabolism in insects. Ann. Rev. Nutr. 21, 23-46.

Chapman, R. F. (1998). The Insects - Structure and Function. Cambridge, UK:
Cambridge University Press.

Coe, M. J. (1966). The biology of Tilapia grahami (Boulenger) in Lake Magadi,
Kenya. Acta Trop. 23, 146-176.

Corbi, J. J. and Trivinho-Strixino, S. (2006). Ciclo de vida de duas espécies de
Goeldichironomus (Diptera, Chironomidae). Rev. Bras. Entomol. 50, 72-75.

Denlinger, D. L. and Lee, R. E.Jr. (2010). Low Temperature Biology of Insects.
Cambridge, UK: Cambridge University Press.

Dusse, L. M. S., Vieira, L. M. and Carvalho, M. G. (2003). Revis&do sobre o 6xido
nitrico. J. Bras. Patol. Med. Lab. 39, 343-350.

Ekrem, T. and Harrison, A. D. (1999). Tanytarsus minutipalpus, spec. nov. from the
saline lakes in the Rift Valley, East Africa (Insecta, Diptera, Chironomidae).
Spixiana 22, 199-208.

Fowler, G., Daroszewska, M. and Ingold, K. U. (2003). Melatonin does not ‘directly
scavenge hydrogen peroxide’: demise of another myth. Free Rad. Biol. Med. 34,
77-83.

Fridovich, I. (1995). Superoxide radical and superoxide dismutases. Ann. Rev.
Biochem. 64, 97-112.

Fridovich, 1. (1997). Superoxide anion radical (OFormula2),
dismutases, and related matters. J. Biol. Chem. 272, 18515-18517.

Fridovich, I. (2004). Mitochondria: are they the seat of senescence? Aging Cell 3,
13-16.

Giorgio, M., Trinei, M., Migliaccio, E. and Pelicci, P. G. (2007). Hydrogen
peroxide: a metabolic by-product or a common mediator of ageing signals? Nat.
Rev. Mol. Cell Biol. 8, 722-728.

Halliwell, B. and Gutteridge, J. M. C. (2007). Free Radicals in Biology and
Medicine. New York, USA: Oxford University Press.

Hermes-Lima, M. (2004). Oxygen in biology and biochemistry: role of free radicals.
In Functional Metabolism: Regulation and Adaptation (ed. K. B. Storey),
pp. 319-368. New York: John Wiley & Sons.

Javor, B. (1989). Hypersaline Environments. Microbiology and Biogeochemistry.
Berlin; New York; Heildelberg: Springer-Verlag.

Jensen, C. S., Garsdal, L. and Baatrup, E. (1997). Acetylcholinesterase inhibition
and altered locomotor behavior in the carabid beetle Pterostichus cupreus. A
linkage between biomarkers at two levels of biological complexity. Environ.
Toxicol. Chem. 16, 1727-1732.

Johannsson, O. E., Bergman, H. L., Wood, C. M., Laurent, P., Kavembe, D. G.,
Bianchini, A., Maina, J. N., Chevalier, C., Bianchini, L. F., Papah, M. B. et al.
(2014). Air breathing in Magadi tilapia Alcolapia grahami, under normoxic and
hyperoxic conditions, and the association with sunlight and reactive oxygen
species. J. Fish Biol. 84, 844-863.

Johansen, K., Maloiy, G. M. O. and Lykkeboe, G. (1975). A fish in extreme
alkalinity. Respir. Physiol. 24, 159-162.

Jones, B. F., Eugster, H. P. and Rettig, S. L. (1977). Hydrochemistry of the Lake
Magadi Basin, Kenya. Geochim. Cosmochim. Acta 41, 53-72.

Jurenka, R. (2015). Advances in Insect Physiology. New York, USA: Academic
Press.

Kodikara, G. R. L., Woldai, T., van Ruitenbeek, F. J. A., Kuria, Z., van der Meer,
F., Shepherd, K. D. and van Hummel, G. J. (2012). Hyperspectral remote
sensing of evaporate minerals and associated sediments in Lake Magadi area,
Kenya. Int. J. Appl. Earth Obs. Geoinf. 14, 22-32.

Lalouette, L., Williams, C. M., Hervant, F., Sinclair, B. J. and Renault, D. (2011).
Metabolic rate and oxidative stress in insects exposed to low temperature thermal
fluctuations. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 158, 229-234.

Lankester, E. R. (1867). Preliminary notice of some observations with the
spectroscope on animal substances. J. Anat. Physiol. 2, 114-116.

Lazar, K. V. and Mohamed, U. V. K. (1988a). Creatine and creatinine levels in the
larval fat body of the moth, Spodoptera mauritia, during development. Proc. Indian
Natl. Sci. Acad. BS4, 143-144.

Lazar, K. V. and Mohamed, U. V. K. (1988b). Aminotransferases and glucose levels
in developing larvae of the moth, Spodoptera mauritia. J. Anim. Morphol. Physiol.
45, 41-43.

Mabher, P. (2005). The effects of stress and aging on glutathione metabolism. Ageing
Res. Rev. 4, 288-314.

Martel, J. (1995). Performance of Eurosta solidaginis (Diptera: Tephritidae) and
Epiblema scudderiana (Lepidoptera: Tortricidae), two gall-formers of goldenrod,
in roadside environments. Environ. Entomol. 24, 697-706.

Meister, A. (1988). Glutathione metabolism and its selective modification. J. Biol.
Chem. 263, 17205-17208.

Merritt, R. W. and Cummins, K. W. (1984). An Introduction to the Aquatic Insects of
the North America. Dubuque, USA: Kendall/Hunt Publishing.

Michiels, C., Raes, M., Toussaint, O. and Remacle, J. (1994). Importance of Se-
glutathione peroxidase, catalase, and Cu/Zn-SOD for cell survival against
oxidative stress. Free Rad. Biol. Med. 17, 235-248.

Monserrat, J. M., Martinez, P. B., Geracitano, L. A., Amado, L. L., Martins,
C. M. G,, Pinho, G. L. L., Chaves, I. S., Ferreira-Cravo, M., Ventura-Lima, J.

superoxide

c
@
o

o)
>
(o)

i

§e

@



http://dx.doi.org/10.1016/S0009-8981(01)00393-X
http://dx.doi.org/10.1016/S0009-8981(01)00393-X
http://dx.doi.org/10.1016/S0009-8981(01)00393-X
http://dx.doi.org/10.1016/j.ecoenv.2011.03.018
http://dx.doi.org/10.1016/j.ecoenv.2011.03.018
http://dx.doi.org/10.1016/j.ecoenv.2011.03.018
http://dx.doi.org/10.1016/j.ecoenv.2011.03.018
http://dx.doi.org/10.3109/07853890.2011.645498
http://dx.doi.org/10.3109/07853890.2011.645498
http://dx.doi.org/10.3109/07853890.2011.645498
http://dx.doi.org/10.3109/07853890.2011.645498
http://dx.doi.org/10.1016/S0165-0173(97)00045-3
http://dx.doi.org/10.1016/S0165-0173(97)00045-3
http://dx.doi.org/10.1016/S0165-0173(97)00045-3
http://dx.doi.org/10.1016/S0065-2806(03)31001-X
http://dx.doi.org/10.1016/S0065-2806(03)31001-X
http://dx.doi.org/10.1016/S0024-3205(99)00439-7
http://dx.doi.org/10.1016/S0024-3205(99)00439-7
http://dx.doi.org/10.1016/S0024-3205(99)00439-7
http://dx.doi.org/10.1146/annurev.nutr.21.1.23
http://dx.doi.org/10.1146/annurev.nutr.21.1.23
http://dx.doi.org/10.1590/S0085-56262006000100010
http://dx.doi.org/10.1590/S0085-56262006000100010
http://dx.doi.org/10.1590/S1676-24442003000400012
http://dx.doi.org/10.1590/S1676-24442003000400012
http://dx.doi.org/10.1016/S0891-5849(02)01186-3
http://dx.doi.org/10.1016/S0891-5849(02)01186-3
http://dx.doi.org/10.1016/S0891-5849(02)01186-3
http://dx.doi.org/10.1146/annurev.bi.64.070195.000525
http://dx.doi.org/10.1146/annurev.bi.64.070195.000525
http://dx.doi.org/10.1074/jbc.272.30.18515
http://dx.doi.org/10.1074/jbc.272.30.18515
http://dx.doi.org/10.1046/j.1474-9728.2003.00075.x
http://dx.doi.org/10.1046/j.1474-9728.2003.00075.x
http://dx.doi.org/10.1038/nrm2240
http://dx.doi.org/10.1038/nrm2240
http://dx.doi.org/10.1038/nrm2240
http://dx.doi.org/10.1002/etc.5620160822
http://dx.doi.org/10.1002/etc.5620160822
http://dx.doi.org/10.1002/etc.5620160822
http://dx.doi.org/10.1002/etc.5620160822
http://dx.doi.org/10.1111/jfb.12289
http://dx.doi.org/10.1111/jfb.12289
http://dx.doi.org/10.1111/jfb.12289
http://dx.doi.org/10.1111/jfb.12289
http://dx.doi.org/10.1111/jfb.12289
http://dx.doi.org/10.1016/0034-5687(75)90110-3
http://dx.doi.org/10.1016/0034-5687(75)90110-3
http://dx.doi.org/10.1016/0016-7037(77)90186-7
http://dx.doi.org/10.1016/0016-7037(77)90186-7
http://dx.doi.org/10.1016/j.jag.2011.08.009
http://dx.doi.org/10.1016/j.jag.2011.08.009
http://dx.doi.org/10.1016/j.jag.2011.08.009
http://dx.doi.org/10.1016/j.jag.2011.08.009
http://dx.doi.org/10.1016/j.cbpa.2010.11.007
http://dx.doi.org/10.1016/j.cbpa.2010.11.007
http://dx.doi.org/10.1016/j.cbpa.2010.11.007
http://dx.doi.org/10.1016/j.arr.2005.02.005
http://dx.doi.org/10.1016/j.arr.2005.02.005
http://dx.doi.org/10.1093/ee/24.3.697
http://dx.doi.org/10.1093/ee/24.3.697
http://dx.doi.org/10.1093/ee/24.3.697
http://dx.doi.org/10.1016/0891-5849(94)90079-5
http://dx.doi.org/10.1016/0891-5849(94)90079-5
http://dx.doi.org/10.1016/0891-5849(94)90079-5
http://dx.doi.org/10.1016/j.cbpc.2006.08.012
http://dx.doi.org/10.1016/j.cbpc.2006.08.012

RESEARCH ARTICLE

Biology Open (2017) 6, 83-91 doi:10.1242/bi0.021139

and Bianchini, A. (2007). Pollution biomarkers in estuarine animals: Critical
review and new perspectives. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
146, 221-234.

Morgan, D. (2010). Biosynthesis in Insects. Cambridge, UK: RSC Publishing.

Miiller, U. (1997). The nitric oxide system in insects. Prog. Neurobiol. 51, 363-381.

Narahara, A., Bergman, H. L., Laurent, P., Maina, J. N., Walsh, P. J. and Wood,
C. M. (1996). Respiratory physiology of the Lake Magadi tilapia (Oreochromis
alcalicus grahami), a fish adapted to a hot, alkaline, and frequently hypoxic
environment. Physiol. Zool. 69, 1114-1136.

Panis, L. |, Goddeeris, B. and Verheyen, R. (1995). The hemoglobin
concentration of Chironomus cf. plumosus L. (Diptera: Chironomidae) larvae
from two lentic habitats. Neth. J. Aquat. Ecol. 29, 1-4.

Pinder, L. C. V. and Reiss, F. (1983). The larvae of Chironominae (Diptera:
Chironomidae) of the Holarctic region - keys and diagnoses. Part 1 - Larvae.
Entomol. Scand. Suppl. 19, 293-435.

Pitman, R. M. (1971). Transmitter substances in insects: a review. Comp. Gen.
Pharmacol. 2, 347-371.

Randall, D. J., Wood, C. M., Perry, S. F., Bergman, H., Maloiy, G. M. O.,
Mommsen, T. P. and Wright, P. A. (1989). Urea excretion as a strategy for
survival in a fish living in a very alkaline environment. Nature 337, 165-166.

Rasmussen, A. (1996). Least oxygen dependent. In The University of Florida Book of
Insect Records (ed. T. J. Walker), pp. 46-48. Gainesville, USA: University of Florida.

Régniére, J., Powell, J., Bentz, B. and Nealis, V. (2012). Effects of temperature on
development, survival and reproduction of insects: Experimental design, data
analysis and modeling. J. Insect Physiol. 58, 634-647.

Reite, O. B., Maloiy, G. M. O. and Aasehaug, B. (1974). pH, salinity and
temperature tolerance of Lake Magadi tilapia. Nature 247, 315.

Ribeiro, S. M., Queiroz, J. H., Pelizo, M. C. G., Costa, N. M. B., Matta, S. L. P. and
Queiroz, M. E. L. R. (2005). The formation and the effects of the reactive oxygen
species in biological media. Biosci. J. 12, 133-149.

Rockstein, M. (1978). Biochemistry of Insects. New York, USA: Academic Press.

Shinzato, T., Nakai, S., Miwa, M., lwayama, N., Takai, I., Matsumoto, Y., Morita,
H. and Maeda, K. (1997). New method to calculate creatinine generation rate
using pre- and postdialysis creatinine concentrations. Artif. Organs 21, 864-872.

Sies, H. (1985). Oxidative Stress. London, UK: Academic Press.

Souza Junior, T. P., Asano, R. Y., Prestes, J., Sales, M. P. M., Coelho, J. M. O.
and Simées, H. G. (2012). Nitric oxide and exercise: a short review. Rev. Educ.
Fis.UEM 23, 469-481.

Storey, K. B. (1996). Metabolic adaptations supporting anoxia tolerance in reptiles:
recent advances. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 113, 23-35.
Toutant, J.-P. (1989). Insect acetylcholinesterase: catalytic properties, tissue

distribution and molecular forms. Prog. Neurobiol. 32, 423-446.

Trivinho-Strixino, S. (2010). Chironomidae (Insecta, Diptera, Nematocera) do
Estado de Sao Paulo, Sudeste do Brasil. Biota Neotrop. 11, Suppl. 1, 675-684.

Trivinho-Strixino, S. and Strixino, G. B. M. A. (1995). Larvas de Chironomidae
(Diptera) do Estado de S&o Paulo: Guia de Identificacdo e Diagnose dos
Géneros. S&o Carlos, Brazil: Universidade Federal de S&o Carlos.

Verschuren, D. (1997). Taxonomy and ecology of fossil Chironomidae (Insecta,
Diptera) from Rift Valley lakes in central Kenya. Arch. Hydrobiol. Beih. 107,
467-512.

Walshe, B. M. (1947). The function of haemoglobin in Tanytarsus (Chironomidae).
J. Exp. Biol. 24, 343-351.

Ward, J. V. (1992). Aquatic Insect Ecology. 1. Biology and Habitat. New York, USA:
John Wiley & Sons.

Wilson, P. J., Wood, C. M., Walsh, P. J., Bergman, A. N., Bergman, H. L.,
Laurent, P. and White, B. N. (2004). Discordance between genetic structure and
morphological, ecological, and physiological adaptation in Lake Magadi tilapia.
Physiol. Biochem. Zool. 77, 537-555.

Wood, C. M., Perry, S. F., Wright, P. A., Bergman, H. L. and Randall, D. J. (1989).
Ammonia and urea dynamics in the Lake Magadi tilapia, a ureotelic teleost fish
adapted to an extremely alkaline environment. Respir. Physiol. 77, 1-20.

Wood, C. M., Bergman, H. L., Laurent, P., Maina, J. N., Narahara, A. and Walsh,
P. J. (1994). Urea production, acid—base regulation and their interactions in the
Lake Magadi tilapia, a unique teleost adapted to a highly alkaline environment.
J. Exp. Biol. 189, 13-36.

Wood, C. M., Bergman, H. L., Bianchini, A., Laurent, P., Maina, J., Johannsson,
0. E., Bianchini, L. F., Chevalier, C., Kavembe, G. D., Papah, M. B. et al.
(2012). Transepithelial potential in the Magadi tilapia, a fish living in extreme
alkalinity. J. Comp. Physiol. B 182, 247-258.

Wood, C. M., Nawata, C. M., Wilson, J. M., Laurent, P., Chevalier, C.,
Bergman, H. L., Bianchini, A., Maina, J. N., Johannsson, O. E., Bianchini,
L. F. et al. (2013). Rh proteins and NHz-activated Na*-ATPase in the Magadi
tilapia (Alcolapia grahami), a 100% ureotelic teleost fish. J. Exp. Biol. 216,
2998-3007.

91

Biology Open


http://dx.doi.org/10.1016/j.cbpc.2006.08.012
http://dx.doi.org/10.1016/j.cbpc.2006.08.012
http://dx.doi.org/10.1016/j.cbpc.2006.08.012
http://dx.doi.org/10.1016/S0301-0082(96)00067-6
http://dx.doi.org/10.1086/physzool.69.5.30164249
http://dx.doi.org/10.1086/physzool.69.5.30164249
http://dx.doi.org/10.1086/physzool.69.5.30164249
http://dx.doi.org/10.1086/physzool.69.5.30164249
http://dx.doi.org/10.1007/BF02061785
http://dx.doi.org/10.1007/BF02061785
http://dx.doi.org/10.1007/BF02061785
http://dx.doi.org/10.1016/0010-4035(71)90060-7
http://dx.doi.org/10.1016/0010-4035(71)90060-7
http://dx.doi.org/10.1038/337165a0
http://dx.doi.org/10.1038/337165a0
http://dx.doi.org/10.1038/337165a0
http://dx.doi.org/10.1016/j.jinsphys.2012.01.010
http://dx.doi.org/10.1016/j.jinsphys.2012.01.010
http://dx.doi.org/10.1016/j.jinsphys.2012.01.010
http://dx.doi.org/10.1038/247315a0
http://dx.doi.org/10.1038/247315a0
http://dx.doi.org/10.1111/j.1525-1594.1997.tb00246.x
http://dx.doi.org/10.1111/j.1525-1594.1997.tb00246.x
http://dx.doi.org/10.1111/j.1525-1594.1997.tb00246.x
http://dx.doi.org/10.1016/0305-0491(95)02043-8
http://dx.doi.org/10.1016/0305-0491(95)02043-8
http://dx.doi.org/10.1016/0301-0082(89)90031-2
http://dx.doi.org/10.1016/0301-0082(89)90031-2
http://dx.doi.org/10.1590/S1676-06032011000500032
http://dx.doi.org/10.1590/S1676-06032011000500032
http://dx.doi.org/10.1086/422054
http://dx.doi.org/10.1086/422054
http://dx.doi.org/10.1086/422054
http://dx.doi.org/10.1086/422054
http://dx.doi.org/10.1016/0034-5687(89)90025-X
http://dx.doi.org/10.1016/0034-5687(89)90025-X
http://dx.doi.org/10.1016/0034-5687(89)90025-X
http://dx.doi.org/10.1007/s00360-011-0614-y
http://dx.doi.org/10.1007/s00360-011-0614-y
http://dx.doi.org/10.1007/s00360-011-0614-y
http://dx.doi.org/10.1007/s00360-011-0614-y
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634
http://dx.doi.org/10.1242/jeb.078634


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


