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ABSTRACT The aim of the study was to determine the accuracy of near-infrared spectroscopy (NIRS) in
determining species, gender, age, and the presence of the common endosymbiont Wolbachia in
laboratory-reared Drosophila. NIRS measures the absorption of light by organic molecules. Initially,
a calibration model was developed for each study. An independent set with ﬂies not involved in initial crossvalidation was then used to validate the accuracy of each calibration model. Flies from the independent sets
were correctly classiﬁed into Drosophila melanogaster and Drosophila simulans with 94% and 82% accuracy, respectively, whereas ﬂies were successfully classiﬁed by gender with accuracy greater than 90%.
In the age grading test, correlation plots of the actual and predicted age for males and females of
D. melanogaster and D. simulans were shown to be overlapping between the adjacent age groups. It is,
however, possible to predict the age of ﬂies as less than 9 days of age with 62–88% accuracy and ﬂies that
are equal to or older than 9 days of age with 91–98% accuracy. Finally, we used NIRS to detect the presence
of Wolbachia in ﬂies. Flies from the independent sets were successfully identiﬁed as infected or not infected
with Wolbachia with approximately 90% accuracy. These results suggest that NIRS has the potential to
quantify the species, gender, and presence of Wolbachia in ﬂy populations. However, additional optimization of the protocol may be necessary before the technique can reliably estimate ﬂy age.

Near-infrared spectroscopy (NIRS) has the potential to detect the
chemical “ﬁngerprint” of a speciﬁc sample. It detects the stretching
and bending of CH, NH, and OH functional groups caused by the
light absorption of organic molecules from 350 nm to 2500 nm
(Pasquini 2003; Shenk et al. 2001). An additional beneﬁt of NIRS is
that it is noninvasive (Pasquini 2003), which means that live biological
samples as well as untreated samples can be included in subsequent
studies after screening. NIRS has been extensively used in a wide
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variety of situations, including the determination of the fat content
in salmon (Sollid and Solberg 1992), oyster condition (Brown 2011),
identiﬁcation of minerals in mines (Duke 1994; Frost et al. 2005) and
determination of wheat quality (Dowell et al. 2006). In insects, species
identiﬁcation studies that used NIRS have also been successfully completed in termites (Aldrich et al. 2007), mosquitoes (Mayagaya et al.
2009), and beetles (Perez-Mendoza et al. 2004). The NIRS method also
has been used to determine the age of house ﬂies (Perez-Mendoza et al.
2002), beetles (Perez-Mendoza et al. 2004), and mosquitoes (Mayagaya
et al. 2009; Sikulu et al. 2011). The goal of this study was to determine
whether NIRS is an appropriate tool for determining the species, gender, age, and the presence/absence of the symbiont Wolbachia in
reared Drosophila. This research has the potential to serve as the basis
for investigating the age-structure of Drosophila ﬁeld populations and
may be useful for modeling the spread of Wolbachia in nature.
In this study, NIRS ﬁrst was used to differentiate two Drosophila
sibling species by determining their metabolomic proﬁles. We then
determined the accuracy of NIRS in determining the gender of each
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species. Drosophila melanogaster and Drosophila simulans are cosmopolitan human commensal sibling species. Male D. melanogaster and
D. simulans can be distinguished by the external genitalia, but females
are more difﬁcult to identify (Sturtevant 1920). The Drosophila model
has greatly contributed to the development of a wide range of disciplines, including, but not limited to, modern genetics (Morgan 1914),
understanding of human diseases (Reiter et al. 2001), ageing (Ballard
2005; Ballard et al. 2007; Katewa and Ballard 2007a,b), and
host2symbiont interactions (Hoffmann et al. 1990; Turelli and
Hoffmann 1991, 1995; Min and Benzer 1997; Turelli 2010).
We tested whether NIRS can accurately determine the age of
laboratory reared ﬂies. Effective modeling of species with overlapping
generations should include accurate information on population age
structure (Hancock et al. 2011). If a population can be partitioned into
gender-speciﬁc age groups that differ in survival rate and/or reproductive success, then it is important to identify the proportion of each age
group to accurately model the dynamics of the entire population.
Based on the proportion of each age group, a full life-table analysis
with survival rate and fecundity can then be developed (Detinova
1968; Rasgon and Scott 2003). Up until the turn of the century, most
of the age-grading methods for insects were based on changes in the
reproductive system, such as the changes in follicular development, the
appearance of the male and female reproductive tract, as well as
the accumulation of follicular relics (Hayes and Wall 1999). Most of
these techniques are destructive, inefﬁcient, labor intensive, and require
highly skilled analysis. In 2007, a new technique known as transcriptional age-grading was introduced. This method measured the variation of gene expression that changes with age and uses the resulting
information to develop a transcriptional proﬁle (Cook et al. 2007).
Although this strategy is an important step forward, the technique is
both expensive, time consuming, and destructive to the sample. As
a consequence of these limitations, the NIRS method has been proposed as an important technical development for species identiﬁcation
of sibling species (Perez-Mendoza et al. 2002, 2004; Aldrich et al. 2007;
Mayagaya et al. 2009; Sikulu et al. 2011) as well as age grading of the
species (Perez-Mendoza et al. 2002, 2004; Mayagaya et al. 2009).
Finally, we determine whether NIRS can detect the presence of the
common arthropod symbiont Wolbachia. Wolbachia is believed
to infect at least 22% of all insects, including multiple species of
Drosophila (Jeyaprakash and Hoy 2000; Werren and Windsor
2000). Although infection by Wolbachia is most usually maternally
transmitted and primary affects the germ line cell, the symbiont
frequently is found in nonreproductive host tissues (Dobson et al.
1999). In Drosophila, Wolbachia may cause cytoplasmic incompatibility, which results in sperm and eggs being unable to form viable
offspring (Werren 1997). This phenomenon increases the ﬁtness of
Wolbachia-infected females and may drive the infection to spread
rapidly within and between the populations (Turelli and Hoffmann
1991, 1995). During the last decades, the frequency dynamics of
Wolbachia have been extensively studied and modeled in Drosophila
(Hoffmann et al. 1990, 1999; Turelli and Hoffmann 1991). Wolbachia also has been proposed as a novel-biocontrol agent (Cook et al.
2008; McMeniman et al. 2009) and the rapid determination of its frequency in populations will impact upon the success of these endeavors.
A four-step approach was used in this study. First, we tested
whether NIRS can differentiate the sibling species D. melanogaster and
D. simulans. Second, we used NIRS to distinguish ﬂies by gender.
Third, we quantiﬁed the accuracy of NIRS in determining the age
of laboratory-reared ﬂies. Finally, we quantiﬁed the accuracy of NIRS
in detecting whether a ﬂy is infected with Wolbachia. Species, gender,
and the presence of Wolbachia were identiﬁed with high accuracy, but
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the ability to determine the age of individual ﬂies of each species was
more varied.
MATERIALS AND METHODS
Flies and husbandry
For the species, gender and age studies, two lines of Drosophila,
D. melanogaster and D. simulans, were included. For consistency in this
study, we refer to the D. melanogaster lines as D. melanogaster Alstonville (Alst) and D. melanogaster Dahomey (Dah). The lines were
constructed by chromosome replacement using balancers and differed
only in their mitochondrial genomes. To summarize, chromosomes X,
2, and 3 from the wild-type lines were replaced with homozygous
chromosomes from the w1118 iso line (Clancy 2008). The D. simulans
lines were collected and maintained as isofemales in Kenya (Ky) in
2011 and Hawaii (Hw) in 2009. before the commencement of the
study all ﬂies were visually examined to ensure no mixture of species
(Sturtevant 1920). For the Wolbachia identiﬁcation test, two lines of
D. simulans were included. The ﬂies were collected in Hawaii as isofemales in 2009 and named Hw2 and Hw152. The ﬂies were identiﬁed
as being infected with the Wolbachia wHa strain (C. C. Correa and J.
W. O. Ballard, unpublished data). The Wolbachia uninfected strains
were created by treatment of larval food with 0.03% tetracycline in
water. Antibiotic-treated ﬂies were tested by polymerase chain reaction
(PCR) to conﬁrm they were not infected with Wolbachia (Hoffmann
et al. 1986). To minimize the inﬂuence of tetracycline, ﬂies were raised
at low density for at least ﬁve generations before the commencement of
all studies (Ballard and Melvin 2007).
Flies were reared at 23 in a relative humidity of 50% under
a 12:12-hr light:dark cycle. The density of ﬂies in bottles was strictly
controlled for at least two generations before the experiment was
performed (Hercus and Hoffmann 2000). Oviposition resources (solidiﬁed agar2based medium containing 4% agar and 10% molasses)
were placed in cages containing ﬂies for 1 day. The eggs were collected
and washed from the oviposition resources with 3% bleach followed
by distilled water (Clancy and Kennington 2001). Approximately 170
eggs were transferred by pipette onto ﬂy food. For the species, gender,
and age studies larvae were raised on instant food (Carolina Biological
Supply Company, Burlington, NC), and adults were transferred to
adult food consisting of sucrose, yeast, agar, nipagen, and distilled
water. For the Wolbachia identiﬁcation test, larvae were fed on semolina, yeast agar diet, and then transferred to adult food.
Near-infrared spectroscopy
As a basis for future ﬁeld studies, a four-step approach was used to
determine the utility of NIRS to identify the species, gender, age, and
the presence of Wolbachia in laboratory-reared ﬂies. Initially, a calibration model was developed for each study. An independent test set with
ﬂies not involved in initial cross-validation was used to validate the
accuracy of each calibration model.
Either fresh ﬂies or ﬂies stored in RNAlater (Ambion, Inc., Austin,
TX) were included. For scanning of fresh ﬂies, ﬂies were anesthetized
with humidiﬁed CO2 for 1 hr immediately before the scan was performed. For the Wolbachia identiﬁcation test, fresh ﬂies were submerged in RNAlater in 0.6 mL of microcentrifuge tube and scanned
after 1 week. The RNAlater preservation method was shown to give
similar accuracy in comparison with scanning the fresh insects (Sikulu
et al. 2011). Flies were dried on a paper towel for 1 min before the
scanning.
The system set-up follows Mayagaya et al. (2009). For scanning,
about 25 ﬂies were placed on a spectralon plate (ASD Inc., Boulder,

Colorado, CO) and one ﬂy scanned at a time. The ﬂies were placed
2 mm below a 3-mm diameter bifurcated ﬁber-optic reﬂectance probe
which contained 33 illumination ﬁbers and 4 collection ﬁbers. Diameter of probe was shown to affect the classiﬁcation studies; therefore, all
scanning were done using a 3-mm diameter reﬂectance probe
(Mayagaya et al. 2009). In all studies, the probe was focused on the head
and thorax on the dorsal side of the ﬂies. Spectra were collected with
a portable LabSpec 5000 spectrometer (350-2500 nm; ASD Inc.), and 50
spectra were collected from each ﬂy and stored as an average spectrum.
All spectra were collected using either ASD software Indico Pro 6.0.4
(ASD Inc.) or RS3 Spectral Acquisition Software 6.0.10 (ASD Inc).
NIRS species identiﬁcation
The ﬁrst step of our approach was to determine whether NIRS could
be used as a fast and effective strategy to distinguish between
D. melanogaster and D. simulans. One calibration model was generated
using ﬂies of each species and gender. Calibration models were developed using D. melanogaster Alst and D. simulans Hw with ﬁve
different age cohorts (1, 9, 13, 17, and 25 days after eclosion).
D. melanogaster Dah and D. simulans Ky ﬂies from two different
age cohorts (5 and 21 days after eclosion) were subsequently included
in the calibration model to increase the accuracy of species classiﬁcation. The remaining ﬂies in D. melanogaster Dah (5 and 21 days after
eclosion) and D. simulans Ky (13 days after eclosion) were used as the
independent set to estimate the accuracy of species identiﬁcation. Flies
that were 5, 13, and 21 days old were chosen in the independent set
because these ages lie between the range of the calibration model
(1225 days after eclosion) and are critically important for accuracy
prediction.
Average and individual spectra were compared between species.
For all spectra, the known species of ﬂy was compared with that
predicted from the NIRS scan. In contrast to the actual species, which
is discrete, the result obtained from the NIRS scan is a continuous
variable. The closer the predicted scan result is to the actual or known
result the greater the accuracy of prediction. The spectra of D. melanogaster ﬂies were assigned a value of 1, and D. simulans ﬂies were
assigned a value of 2. The value of 1.5 was considered as the cut-off
point for species identiﬁcation. Flies with a predicted value less than
1.5 were classiﬁed as D. melanogaster, whereas those with a predicted
value equal to or greater than 1.5 were classiﬁed as D. simulans.
NIRS gender classiﬁcation
The second step of our approach was to determine whether NIRS
could distinguish the gender of each species. For the gender
classiﬁcation test, two calibration models were generated using

Figure 1 Mean spectra of all D. melanogaster and all D. simulans
samples.

D. melanogaster Alst and D. simulans Hw ﬂies. Approximately 45
ﬂies of each species and gender were scanned in seven age cohorts
(1, 5, 9, 13, 17, 21, and 25 days after eclosion). Flies of different age
groups were scanned in order and on different days. D. melanogaster Dah and D. simulans Ky were used as the independent
set. For the independent set, approximately about 45 ﬂies from
each species and gender were scanned in three different age groups
(5, 13, and 21 days after eclosion). The accuracy of the independent
test set was then estimated.
Average and individual spectra were compared between males and
females. For all spectra, the known sex of ﬂy was compared with that
predicted from the NIRS scan. For all spectra, males were arbitrarily
assigned with a value of 3 and females a value of 4. The value of 3.5
was considered as the cut-off point for gender identiﬁcation. Flies with
a predicted value less than 3.5 were classiﬁed as male, whereas those
with a predicted value equal to or greater than 3.5 were classiﬁed as
female.
NIRS age grading
The third step was to determine whether NIRS could age grade ﬂies of
each species and sex. In the laboratory, male and female Drosophila
can age at different rates (Fukui et al. 1993). Male w1118 ﬂies were
found to have a longer lifespan in comparison with females. For the
age grading test, four calibration models were generated for two lines
of each species and sex. Males and females of D. melanogaster Alst and
D. simulans Hw were used to develop the calibration model. About 45
ﬂies from each line and sex were scanned in seven age cohorts (1, 5, 9,
13, 17, 21, and 25 days after eclosion). The independent test set was
generated using D. melanogaster Dah and D. simulans Ky ﬂies. For the
independent test about 45 ﬂies from each line and sex were scanned in
three different age groups (5, 13, and 21 days after eclosion) and the
age cohort estimated using the appropriate calibration model.
Flies were assigned into three age groups according to their
predicted age. Flies having a value of less than 9, 9-18, and greater
than 18 days of age were predicted to be young, middle-aged, and old,
respectively. Flies less than 9 days of age were considered young
because no decline of lifespan in w1118 ﬂies was detected. Age 9-18
days was categorized as middle-aged because the mortality rate for
w1118 ﬂies start increasing after 9 days old (Clancy 2008). We labeled
ﬂies greater than 18 days of age as old. In nature, few Drosophila likely
survive longer than 26 days so ﬂies older than 18 days of age are
typically in the ﬁnal third of their lifespan (Robson et al. 2006).

Figure 2 Regression coefﬁcient plot for classifying D. melanogaster
and D. simulans in the calibration model. The plot was generated with
a 25-period moving average. (A) 1225 nm, (B) 1390 nm, (C) 1450 nm,
(D) 1540 nm, (E) 1570 nm, (F) 1620 nm.
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n Table 1 Accuracy of D. melanogaster and D. simulans species
identiﬁcation in the independent set: The accuracy of prediction
was compared using different calibration models
Accuracy of
Species Identiﬁcation, %
Calibration model
D.
D.
D.
D.
D.
D.

melanogaster Alst, n = 502
melanogaster Dah, n = 202
simulans Hw, n = 472
simulans Ky, n = 171
melanogaster Alst, n = 705
simulans Hw, n = 649

D. melanogaster

D. simulans

94

82

93

74

One calibration model was developed using two lines of D. melanogaster and
D. simulans. Another calibration model with single lines of D. melanogaster and
D. simulans was developed, and the accuracy of prediction was compared between both models.

Figure 3 Near-infrared spectroscopy species prediction for D. melanogaster (D. mel) and D. simulans (D. sim). Plot shows actual species
against predicted species. Dotted line indicates cut-off point for delimiting species.

NIRS Wolbachia identiﬁcation
Finally, we assessed whether NIRS can detect the presence of
Wolbachia in males and females D. simulans. For the Wolbachia
identiﬁcation test, calibration models were developed using two groups
of Wolbachia infected and noninfected D. simulans (Hw2 and Hw152,
both uninfected and infected). Flies were scanned at 15 days of age.
D. simulans is predicted to have a generation time of approximately
25 days in nature, and matings are predicted to include males that are
older than 14 days of age (Turelli and Hoffmann 1995). Flies that were
excluded from the calibration model were used as the independent test
set to estimate the accuracy of Wolbachia identiﬁcation.
Average and individual spectra were compared between infected
and uninfected ﬂies. For all spectra in this test, the Wolbachia infected
ﬂies were arbitrarily assigned a value of 5 and noninfected ﬂies a value
of 6. The value of 5.5 was considered as the cut-off point for
Wolbachia infection. Flies with a predicted value of less than 5.5 were
classiﬁed as infected, while those with a predicted value equal to or
greater than 5.5 were classiﬁed as non-infected ﬂies.
Data analysis
All spectra with ASD format were converted into SPC format by the
Asd to Spc convertor version 6 (ASD Inc.). During the conversion, the
spectra were transformed into Log 1/R. All spectra were meancentered before analysis (Martens and Naes 2001) and then analyzed
with GRAMS IQ 9.1 (Thermo Galactic, Salem, NH). The spectra from
the independent test set were predicted with GRAMS IQ 9.1.
The initial examination of the average spectra showed considerable
overlap between species. As a consequence, the calibration model was
developed using partial least square (PLS) regression including ﬂies
from different age cohorts using the leave-one-out cross validation
method (Mark 2001; Cawley and Talbot 2003). In this method, one
sample is omitted from the sample set, and the remaining samples are
used to generate a calibration equation. The omitted sample is predicted using the equation and then returned to the set followed by
removal of the next sample. The process is repeated until all samples
in the sample set are included in developing the equation. This technique slightly overestimates the accuracy of the prediction (Mark
2001).
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Factor loading plots were used to identify the areas that have
importance in the model. In addition, these plots can be used to
identify areas that contain noise, which would be detrimental to the
model. Factor loading plots show that the background noise of the
spectra increases outside the 50022200 nm region. As a consequence,
the region outside of 50022200 nm was excluded before statistical
analysis. The spectra were preprocessed using the Savitzky2Golay
(SG) ﬁrst derivative. This correction will bring the spectra to a common baseline by pulling out changes in the Y-axis and increases the
signal-to-noise ratio (Savitzky and Golay 1964; Schrader 2008).
The point smoothing function with maximum accuracy in the
independent test set was chosen. For the species-identiﬁcation test, the
spectra were processed using the SG ﬁrst derivative with 45-point
smoothing function. For both the age grading and Wolbachia
identiﬁcation tests, the spectra were processed using the SG ﬁrst
derivative with 35-point smoothing function. In the gender-classiﬁcation model, a slight decrease in accuracy was found in the SG
processed spectra. Therefore, the original spectra without SG
processing were included. The number of factors in the PLS regression
plot was determined by predicted residual error sum of squares plot,
which estimates the error that would be encountered in measuring new
samples of a similar type. The calibration model with minimum
number of factors in the predicted residual error sum of squares and
maximum classiﬁcation accuracy in the independent test set was
chosen.
Outlier spectra were determined using spectral residual plot. This
plot is useful for identifying samples that are spectrally different than
the rest of the samples. In the spectral residual plot, outlier samples
were marked using Mahalanobis distance. In summary, Mahalanobis
distance measures the distance based on a set of multivariant data.
The spectra were marked as outlier when the point of data spread
outside 3 Mahalanobis distance. A further description of Mahalanobis
distance is given by Mark (2001).
RESULTS
NIRS species identiﬁcation
Initially, the individual and average spectra were examined visually.
This initial analysis showed considerable overlap in individual spectra
between species. Although there was noticeable offset in the average
spectra, the pattern is broadly similar between the species (Figure 1).
Plausibly, this offset may be caused by the physical effect of artifact
light scattering, which does not carry any chemical or physical information. As a consequence, the PLS with cross-validation diagnostic

n Table 2 Accuracy of D. melanogaster and D. simulans gender classiﬁcation in the independent set
Accuracy of Gender Classiﬁcation, %
D. melanogaster Dah
Male, n = 152
95

D. simulans Ky

Female, n = 172

Male, n = 158

Female, n = 153

97

94

92

method was used to develop the calibration model. A regression coefﬁcient plot of the calibration model for species classiﬁcation is
shown in Figure 2. The regression coefﬁcient displays the component
of interest of the property being investigated and shows peaks in the
region 50021650 nm. Notably, peaks at regions around 1225, 1390,
1450, 1540, 1570, and 1620 nm show important NIR differences
(Shenk et al. 2001) (Figure 2). Essentially these peaks show regions
of differences between the species tested.
Flies from the independent set were correctly classiﬁed as D. melanogaster and D. simulans (Figure 3) with 94% and 82% accuracy,
respectively (Table 1). D. simulans had a 8% reduction in accuracy of
species prediction when the D. simulans Ky and D. melanogaster Dah
lines were excluded from the calibration model. This reduction in
accuracy was not obvious in D. melanogaster ﬂies.
NIRS gender classiﬁcation
Flies from the independent set were successfully classiﬁed by gender
with accuracy greater than 90% (Table 2). Flies from the D. melanogaster Dah line were correctly classiﬁed as males and females with
95% and 97% accuracy, respectively (Table 2 and Figure 4A). For the
D. simulans Ky line, the accuracy of gender classiﬁcation was 94% in
males and 92% in females (Table 2 and Figure 4B).
NIRS age grading
In the age-grading test, correlation plots of the actual and predicted
age for males and females of D. melanogaster Alst and D. simulans Hw
were shown to overlap between the adjacent age groups (Figure 5),
Generally, the mean predicted age for males and females of both
species is underpredicted for ﬂies older than 13 days and overpredicted for ﬂies younger than 9 days, with the exception of male
D. simulans Hw (Table 3).
The independent set with different ﬂy lines was developed to
validate the accuracy of prediction of the calibration model. For the
independent set, the D. melanogaster Dah line had a lower accuracy of
age prediction in younger ﬂies. In contrast, the D. simulans Ky line
had a lower accuracy of age prediction in older ﬂies (Table 4). Similar
results were seen across both sexes. The accuracy of age prediction for

Figure 4 NIRS gender classiﬁcation of Drosophila species. (A) Actual
sex against predicted sex for male (♂) and female (♀) D. melanogaster.
(B) Actual sex against predicted sex for male (♂) and female (♀)
D. simulans. Dotted line indicates cut-off point for classiﬁcation of sex.

ﬂies in the independent set (, 9 days old, 9218 days old, and .18
days) ranges from 37 to 88% (Table 4). The low accuracy of prediction
was caused by the 21-day-old ﬂies being predicted to be middle-aged
(9218 days old). It is, however, possible to distinguish D. simulans Ky
ﬂies as younger than 9 days of age, or older than, or equal to 9 days of
age (Figure 5, C and D), with an accuracy of 78–98% (Table 4).
NIRS Wolbachia identiﬁcation
Finally, we used NIRS to detect the presence of Wolbachia in
D. simulans. Flies from the independent test set were successfully identiﬁed as Wolbachia infected or noninfected with 87% and 92% accuracy, respectively (Table 5 and Figure 6).
DISCUSSION
NIRS is a noninvasive technique that detects absorption of light
mainly by CH, NH, and OH functional groups from 350 to 2500 nm
(Shenk et al. 2001; Pasquini 2003;). NIRS has been extensively used in
a wide variety of situations, including cryptic species identiﬁcation
(Perez-Mendoza et al. 2004; Aldrich et al. 2007; Mayagaya et al.
2009). In this study, D. melanogaster and D. simulans were successfully identiﬁed with an accuracy of 80% or greater. Peaks displayed in
regression coefﬁcient plots represent differences between chemical
compositions of the different Drosophila species included in this study
(Figure 2). The functional group absorption in lipid and water contributed most of these peaks. Lipid absorption will give rise to the peak
around region 1225, 1390, and 1620 nm, which is caused by the ﬁrst

Figure 5 NIRS age grading of Drosophila species. Dotted lines refer
to age classiﬁcation of ﬂies as either young (,9 days), middle-aged
(9218 days), or old (.18 days). Filled and nonﬁlled symbols represent
values in the calibration model and independent set, respectively. (A)
Actual vs. predicted age of male D. melanogaster Alst and Dah. Alst
predicted age = 1.03 + (0.92 · actual age) (r2 = 0.88) (B) Actual vs.
predicted age of female D. melanogaster Alst and Dah. Alst predicted
age = 1.22 + (0.90 · actual age) (r2 = 0.86). (C) Actual vs. predicted age
of male D. simulans Hw and Ky. Hw predicted age = 1.20 + (0.91 ·
actual age) (r2 = 0.87) (D) Actual vs. predicted age of female D. simulans Hw and Ky. Hw predicted age = 1.28 + (0.90 · actual age) (r2 =
0.87).
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n Table 3 Predicted age for males and females of D. melanogaster Alst and D. simulans Hw in the calibration model
Predicted Age, Days
D. melanogaster Alst
Male, n = 344
Actual age, days
1
5
9
13
17
21
25

D. simulans Hw

Female, n = 357

Male, n = 314

Female, n = 324

Mean

SD

Mean

SD

Mean

SD

Mean

SD

1.47
5.93
10.07
12.28
16.63
20.09
24.31

2.95
2.34
2.40
2.67
2.52
3.10
2.61

1.69
5.78
10.30
12.62
16.29
19.72
24.12

2.74
2.32
2.43
3.08
2.38
2.76
3.33

2.06
6.34
8.96
13.20
15.83
20.35
24.39

2.76
2.68
2.66
2.33
2.65
2.88
2.80

2.27
6.32
9.42
12.36
15.85
20.67
24.16

2.59
2.11
2.84
2.26
3.47
2.75
3.42

and Markow 2001), which may be due to differences in lipid levels
and composition required for egg production (Fairbanks and Burch
1970; Djawdan et al. 1996).
Age-grading of ﬂies was predicted with lower accuracy than the
three other variables tested, and additional optimization of the
protocol will need to be considered before the technique can reliably
estimate the age of ﬁeld collected ﬂies. Most generally, the mean
predicted age for males and females of both species is underpredicted
for ﬂies older than 13 days and overpredicted for ﬂies younger than 9
days. In D. melanogaster, the Alst line was used to develop a calibration
model to predict the independent test set of Dah line (Figure 5). A
higher accuracy of age estimation for D. melanogaster compared with
D. simulans is expected because the lines used in developing the
calibration model and independent test set have a homogeneous nuclear background (although some variation may exist on chromosome
four) and the mitochondrial DNA differs by just two amino acids
(Clancy 2008). In comparison, the D. simulans ﬂies were collected
from geographically distant locations. D. simulans could be classiﬁed
as young (less than 9 days old) or as middle-aged/old ﬂies ($9 days of
age). It has long been known that the lipid cuticle hydrocarbon content changes with age in house ﬂies. Notably, the level of unsaturated
hydrocarbon is much greater in older houseﬂies (Gibbs et al. 1995).
The same hydrocarbon changes also were observed in Drosophila
species. In D. melanogaster, the level of 7,11-nonacosadiene was found
to increase with age. In contrast, 7,11-hexacosadiene decreases with
age (Kuo et al. 2012). Based on the aforementioned ﬁndings, we
hypothesize that the age-grading model in our study detected the
age-speciﬁc changes in cuticle hydrocarbon. NIRS has been successfully used in age grading of houseﬂies and mosquitoes. In house ﬂies,
93% of ﬂies were correctly classiﬁed into two groups: younger than or
equal to 3 days of age, or older than or equal to 7 days of age (PerezMendoza et al. 2002). In mosquitoes, approximately 80% of female
mosquitoes were correctly classiﬁed as either younger than 7 days of
age or older than or equal to 7 days of age (Mayagaya et al. 2009).

overtones of CH group absorption as well as the combination of
ﬁrst, second, and third overtones of CH absorption in the CH2 and
CH3 groups. Peaks located in the regions of 1450 and 1540 nm
correspond to the ﬁrst overtones of OH group absorption in water
(Shenk et al. 2001). The observed differences in NIRS proﬁling are
likely due to species-speciﬁc differences in lipid cuticle chemistry
(Pennanec’H et al. 1995) that form a unique vibrational characteristic enabling species classiﬁcation. In support of this hypothesis, studies have shown that female D. melanogaster and D. simulans have
distinct cuticle hydrocarbons (Pennanec’H et al. 1995; Coyne
1996). In addition, variation in the amount of water content in
ﬂies may also play an important role in our species-classiﬁcation
test. Epicuticular lipids of arthropods serve as a barrier for evaporative water loss as well as playing roles in chemical communication between and within species (Gibbs et al. 1995, 1998). It was
found that the length of the hydrocarbon chain, ratio of saturated
to unsaturated hydrocarbons, as well as the methyl branching in
the hydrocarbons have a direct inﬂuence on the rate of desiccation (Gibbs 1998). Variation in desiccation resistance has been
found in Drosophila populations and species and this inﬂuences
the rate of water loss and the amount of water content in adult
ﬂies (Hoffmann and Harshman 1999). In some strains of Drosophila at least, these differences in desiccation rate can be explained
largely by the genetic variation in the expression of cuticle hydrocarbon among the ﬂies and is likely to be important for climate
adaptation and mate choice (Foley et al. 2007; Foley and Telonis-Scott
2011).
The gender of two Drosophila species was successfully predicted in
our study. This ﬁnding is expected because the amounts of hydrocarbons differ between males and females in Drosophila (Jackson et al.
1981; Parisi et al. 2011). In comparison with males, females have
a greater level of polyunsaturated cholesterol ester and a lower level
of lysophosphatidylcholine (Parisi et al. 2011). Moreover, Drosophila
females tend to be larger than males (Cowley and Atchley 1988; Gibbs

n Table 4 Accuracy of age prediction of D. melanogaster Dah and D. simulans Ky in the independent set
Accuracy of Age Prediction, %
D. melanogaster Dah
Actual age, days
5
13
21
,9
$9
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D. simulans Ky

Male, n = 152

Female, n = 172

Male, n = 158

Female, n = 153

62
83
84
62
91

72
88
82
72
95

78
82
37
78
95

88
86
56
88
98

n Table 5 Accuracy of Wolbachia identiﬁcation in the
independent set
Calibration model
N = 300
Infected Hw2
Infected Hw152
Noninfected Hw2
Noninfected Hw152

Independent set, n = 121
Infected

Noninfected

92%

87%

Our study shows the Wolbachia wHa-infected Drosophila can be
successfully detected using NIRS. Wolbachia are small intracellular
bacteria with density varying between tissues and strains (Ijichi
et al. 2002). One possibility is that NIRS is measuring the Wolbachia
load in the ﬂies. Wolbachia are Gram-negative bacteria that contain
lipopolysaccharide molecules (Zhang et al. 2000). Lipopolysaccharides
consist of lipid A fatty acids and polysaccharide linked with three
covalent bonds (Morrison and Ryan 1992). If the amount of lipopolysaccharide molecules is high enough, these lipid and polysaccharide
compounds containing CH and OH groups may be detected by NIRS.
An alternative hypothesis is that the NIRS is detecting the changes of
physiological effects on Wolbachia-infected ﬂies. For example, it has
been hypothesized that Wolbachia may obtain cholesterol from the
host to synthesize lipopolysaccharide molecules (Lin and Rikihisa
2003; Brownlie and O’Neill 2006) and this may be detected by NIRS.
Correlating Wolbachia density or cholesterol level in ﬂies with NIRS
measurements would facilitate resolution of these alternate hypotheses. Additional studies, including ﬂies that are infected with different
strains of Wolbachia, will be required for a more detailed understanding of the functionality of NIRS in Wolbachia detection.
NIRS has speciﬁc strengths and weaknesses when compared to
more traditional diagnostic methods such as PCR. PCR can be highly
accurate but tends to be relatively expensive and time-consuming,
which tends to limit its application to smaller sample sizes. In
comparison, running costs are low after initial investment of the NIRS
instrument, and more than 1000 samples can be analyzed by NIRS in
1 day (Mayagaya et al. 2009). An additional beneﬁt of NIRS scanning
is that it is nondestructive (Pasquini 2003) so subsequent morphologic

Figure 6 NIRS Wolbachia identiﬁcation for Drosophila. Plot shows
actual infection against predicted infection. Dotted line indicates cut
off-point for delimiting infected and noninfected ﬂies.

or biochemical studies can be performed on each sample after the
scanning. However, NIRS has a lower accuracy of prediction than
PCR. There are at least three approaches that can be considered to
improve the accuracy of prediction by NIRS. The simplest method is
to increase the sample size of the calibration model. A second possibility is to include a broader range of wavelengths. Unfortunately, the
current combined mid-IR/near-IR spectroscopy is not portable and
therefore not suitable for ﬁeld work. A third more complex alternative
may be to extract and measure the constituents of interest rather than
measuring the whole sample. For example, if the cuticle lipid in this
study is the main constituent of measurement, extracting and scanning only the cuticle lipid may help to reduce noise generated by the
interference of other components. A disadvantage of this latter alternative is that the ﬂy may be destructively sampled.
A subsequent challenge is to test whether this strategy is also
applicable to wild ﬂies. There are at least two factors that have to be
considered to accurately estimate ﬂies collected from the ﬁeld. First,
the development of Drosophila is temperature dependent (Miquel
et al. 1976; Angilletta et al. 2004). This study was conducted under
controlled laboratory conditions, and the changes in environmental
temperature may lead to different results. Therefore, the age-prediction
calibration model should be related back to the environmental temperature where the ﬂies were collected. Second, wild-caught ﬂies are
more genetically variable and not inbred as those included in this
study. A consequence of the genetic variation is that calibration models
should be developed from ﬂies collected in each experimental location.
The inﬂuence of genetic variation on age grading was clearly demonstrated in this study and it is expected to affect the accuracy of
prediction of wild ﬂies.
ACKNOWLEDGMENTS
We thank the Ballard Lab group for comments and Carolina Correa
for determining the Wolbachia strain of the ﬂies collected in Hawaii.
Funding was provided by the Australian Research grant LE110100134
to J.W.O.B. We also thank the constructive comments from two
anonymous reviewers.
LITERATURE CITED
Aldrich, B. T., E. B. Maghirang, F. E. Dowell, and S. Kambhampati,
2007 Identiﬁcation of termite species and subspecies of the genus
Zootermopsis using near-infrared reﬂectance spectroscopy. J. Insect Sci.
7: 18.
Angilletta, M. J., T. D. Steury, and M. W. Sears, 2004 Temperature, growth
rate, and body size in ectotherms: ﬁtting pieces of a life-history puzzle.
Integr. Comp. Biol. 44: 498–509.
Ballard, J. W. O., 2005 Drosophila simulans as a novel model for studying
mitochondrial metabolism and aging. Exp. Gerontol. 40: 763–773.
Ballard, J. W. O., and R. G. Melvin, 2007 Tetracycline treatment inﬂuences
mitochondrial metabolism and mtDNA density two generations after
treatment in Drosophila. Insect Mol. Biol. 16: 799–802.
Ballard, J. W. O., S. D. Katewa, R. G. Melvin, and G. Chan,
2007 Comparative analysis of mitochondrial genotype and aging. Ann.
N. Y. Acad. Sci. 1114: 93–106.
Brown, M. R., 2011 Rapid compositional analysis of oysters using visiblenear infrared reﬂectance spectroscopy. Aquaculture 317: 233–239.
Brownlie, J., and S. L. O’Neill, 2006 Wolbachia genomics: accelerating our
understanding of a pervasive symbiosis. CRC Press, Boca Raton, FL.
Cawley, G. C., and N. L. C. Talbot, 2003 Efﬁcient leave-one-out crossvalidation of kernel ﬁsher discriminant classiﬁers. Pattern Recognit. 36:
2585–2592.
Clancy, D. J., 2008 Variation in mitochondrial genotype has substantial
lifespan effects which may be modulated by nuclear background. Aging
Cell 7: 795–804.

Volume 2 September 2012 |

Near-Infrared Spectroscopy in Drosophila | 1063

Clancy, D. J., and W. J. Kennington, 2001 A simple method to achieve
consistent larval density in bottle cultures. Drosoph. Inf. Serv. 84: 168–
169.
Cook, P. E., L. E. Hugo, I. Iturbe-Ormaetxe, C. R. Williams, S. F. Chenoweth
et al., 2007 Predicting the age of mosquitoes using transcriptional
proﬁles. Nat. Protoc. 2: 2796–2806.
Cook, P. E., C. J. McMeniman, and S. L. O’Neill, 2008 Modifying insect
population age structure to control vector-borne disease. Adv. Exp. Med.
Biol. 627: 126–140.
Cowley, D. E., and W. R. Atchley, 1988 Quantitative genetics of Drosophila
melanogaster. II. heritabilities and genetic correlations between sexes for
head and thorax traits. Genetics 119: 421–433.
Coyne, J. A., 1996 Genetics of differences in pheromonal hydrocarbons
between Drosophila melanogaster and D. simulans. Genetics 143:
353–364.
Detinova, T. S., 1968 Age structure of insect populations of medical importance. Annu. Rev. Entomol. 13: 427–450.
Djawdan, M., T. T. Sugiyama, L. K. Schlaeger, T. J. Bradley, and M. R. Rose,
1996 Metabolic aspects of the trade-off between fecundity and longevity
in Drosophila melanogaster. Physiol. Zool. 69: 1176–1195.
Dobson, S. L., K. Bourtzis, H. R. Braig, B. F. Jones, W. Zhou et al.,
1999 Wolbachia infections are distributed throughout insect somatic
and germ line tissues. Insect Biochem. Mol. Biol. 29: 153–160.
Dowell, F. E., E. B. Maghirang, F. Xie, G. L. Lookhart, R. O. Pierce et al.,
2006 Predicting wheat quality characteristics and functionality using
near-infrared spectroscopy. Cereal Chem. 83: 529–536.
Duke, E. F., 1994 Near infrared spectra of muscovite, Tschermak substitution, and metamorphic reaction progress: implications for remote
sensing. Geology 22: 621–624.
Fairbanks, L. D., and G. E. Burch, 1970 Rate of water loss and water and fat
content of adult Drosophila melanogaster of different ages. J. Insect
Physiol. 16: 1429–1436.
Foley, B., S. F. Chenoweth, S. V. Nuzhdin, and M. W. Blows, 2007 Natural
genetic variation in cuticular hydrocarbon expression in male and female
Drosophila melanogaster. Genetics 175: 1465–1477.
Foley, B. R., and M. Telonis-Scott, 2011 Quantitative genetic analysis suggests causal association between cuticular hydrocarbon composition and
desiccation survival in Drosophila melanogaster. Heredity (Edinb) 106:
68–77.
Frost, R. L., K. L. Erickson, O. Carmody, and M. L. Weier, 2005 Nearinfrared spectroscopy of torbernites and metatorbernites. Spectrochim.
Acta A Mol. Biomol. Spectrosc. 61: 749–754.
Fukui, H. H., L. Xiu, and J. W. Curtsinger, 1993 Slowing of age-speciﬁc
mortality rates in Drosophila melanogaster. Exp. Gerontol. 28: 585–
599.
Gibbs, A., M. Kuenzli, and G. J. Blomquist, 1995 Sex- and age-related
changes in the biophysical properties of cuticular lipids of the houseﬂy,
Musca domestica. Arch. Insect Biochem. Physiol. 29: 87–97.
Gibbs, A. G., 1998 Water-prooﬁng properties of cuticular lipids. Am.
Zool. 38: 4712482.
Gibbs, A. G., and T. A. Markow, 2001 Effects of age on water balance in
Drosophila species. Physiol. Biochem. Zool. 74: 520–530.
Hancock, P. A., S. P. Sinkins, and H. C. J. Godfray, 2011 Population dynamic models of the spread of Wolbachia. Am. Nat. 177: 323–333.
Hayes, E. J., and R. Wall, 1999 Age-grading adult insects: a review of
techniques. Physiol. Entomol. 24: 1–10.
Hercus, M. J., and A. A. Hoffmann, 2000 Maternal and grandmaternal age
inﬂuence offspring ﬁtness in Drosophila. Proc. Biol. Sci. 267: 2105–2110.
Hoffmann, A. A., and L. G. Harshman, 1999 Desiccation and starvation
resistance in Drosophila: patterns of variation at the species, population
and intrapopulation levels. Heredity (Edinb) 83: 637–643.
Hoffmann, A. A., M. Turelli, and G. M. Simmons, 1986 Unidirectional
incompatibility between populations of Drosophila simulans. Evolution
40: 692–701.
Hoffmann, A. A., M. Turelli, and L. G. Harshman, 1990 Factors affecting
the distribution of cytoplasmic incompatibility in Drosophila simulans.
Genetics 126: 933–948.

1064 |

W. C. Aw et al.

Hoffmann, A. A., M. Hercus, and H. Dagher, 1998 Population dynamics
of the Wolbachia infection causing cytoplasmic incompatibility in Drosophila melanogaster. Genetics 148: 221–231.
Ijichi, N., N. Kondo, R. Matsumoto, M. Shimada, H. Ishikawa et al.,
2002 Internal spatiotemporal population dynamics of infection with
three Wolbachia strains in the adzuki bean beetle, Callosobruchus
chinensis (Coleoptera: Bruchidae). Appl. Environ. Microbiol. 68:
4074–4080.
Jackson, L. L., M. T. Arnold, and G. J. Blomquist, 1981 Surface lipids of
Drosophila melanogaster: comparison of the lipids from female and male
wild type and sex-linked yellow mutant. Insect Biochem. 11: 87–91.
Jeyaprakash, A., and M. A. Hoy, 2000 Long PCR improves Wolbachia DNA
ampliﬁcation: wsp sequences found in 76% of sixty-three arthropod
species. Insect Mol. Biol. 9: 393–405.
Katewa, S. D., and J. W. O. Ballard, 2007a Sympatric Drosophila simulans
ﬂies with distinct mtDNA show age related differences in mitochondrial
metabolism. Insect Biochem. Mol. Biol. 37: 923–932.
Katewa, S. D., and J. W. O. Ballard, 2007b Sympatric Drosophila simulans
ﬂies with distinct mtDNA show difference in mitochondrial respiration
and electron transport. Insect Biochem. Mol. Biol. 37: 213–222.
Kuo, T. H., J. Y. Yew, T. Y. Fedina, K. Dreisewerd, H. A. Dierick et al.,
2012 Aging modulates cuticular hydrocarbons and sexual attractiveness
in Drosophila melanogaster. J. Exp. Biol. 215: 814–821.
Lin, M., and Y. Rikihisa, 2003 Ehrlichia chaffeensis and Anaplasma phagocytophilum lack genes for lipid A biosynthesis and incorporate cholesterol for their survival. Infect. Immun. 71: 5324–5331.
Mark, H., 2001 Qualitative near- infrared analysis, pp. 223–238 in NearInfrared Technology: in the Agricultural and Food Industries, Ed. 2, edited
by P. Williams and K. Norris. The American Association of Cereal
Chemists, St. Paul, MN.
Martens, H., and T. Naes, 2001 Multivariate calibration by data compression, pp. 59–100 in Near-Infrared Technology: in the Agricultural and
Food Industries, Ed. 2, edited by P. Williams and K. Norris. The American
Association of Cereal Chemists, St. Paul, MN.
Mayagaya, V. S., K. Michel, M. Q. Benedict, G. F. Killeen, R. A. Wirtz et al.,
2009 Non-destructive determination of age and species of Anopheles
gambiae s.l. using near-infrared spectroscopy. Am. J. Trop. Med. Hyg. 81:
622–630.
McMeniman, C. J., R. V. Lane, B. N. Cass, A. W. Fong, M. Sidhu et al.,
2009 Stable introduction of a life-shortening Wolbachia infection into
the mosquito Aedes aegypti. Science 323: 141–144.
Min, K. T., and S. Benzer, 1997 Wolbachia, normally a symbiont of Drosophila, can be virulent, causing degeneration and early death. Proc. Natl.
Acad. Sci. USA 94: 10792–10796.
Miquel, J., P. R. Lundgren, K. G. Bensch, and H. Atlan, 1976 Effects of
temperature on the life span, vitality and ﬁne structure of Drosophila
melanogaster. Mech. Ageing Dev. 5: 347–370.
Morgan, T. H., 1914 Heredity and sex. Mol. Gen. Genet. 12: 159–161.
Morrison, D. C., and J. L. Ryan, 1992 Bacterial Endotoxic Lipopolysaccharides, CRC Press, Boca Raton, FL.
Parisi, M., R. Li, and B. Oliver, 2011 Lipid proﬁles of female and male
Drosophila. BMC Res. Notes 4: 198.
Pasquini, C., 2003 Near infrared spectroscopy: fundamentals, practical
aspects and analytical applications. J. Brazil Chem. Soc. 14: 198–219.
Pennanec’H, M., D. B. Pho, J. M. Pechine, and J. M. Jallon, 1995 Insect
hydrocarbons: analysis, structures and functions 1. EPPO Bull. 25:
343–348.
Perez-Mendoza, J., F. E. Dowell, A. B. Broce, J. E. Throne, R. A. Wirtz et al.,
2002 Chronological age-grading of house ﬂies by using near-infrared
spectroscopy. J. Med. Entomol. 39: 499–508.
Perez-Mendoza, J., J. E. Throne, F. E. Dowell, and J. E. Baker, 2004 Chronological age-grading of three species of stored-product beetles by using
near-infrared spectroscopy. J. Econ. Entomol. 97: 1159–1167.
Rasgon, J. L., and T. W. Scott, 2003 Wolbachia and cytoplasmic incompatibility in the California Culex pipiens mosquito species complex:
parameter estimates and infection dynamics in natural populations.
Genetics 165: 2029–2038.

Reiter, L. T., L. Potocki, S. Chien, M. Gribskov, and E. Bier, 2001 A systematic analysis of human disease-associated gene sequences in Drosophila melanogaster. Genome Res. 11: 1114–1125.
Robson, S. K., M. Vickers, M. W. Blows, and R. H. Crozier, 2006 Age
determination in individual wild-caught Drosophila serrata using pteridine concentration. J. Exp. Biol. 209: 3155–3163.
Savitzky, A., and M. J. E. Golay, 1964 Smoothing and differentiation of data
by simpliﬁed least squares procedures. Anal. Chem. 36: 1627–1639.
Schrader, B., 2008 Infrared and Raman Spectroscopy. John Wiley & Sons,
New York.
Shenk, J. S., J. J. Workman, and M. O. Westerhaus, 2001 Application of NIR
Spectroscopy to Agricultural Products. CRC Press, Boca Raton, FL.
Sikulu, M., K. M. Dowell, L. E. Hugo, R. A. Wirtz, K. Michel et al.,
2011 Evaluating RNAlater(R) as a preservative for using near-infrared
spectroscopy to predict Anopheles gambiae age and species. Malar. J.
10: 186.
Sollid, H. E., and C. H. Solberg, 1992 Salmon fat content estimation by near
infrared transmission spectroscopy. J. Food Sci. 57: 792–793.

Sturtevant, A. H., 1920 Genetic studies on Drosophila simulans. I. Introduction. Hybrids with Drosophila melanogaster. Genetics 5: 488–500.
Turelli, M., 2010 Cytoplasmic incompatibility in populations with overlapping generations. Evolution 64: 232–241.
Turelli, M., and A. A. Hoffmann, 1991 Rapid spread of an inherited incompatibility factor in California Drosophila. Nature 353: 440–442.
Turelli, M., and A. A. Hoffmann, 1995 Cytoplasmic incompatibility in
Drosophila simulans: dynamics and parameter estimates from natural
populations. Genetics 140: 1319–1338.
Werren, J. H., 1997 Biology of Wolbachia. Annu. Rev. Entomol. 42: 587–609.
Werren, J. H., and D. M. Windsor, 2000 Wolbachia infection frequencies in
insects: evidence of a global equilibrium? Proc. Biol. Sci. 267: 1277–1285.
Zhang, L., M. G. Scott, H. Yan, L. D. Mayer, and R. E. Hancock,
2000 Interaction of polyphemusin I and structural analogs with bacterial membranes, lipopolysaccharide, and lipid monolayers. Biochemistry
39: 14504–14514.

Volume 2 September 2012 |

Communicating editor: R. Kulathinal

Near-Infrared Spectroscopy in Drosophila | 1065

