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Abstract

All aerobic organisms are susceptible to damage by reactive oxygen species (ROS). ROS-induced damage has been associated
with aging and diseases such as metabolic syndrome and cancer. However, not all organisms develop these diseases, nor do
they age at the same rate; this is partially due to resistance to oxidative stress, a quantitative trait attributable to the
interaction of factors including genetics and environmental. Drosophila melanogaster represents an ideal system to study how
genetic variation can affect resistance to oxidative stress. In this work, oxidative stress (total and mitochondrial ROS),
antioxidant response, and Cap 'n’ collar isoform C and Spineless gene expression, one pesticide resistant (Oregon R(R)-flare) and
wild-type (Canton-S) strains of D. melanogaster, were analyzed to test resistance to basal oxidative stress. ROS, catalase, and
superoxide dismutase were determined by flow cytometry, and Cap ’n’ collar isoform C and Spineless expression by qRT-PCR.
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The intensity of oxidative stress due to the pro-oxidant zearalenone in both was evaluated by flow cytometry. Data confirm
expected differences in oxidative stress between strains that differ in Cyp450s levels. The Oregon (R)R-flare showed greater
ROS, total and mitochondrial, compared to Canton-S. Regarding oxidative stress genes expression Cap 'n’ collar isoform C and
Spineless (Ss), Oregon R(R)-flare strain showed higher expression. In terms of response to zearalenone mycotoxin, Canton-S
showed higher ROS concentration. Our data show variation in the resistance to oxidative stress among these strains of D.

melanogaster.
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Introduction

Oxygen-free radicals and other reactive oxygen species (ROS)
are formed by all aerobic organisms, and although they play an
important role as mediators in multiple intracellular signals that
regulate physiological responses [1], their overproduction results
in phenomena such as aging [2]. Besides, overproduction is also
involved in different chronic pathological states such as diabetes,
neurodegenerative and cardiac diseases, chronic renal disease,
and even cancer [3-6].

The association of oxidative damage in human disease is
known as oxidative stress, and currently it is considered as
an imbalance between oxidants and antioxidants in favor of
oxidants, leading to interruption of redox signals and control of
molecular damage [7].

The origin of this imbalance is complex and may involve
the overproduction of mitochondrial ROS (mROS) due to alter-
ations in these organelles [8], or exposure to pro-oxidant agents
[9]; in addition, the genetic background of individuals makes
them susceptible to oxidative stress imbalance, for example,
it is known that genetic variants can be associated with the
severity of type 2 diabetes [10] and Alzheimer’s disease [11]. Also,
variants in genes related to oxidative stress can be related to
the origin of cancer, as well as to the response to treatment
[12].

Model organisms show how genetic variants affect the oxida-
tive stress or exposure to pro-oxidant agents, i.e. multiple genetic
variants have been associated with longevity and resistance to
oxidative stress, which may improve human health. Some vari-
ants are related to antioxidant enzymes such as catalase (CAT)
and superoxide dismutase (SOD), or regulators of xenobiotic
metabolism (Cytochromes P450), which have pleiotropic effects
that increase resistance to oxidative stress [13, 14]. Drosophila
melanogaster genetic variants have shown an increase in life span
and resistance to toxic agents [15-17]. One of these pesticide-
resistant strains is Oregon R(R)-flare, used in the Drosophila
wing spot genotoxic test and contain the gene Cyp6gl (48E7-
48E7) with the dominant mutation Rst(2) DDT that codes for
the inducer protein of genes located on 2R: Cyp6a2 (42D1-42D1),
Cyp6a8, and Cyp6a9 (51D1-51D1), leading to higher expression
of Cyp450s and has been previously related to the resistance to
several insecticides [18, 19]. However, variants in Oregon R(R)-
flare involve antioxidant enzymes expression and genes that
regulate other mechanisms, which could result in disparity in
the basal ROS concentration and its resistance to pro-oxidant
challenges [15, 16].

In this work, the concentration of cytosolic antioxidant
enzymes (SOD and CAT), and the expression of genes regulating
the antioxidant response (Spineless and Cap “n” collar isoform
C) in both strains were evaluated, also the total ROS and
mROS concentrations, and the differences between strains in
a pro-oxidant environment (zearalenone) were compared to

reveal such differences between all those parameters in both
strains.

Materials and Methods
Strains

Drosophila melanogaster, Oregon R(R)-flare strain (OR1; OR2;
flr3/TM3, Bd®) was originally and kindly donated by Prof. Ulrich
Graf (ETH, University of Zurich, Switzerland), and D. melanogaster
wild-type Canton-S strain was donated by Prof. Norma Veladzquez
Ulloa (Lewis and Clark University, Portland, Oregon).

Egg collection and preparation of the larvae

Eggs of both strains were grown at 25°C in dark conditions with
a relative humidity of 60 to 80% inside culture bottles, contain-
ing a layer of fermented baker’s yeast supplemented with 3 g
of sucrose. After 4 days (96 + 4 h), larvae were washed from
the bottles with purified tap water (25°C) through a fine mesh
stainless steel filter.

Pro-oxidant treatment

Oregon R(R)-flare and Canton-S larvae were transferred into
bottles containing 3 g of D. melanogaster instant medium (Carolina
Biological Supply Co, NC, USA), supplemented with 12 ml of
ZEN (20 pM concentration that has been documented induces
increase in cells’ concentration of ROS) [20] or deionized water,
as control. Bottles were kept at 25°C, at a relative humidity of
65%, and light-dark cycles 12:12 h.

Cell suspension preparation

Cells of larvae’ midgut tissue were prepared as described [21]. The
midgut of 20 larvae of each strain was incubated with collagenase
(-5 mg/mL) (Sigma-Aldrich 9001-1-12-1) for 15 min at 24°C. The
cell suspension was passed through a nylon membrane (85 pm)
and then suspended in phosphate buffer (PBS, pH 7.4, 4°C). Then,
the cell suspension was processed for detection of ROS.

Quantification of ROS

Intracellular ROS from midgut cells of each strain was esti-
mated by flow cytometry using 2,7’-dichlorodihydrofluorescein
diacetate (DCF-DA; Sigma Chemicals, D6883) [22]. Samples were
measured on CytoFlex equipment (Beckman coulter), and data
were analyzed using Flow]Jo software (Veritas software).



Mitochondrial extraction

A total of 5 x 107 cells were centrifuged at 800 rpm for 10 min
at 4°C, the pellet was suspended in cold SEM buffer (10 mM
MOPS, pH 7.5, 4°C, 320 mM sucrose, and 1 mM EDTA), the
suspension was homogenized with a Dounce device. The
lysate was centrifuged at 3000 rpm at 4°C to eliminate debris,
the supernatant was collected and centrifuged at 12000 rpm
for 15 min at 4°C. The pellet was washed with 500 pL SEM
buffer and centrifuged at 12000 rpm for 15 min at 4°C and
suspended in 50 pL SEM buffer to obtain a mitochondrial
suspension.

Evaluation of mitochondrial integrity

Mitochondrial membrane integrity was measured by staining
the suspension with Rhodamine 123 (Sigma chemicals, R8004).
The samples were acquired in CytoFlex equipment, and data
analyzed using Flow]Jo software.

Determination of mROS

mROS production in the midgut cells was estimated by flow
cytometry using DCF-DA in the mitochondrial suspension. The
samples were acquired on CytoFlex equipment, and data ana-
lyzed using FlowJo software.

Antioxidant enzyme detection

Quantification of cytosolic antioxidant enzymes was obtained
by staining the cell suspension with specific antibodies against
catalase (CAT) (GenTex, GTX110704) and superoxide dismutase
(SOD) (abcam, ab13534). A total of 1 x 10° cells in saline buffer
were incubated with 1 pL of the corresponding antibody, and
then incubated for 30 min in the dark. The samples were col-
lected in a CytoFlex Kit, and data analyzed using the FlowJo
software.

Expression of antioxidant response regulatory genes

Expression of antioxidant response regulators was done by
gRT-PCR quantifying mRNA of Cap “n” collar isoform C (CnCC)
and Spineless (Ss) genes. Total RNA was extracted using the
Trizol method (Invitrogen, CA, USA). About, 2 pg of RNA
was reverse transcribed into cDNA using the enzyme M-
MLV RT (Promega, WI, USA) at 42°C, and using Oligo-dT15
(Promega). The Maxima SYBR Green gRT-PCR Kit (Thermo
Scientific, OR, USA) was used for qRT-PCR analysis. For every
20 pL reaction, 2 pL of cDNA were used, which were mixed
with 10 pL of 2 SYBR Green reaction mix, .5 pL of specific
oligonucleotides (10 pmol/ pL), and 7 pL of RNA-free water.
The reaction conditions were 95°C for 15 min followed by
40 cycles of 95°C for 45 s, and 60°C for 1 min, these reac-
tions were performed in triplicate. The sequence of oligonu-
cleotides used was CnCC: 5‘-GGTGGACTACGGACTACAA-3‘ and
5‘-AGCGATGGAGCAGGTAATC-3'; Spineless (Ss): 5'-ACTGGATCGA-
CTGAGCATTC-3' and 5‘-CGTGCCTGTAGCCGTCAT-3‘. The quan-
tification was done following Pfaffl [23].
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Chemicals and reagents

Collagenase (CAS-No. 9001-1-12-1), dichlorofluorescein diacetate
(DCF-DA; CAS-No. D6883), rhodamine 123 (CAS-No. R8004),
and zearalenone (CAS-No. 17924-92-42) were purchased from
Sigma Aldrich (St. Louis, MO, USA). Formula 4-24® Instant
Drosophila medium was purchased from Carolina Biological
Supply Co. (NC, USA). Rabbit polyclonal antibodies to catalase
(CAT; CAS-No. GTX110704) was purchased from GeneTex, Inc.,
North America; rabbit polyclonal antibodies to superoxide
dismutase (SOD, Cat. No. ab13534) was purchased from abcam plc
(Cambridge, UK). TRIzol™ LS (Cat. No. 10296028) was purchased
from Invitrogen (CA, USA). Maxima SYBR Green/ROX gqRT-PCR
Kit (Cat. No. K0221) was purchased from ThermoFisher Sci. (OR,
USA). M-MLV reverse transcriptase was purchased from Promega.
(W1, USA).

Statistical analysis

Data were analyzed using GraphPad Prism v6.0 software. Results
represent the mean of at least three independent experiments;
bar + S.D. Two-way analysis of variance (treatment by time)
(ANOVA test) was used for statistical analysis of differences in
values among multiple groups. A Student’s t-test was used to
determine the statistical significance of differences in values
between two groups (analysis between each two different treat-
ments at each time). Statistical significance was defined as a P
value <.05.

Results
Determination of ROS and mROS

The first parameter evaluated was the basal mROS by flow
cytometry in both strains, before this quantification, we evalu-
ated the integrity of the isolated mitochondria, by staining with
Rhodamine 123, which showed that 85% of the isolated mito-
chondria remained viable to perform the quantification of mROS.
When comparing the number of mROS-positive mitochondria
between strains, we found 35.3% in Canton S, while it was 47.6%
in Oregon R(R)-flare, a 34% increase of positive mROS mitochon-
dria (Fig. 1 left side) of this strain. As for the total number of ROS
positive cells by DCF-DA staining, no difference was observed
between strains, showing 80-82% positive cells (Fig. 1 right side).

Later, to compare the relative concentration of basal ROS
and mROS between strains the average intensity of fluorescence
(MFI) obtained in the cytometry was used. The analysis showed
more than twice the concentration of ROS in Oregon R(R)-flare
than in Canton-S (Fig. 2 right side). For mROS concentration, the
comparison of MFIs showed no statistical difference between
strains (Fig. 2 left side).

Quantification of CAT and SOD

To evaluate and compare the cellular mechanisms that regulate
ROS concentration in both strains, we quantified CAT and SOD
through specific antibodies and flow cytometry. The data show
that CAT expressed 59% more concentration in Oregon R(R)-flare
compared to Canton-S strain, for SOD the increase was 38% more
in Oregon R(R)-flare than in Canton-S strain (Fig. 3).
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Figure 1: Mitochondria and cells positive for DCF-DA staining (30,000 events)

percentage. The values are expressed as average + SD calculated from three
independent tests. ***p<0.001, two-tailed t-test (capped line).
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Figure 2: mROS and ROS concentration represented by the fluorescence intensity
average of DCF-DA staining positive cell and mitochondrial populations (30,000
events). Values are expressed as average =+ SD calculated from three independent
assays. ¥***p<0.0001, two-tailed t-test (capped line).

Quantification of ROS regulatory genes

In addition to cytosolic antioxidant enzymes, other important
mechanisms of cellular response to ROS are the activation of
alternative antioxidant mechanisms such as expression of CnCC
and Ss genes. Then, the relative concentration of mRNA of these
regulators in midgut cells of both strains were evaluated. The
expression of CnCC gene was more than 150 times higher in
Oregon R(R)-flare than in Canton-S (Fig. 4 left side). While for the
regulatory gene Ss, the difference is even greater, 9000 times more
mRNA concentration in Oregon R(R)-flare than in Canton-S (Fig. 4
right side).
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Figure 3: Quantification of catalase (CAT) and superoxide dismutase (SOD)
enzymes. The graph represents the fluorescence intensity average of the positive
cells at staining with the corresponding antibodies (20.00 events). The values
are expressed as an average + SD calculated from three independent assays.
%P <0.0001, **p<0.0025, two-tailed t-test (capped line).
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Figure 4: Expression of oxidative stress response regulators: CnCC and Ss. The
graph represents the relative expression of CnCC and Ss by qRT-PCR. g-Actin
was used as a housekeeping gene. The values are expressed as an average + SD
calculated from three independent trials. ****p<0.0001, ***p<0.001, two- tailed
t-test (capped line).

Response to a pro-oxidant environment

Drosophila melanogaster strains larvae were exposed to pro-
oxidant environment generated by ZEN, which is an inducer of
oxidative stress in different cells [20, 24], then midgut cells were
isolated and total ROS generation was measured by strain. Both
strains showed increased ROS positive cells compared to the
control samples; however, in Canton-S strain, ROS generation
was higher since the treatment with ZEN increased ROS ~ 2-fold
related to unexposed larvae, while Oregon R(R)-flare increased
.35 times more than its control (Fig. 5).



120

*kkk

*kkk

100 —

80+

60- Hekekk

% of positive events

- e
S
0 e,
S
2 v g
& :13’ '1$'
S
& &
(o) * 0’0
S o
o &
o®

Figure 5: Oxidative stress in the presence of zearalenone. The graph represents
the positive cells number to reactive oxygen species with and without exposure
to zearalenone, as well as the comparison with their controls (phosphate buffer).
The values are expressed as an average + SD calculated from three independent
assays. ****p<0.0001, two-tailed t-test (capped line).

Discussion

Our work compared the mechanisms of response to a pro-
oxidant environment (oxidative stress) of two strains of
Drosophila melanogaster, one with a wild-type genetic background
(Canton-S) and another with a documented resistance to
insecticides (Oregon R(R)-flare) and high levels of xenobiotic
metabolism Phase I Cyp450s proteins [18, 19]; all this describe
whether there are differences in oxidative stress resistance
among strains, which makes one or other strain more susceptible
or resistant to alterations generated by such stress, and
putatively associated with genetic background differences.
Accordingly, the basal total and mitochondrial ROS clearly
suggest the susceptibility to aging and damages generated by
oxidative stress [25], but also differences between strains and
genetic variants of different organisms [26-28].

ROS comparison between Canton-S and Oregon R(R)-flare
strains showed no significant difference in the number of midgut
cells positive for DCFA staining; however, it showed higher total
ROS in the Oregon R(R)-flare strain, which suggest that the pesti-
cide resistant strain carries a higher baseline state of oxidative
stress that is correlated with expressing more CAT and SOD,
compared with Canton-S strain. In addition, the basal number of
mitochondria positive for ROS is also higher in the Oregon R(R)-
flare strain, which could be involved in a mitochondrial origin of
oxidative stress, as have been described for neurodegenerative
and metabolic disorders [29, 30].

Furthermore, mitochondrial mutations increase mROS to
total oxidative stress, even though this is controversial related to
aging [31]. This scenario suggests that the differences between
strains could be found in mitochondrial DNA, in addition to the
nuclear genetic markers already reported [18].

Sigrist-Flores etal. | 821

The difference in ROS concentration and mROS-positive mito-
chondria could be related to pesticide resistance as reported
in different insects [32, 33]; however, this higher stress in the
resistant strain should be compensated by increased regulatory
mechanisms of oxidative stress, such as cytosolic antioxidant
enzymes [33] and oxidative stress regulators [34]. This difference
was observed in the Oregon R(R)-flare strain showing a higher
concentration of CAT and SOD, and a higher quantity of mRNA
from CnCC and Ss genes. The CnCC and Ss genes are transcrip-
tion factors that regulate the expression of several detoxifi-
cation genes responsible for counteracting oxidative stress, of
metabolism, signal-sensing domain related to pathways during
hypoxia, circadian rhythms signaling, or toxins, and even the
function of stem cells [35-37]. Under non-stress conditions, CnCC
protein is bound to a cytosolic Keap1 inhibitor. Keap1 suppresses
CnCC activity by sequestering it in the cytoplasm, so Keapl can
function as another oxidant sensor that could be evaluated in
future studies as another element in the regulation of the redox
state in these strains [38].

Our results confirm the idea that insecticide resistance is not
restricted only to the activity of Cyp450s [19], and as recently
described by Lu and collaborators [39], this phenomenon of toler-
ance depends on a mechanism that adds the high levels of ROS,
the overexpression of regulators such as CnCC and the already
known response of Cyp450s; therefore, a higher baseline state
of oxidative stress in Oregon R(R)-flare strain as well as the
constant overexpression not only of the antioxidant CnCC and
Ss regulators but also of its response elements downstream such
as CAT and SOD [40], and mitochondria’s ROS high production
could correspond to the mechanisms that confer the pesticide
resistance reported to the Oregon R(R)-flare strain.

Added to the above, the better antioxidant response of the
Oregon R(R)-flare strain to the pro-oxidant environment rein-
forces the idea that all these cells’ strategies: the elevated levels
of antioxidant agents, and a higher baseline state of oxidative
stresses are an advantage over toxic agents such as insecticides
or any other pro-oxidant agent as the mycotoxin ZEN.

Conclusion

Our data show a clear difference in the oxidative state and the
oxidative response of both strains, besides that these differences
may correspond to variations in the genetic background of both
strains, which may include the mDNA, in addition, these dif-
ferences reveal a possible mechanism for pesticide resistance
that not only depends on the activity of Cyp450s but also on a
higher basal state of total ROS and mROS, of cytosolic antioxidant
enzymes, and overexpression of two regulators of the antioxi-
dant response, proposal that should be corroborated by further
research.
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