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� Raman spectroscopy (RS) and
machine learning enable label-free,
non-invasive and non-destructive
identification of tick species via
spectroscopic analysis of their feces.

� Spectroscopic signatures of feces are
unique for different genera and
species of ticks.

� RS can be used to predict the tick
developmental stage and differentiate
between nymphs, meta-nymphs and
adult ticks.

� Timely detection of certain tick
species on cattle can cease the spread
of numerous devastating diseases
such as Bovine babiesiosis and
anaplasmosis.
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Ticks are blood-feeding parasites that vector a large number of pathogens of medical and veterinary
importance. There are strong connections between tick and pathogen species. Timely detection of certain
tick species on cattle can cease the spread of numerous devastating diseases such as Bovine babiesiosis
and anaplasmosis. Detection of ticks is currently performed by slow and laborious scout-based inspection
of cattle. In this study, we investigated the possibility of identification of tick species (Ixodidae) based on
spectroscopic signatures of their feces. We collected Raman spectra from individual grains of feces of
seven different species of ticks. Our results show that Raman spectroscopy (RS) allows for highly accurate
(above 90%) differentiation between tick species. Furthermore, RS can be used to predict the tick devel-
opmental stage and differentiate between nymphs, meta-nymphs and adult ticks. We have also demon-
strated that diagnostics of tick species present on cattle can be achieved using a hand-held Raman
spectrometer. These findings show that RS can be used for non-invasive, non-destructive and confirma-
tory on-site analysis of tick species present on cattle.
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1. Introduction

Ticks are blood-feeding ectoparasites of vertebrate animals and
vectors of numerous pathogens of medical and veterinary impor-
tance [1]. Collection and identification of ticks, including those
removed from host animals, is an essential surveillance activity
[2,3]. Surveillance activities can provide early detection of exotic
ticks, rates of geographic spread of newly introduced ticks, and
essential monitoring in eradication and control programs.

The U.S. Cattle Fever Tick Eradication Program relies upon the
human physical inspection of cattle, known as a ‘‘scratch inspec-
tion”, to determine the presence of two species, Rhipicephalus
(Boophilus) annulatus and R. (B.) microplus, both vectors of patho-
gens causing bovine babesiosis [4,5]. Physical inspection of live
cattle to detect and remove ticks for identification is difficult
and success is influenced by several factors [4,5]. Ticks must
be of sufficient size (less than or equal to 8 mm in length) in
their bloodfeeding to be detectable by human fingers. If the ticks
are smaller, or if larger engorged ticks have dropped from the
host at time of inspection, a false negative inspection may be
determined. Ticks blood-feed for extended periods (days to
weeks) and as blood is digested ticks defecate onto the host skin
leaving a potential latent source of evidence and identification.
Cattle may be infested with multiple tick species (family Ixodi-
dae), including species in the genera Amblyomma, Dermacentor,
and Rhipicephalus. These challenges catalyze a search for alterna-
tive approaches that can be used to detect and identify ticks on
cattle.

Throughout the life cycle, ticks consume whole blood that con-
sists of red and white blood cells, as well as platelets and plasma.
Digestion involves midgut cell differentiation and intracellular
digestion through endocytosis, elimination of waste and slow use
of the resource for growth and reproduction [6]. Recent findings
on enzyme biochemistry of several Ixodidae tick species suggests
that variation in fecal chemistry may be species specific [7].
Expanding upon these findings, we hypothesize that detection
and identification of tick species can be achieved via analysis of
chemical composition of their feces.

Raman spectroscopy (RS) is an emerging technique that can be
used to determine chemical composition of analyzed specimens
[8]. This label-free, non-invasive and non-destructive analytical
approach is based on a phenomenon of inelastic light scattering,
which is taken place upon sample illumination with electromag-
netic radiation. The inelastically-scattered photons provide infor-
mation about the structure and composition of the analyzed
specimens. RS is broadly used in various research areas ranging
from forensics [9,10] and food processing [11] to agriculture [12–
16] and electrochemistry [17]. For instance, Lednev group showed
that animal species can be identified based on spectroscopic signa-
tures of their blood [18]. This allows for a confirmatory differenti-
ation between human and animal blood stains. Our own
experimental findings show that RS can be used to identify plant
species and their varieties, as well as diagnose biotic and abiotic
stress in plants. A growing body of evidence suggests that RS can
be used for diagnostics of human and animal diseases, such as can-
cer, Celiac and Lyme disease [19,20]. For instance, Farber and co-
workers showed that chemical composition of mice blood drasti-
cally changes upon infection by Borrelia burgdorferi, bacteria that
cause Lyme disease [21]. Changes in blood biochemistry can be
detected by RS, which allows for confirmatory diagnostics of Lyme
disease on different stages of bacterial infection.

In this study, we used RS to probe the structure and composi-
tion of feces of seven hard tick species found on cattle in south Tex-
as, USA. Our results suggest that spectroscopic signatures of tick
feces can be used for their confirmatory identification.
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2. Materials and methods

Tick feces: Samples of tick feces were collected by brushing or
scraping the dry hard pellets into clean glass vials from the skin of
cattle used to feed ticks for maintenance of laboratory colonies.
Vials were labeled for collection date, animal number, tick species
and life stage, and stored at room temperature. Tick feces from
Amblyomma americanum, A. maculatum, A. mixtum, A. tenellum
and Dermacentor albipictus were collected from cattle used under
IACUC approved Animal Use Protocol #2017-0345 at the Texas
A&M AgriLife Tick Research Laboratory, College Station. Tick feces
from Rhipicephalus (Boophilus) annulatus and R. (B.) microplus were
obtained from cattle used under IACUC approved Animal Use Pro-
tocol 2017–0345 at USDA, ARS, Cattle Fever Tick Research Labora-
tory, Edinberg, Texas. Each tick species was being reared on
separate animals, or in isolated feeding chambers ensuring fidelity
of tick species to fecal sample source. During the rearing of the
one-host ticks, D. albipictus and R. (B.) annulatus, fecal samples
were collected during nymph and adult blood feeding to provide
a source of comparison between developmental stages.

Raman spectroscopy: Raman spectra were collected on a
home-built confocal microscope (Nikon TE-2000U). A single longi-
tudinal diode mode laser (Necsel, CA, USA) was used to generate a
continuous wavelength (CW) laser light (k = 785 nm), which was
focused on the sample using 20X Nikon objective (NA = 0.45). Scat-
tered light was collected by the same objective and directed to a
spectrograph (IsoPlane SCT 320, Princeton Instruments, NJ, USA)
equipped with a 600 groove/mm grating blazed at 750 nm. Prior
to entering the spectrograph Rayleigh scattering was filtered with
LP02-785RE-25 long-pass filter (Semrock, NY, USA). The dispersed
inelastically scattered photons were then captured by PIXIS:400BR
CCD (Princeton Instruments, NJ, USA). A motorized stage
H117P2TE (Prior, MA, USA) controlled by Prior Proscan II was used
to move the tick fecal particles relative to the incident laser beam.
All data were processed using GRAMS/AI 7.0 (Thermo Galactic, NH,
USA).

Sample preparation: Particles of tick feces were selected from
the sample collection depending on variation in color and texture
(Fig. 1). Dark and white feces particles were included for Ambly-
omma and Rhipicephalus species. Dark particles were included for
Dermacentor albipictus as these are the only variant produced.
The spectra were collected from 20 to 25 different fecal particles
for each species. Spectra acquisition time for Amblyomma and
Rhipicephalus fecal particles was 10 s and for D. albipictus particles
was 30 s.

Raman spectra shown in the Fig. 5 were collected using a hand-
held Resolve Agilent (Agilent, Santa Clara, CA, United States) spec-
trometer equipped with 830 nm laser source. The following exper-
imental parameters were used for all the collected spectra: 1 s
acquisition time, 495 mW power, and baseline spectral subtraction
by device software.

Partial Least Square Discriminant Analysis: Partial Least
Square Discriminant Analysis (PLS-DA) was used for statistical
analysis of the collected Raman spectra. All the spectra were
imported into MATLAB R2019a add-on PLS_Toolbox 8.6.2 (Eigen-
vector Research Inc.) The preprocessing method for all the spectra
are area normalization and mean centering.
3. Results and discussion

3.1. Spectroscopic identification of tick species.

Raman spectra collected from feces of different tick species
dominate with vibrational bands that can be assigned to guanine,



Fig. 1. Images of tick feces taken from the skin surface of cattle during colony maintenance rearing showing sample detail at 20X, and particle detail at 100Xmagnification for
Dermacentor albipictus, A and B, and for Amblyomma maculatum, C and D, respectively.
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the major chemical component of tick excrements, blood, collagen
and keratin, Fig. 2 and Table 1. We also observed bands that are
associated with vibrations of other nucleobases, such as uracil,
adenine and cytosine [22,23]. In the collected spectra, we found
several vibrational bands that could be assigned to various amino
acids, such as alanine, serine, tryptophan, glutamate, cytosine,
valine, threonine and glycine, as well as ascorbic acid, heme and
lactose [19,21].

Raman spectra of D. albipictus and R. (B.) annulatus exhibit high
similarities with previously reported spectra of blood [24]. These
spectra have a distinct amide I band (1623–1643 cm�1), as well
as vibrational signatures of heme (1376, 1348 and 1162 cm�1).
Fig. 2. Raman spectra of Amblyomma americanum (purple), A. maculatum (green), A.
tenellum (blue), A. mixtum (black), Rhipicephalus (Boophilus) microplus (orange), R.
(B.) annulatus (maroon) and Dermacentor albipictus (red). The spectra were averaged
based on 20 to 25 spectra for each species.
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We also observed vibrational bands at 1547, 1130, 1083 1008,
975, 905, and 755 cm�1 that have been previously reported for
blood and could be assigned to aromatic and non-aromatic amino
acids [25]. At the same time, spectra of D. albipictus and (R.) (B.)
annulatus also exhibit vibrational bands that originate from gua-
nine (Table 1). This indicates that feces of these tick species were
composed of both blood and guanine. It should be noted that spec-
tra of D. albipictus and R. (B.) annulatus have different relative
intensities of blood and guanine vibrational bands, which allows
for clear visual diagnostic of these two tick species based on their
vibrational fingerprints. While spectra collected from feces of D.
albipictus were nearly identical, Raman spectra acquired from R.
(B.) annulatus could be divided into two classes, Fig. 3. One group
of spectra exhibited predominantly blood-like vibrational finger-
print, whereas spectra from the second group were dominated by
guanine bands. Raman spectra collected from A. americanum, A.
maculatum, A. tenellum, A. mixtum and R. (B.) microplus appeared
to have similar band patterns. Most of vibrational bands in these
spectra could be assigned to guanine, Table 1. Although vibrational
bands associated with blood were also present in these spectra,
their intensities were substantially weaker compared to the inten-
sities of corresponding bands in the spectra of D. albipictus and R.
(B.) annulatus. It should be also noted that spectral variation within
groups of A. americanum, A. maculatum, A. tenellum, A. mixtum and
R. (B.) microplus was negligible.

Tick species (Ixodidae) identification can be achieved by com-
parison of relative intensities of bands in the reported spectra.
However, one may note that such visual examination of band
intensities is challenging. Therefore, we used multivariate statisti-
cal analysis to enhance diagnostic accuracy of tick species based on
their Raman spectra. We conducted partial least-squares discrimi-
nant analysis (PLS-DA) to demonstrate that RS can be used for
identification of ixodid tick species. First, we built the model that
allows for differentiation between different genera of ixodid ticks,
Table 2. The model enables 99.3%, 95.5% and 96.5% accurate predic-
tion of Amblyomma, Rhipicephalus (Boophilus) and Dermacentor
genera respectively.



Table 1
Vibrational bands and their assignments for the spectra collected from feces of seven
different tick species.

Band
(cm�1)

Assignment Type

499 Guanine[25] Ga/
Gb/B

550 Cytosine[25], tryptophan[25], guanine[25] Ga/Gb
565 Guanine[25], glycine[25], adenine[25], cytosine[25],

thymine[25]
Ga/Gb

603 Cytosine[25], glycine[25], glutamate[25], phenylala-
nine[25]

Ga

653 Guanine[25] Ga/
Gb/B

696 Lactose[25], ascorbic acid[26] Ga/
Gb/B

715 Guanine[25] Ga/
Gb/B

727 Adenine[25], histdine[25] Ga
752 Valine[25], tryptophan[25] B
852 Guanine[25], tyrosine[27] Ga/Gb
902 Valine[25] B
940 Guanine[25] Ga/

Gb/B
974 Cytosine[25], histidine[25] B
1006 Blood[21,27], collagen/keratin[28] B
1033 Collagen/keratin[28] B
1055 Guanine[25] Ga/

Gb/B
1083 blood[27] Gb/B
1112 Alanine[25], histidine[25] B
1132 Blood[27] Gb/B
1162 Heme[27], guanine[25] Ga/

Gb/B
1189 Guanine[25] Ga/

Gb/B
1238 Guanine[25], collagen/keratin[28] Ga/

Gb/B
1268 Guanine[25] Ga/

Gb/B
1325 Serine[25], glycine[25] Gb/B
1348 Heme[24] B
1362 Guanine[25] Ga/Gb
1376 Heme[21,27] B
1392 Guanine[25] Ga/Gb
1430 B-hematin[24] Ga/B
1456 Collagen/keratin[28] B
1470 Guanine[25] Ga/Gb
1515 Valine[25] B
1547 Guanine[25], blood[24] Ga/

Gb/B
1567 Heme[24] B
1598 Glycine[25], alanine[25], serine[25] Ga/Gb
1623 Blood[24] Gb/B
1645 Blood[24], Collagen/keratin [28] Gb
1673 Collagen/keratin[28], guanine[25] Ga/B

Fig. 3. Raman spectra taken from particles of R. (B.) annulatus feces that have
predominantly blood-like (green) and guanine-like (blue) structures. The feces
originate from the same group of ticks and were sampled one week apart from each
other.

Table 2
Accuracy of classification by Partial Least Square Discriminant Analysis for Raman
spectra collected from feces of three genera of ticks.

Amblyomma Rhipicephalus
(Boophilus)

Dermacentor

Predicted as Amblyomma 447 0 0
Predicted as Boophilus 1 296 8
Predicted as Dermacentor 2 14 223
TPR (%) 99.3 95.5 96.5
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Next, we built two PLS-DA models to differentiate species
within genera Amblyomma and Rhipicephalus (Boophilus). The pre-
diction rates of the two models are all 100%, Tables 3 and 4. Our
results demonstrate that coupling PLS-DA with RS, allows for a
high (over 95%) accurate identification of tick species among those
evaluated.
3.2. Spectroscopic identification of development stages of ticks

Measurements of R. (B.) annulatus feces collected at different
time points of tick development (nymphs vs adults) are shown in
Fig. 3. Our data demonstrate that tick feces excreted during nymph
feeding of R. (B.) annulatus have more pronounced guanine-like sig-
natures. At the same time, in the spectra collected from tick feces
at late stages of tick development, heme-like signatures become
4

more pronounced. These results suggest that spectroscopic signa-
tures of tick feces may change depending on tick development
stage.

For comparison, Fig. 4 summarizes spectra collected from feces
excreted by feeding nymphs, by meta-nymphs during the intrasta-
dial period and by feeding adults of Dermacentor albipictus.

Our results show that feces excreted by nymphs of D. albipictus
have more heme-like composition, whereas the amount of
guanine-like components increases as the species develops/molts
to meta-nymph and adult stages. Specifically, we found that the
band at 653 cm�1 increases as D. albipictus develops from nymph
to adult. At the same time, intensity of the peak at 676 cm�1 con-
tinuously decreases. We have also observed a change in ratio of
peaks at 939 and 977 cm�1. In the spectra collected from nymph
feces of D. albipictus the band at 977 cm�1 was found to be more
intense than 939 cm�1, whereas in the spectrum collected from
adult feces of this tick species, we observed inversion of the peak
intensities.

We built a PLS-DA model to enable accurate identification of
different growth stages of R. (B.) annulatus and D. albipictus tick
species, Tables 5 and 6 respectively.

Our data demonstrate that with 91% on average, RS can be used
to predict whether the R. (B.) annulatus species present on the
nymph or adult stages of development. Similar accuracy of predic-
tion has been achieved for D. albipictus. Specifically, with 95.5%,
100% and 86.4% accuracy once can predict whether tick is present
at nymph, meta-nymph or adult stages of development.



Table 3
Accuracy of classification by Partial Least Square Discriminant Analysis for Raman spectra collected from feces of four species of Amblyomma ticks.

A. americanum A. maculatum A. mixtum A. tenellum

Predicted as A. ame 142 0 0 0
Predicted as A. mac 0 97 0 0
Predicted as A. mix 0 0 165 0
Predicted as A. ten 0 0 0 46
TPR (%) 100 100 100 100

Table 4
Accuracy of classification by Partial Least Square Discriminant Analysis for Raman
spectra collected from feces of two species of Rhipicephalus (Boophilus) ticks.

R. (B.) annulatus R. (B.) microplus

Predicted as B. ann 153 0
Predicted as B. mic 0 157
TPR (%) 100 100

Fig. 4. Raman spectra taken from feces excreted by Dermacentor albipictus ticks
feeding on cattle as nymphs (red), meta-nymphs (purple) and adults (blue).

Fig. 5. Raman spectra taken from feces excreted by Amblyomma americanum
(purple) and A. maculatum (green) using a hand-held Raman spectrometer (solid
lines) and confocal spectrometer (dashed lines).

Table 5
Accuracy of classification by Partial Least Square Discriminant Analysis for Raman
spectra collected from feces of Rhipicephalus (Boophilus) annulatus in two different
growth stages.

Nymph Adult

Predicted as Nymph 40 5
Predicted as Adult 5 85
TPR (%) 88 94

Table 6
Accuracy of classification by Partial Least Square Discriminant Analysis for Raman
spectra collected from feces of Dermacentor albipictus in three different growth stages.

Nymph Meta-nymph Adult

Predicted as Nymph 21 0 3
Predicted as Meta-nymph 0 24 0
Predicted as Adult 1 0 19
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These results demonstrate that metabolism of nymph and adult
forms on the same tick species are different. In the case of D.
albipictus, nymphs predominantly have heme-like excrements,
whereas the amount of guanine component in adult feces
increases. However, in the case of R. (B.) annulatus the order of
these events in reversed. Nymphs of R. (B.) annulatus have
guanine-like excrements, whereas adults of R. (B.) annulatus
excrete predominantly heme-like compounds. Elucidation of
detailed chemical composition of excrements is possible with the
use of mass-spectroscopy. This work is beyond the scope of the
current study.
TPR (%) 95.5 100 86.4
3.3. Spectroscopic identification of tick species using a hand-held
spectrometer

One may envision that practicality of such Raman-based diag-
nostics of ixodid tick species can be even further enhanced if tick
species identification can be achieved by the use of a hand-held
spectrometer. In the proof-of-principle experiment, we collected
spectra from feces of two species: A. americanum (purple) and A.
5

maculatum (green) using a hand-held Raman spectrometer. Our
results show that excellent signal to noise in the collected spectra
was achieved. It should be noted that spectral resolution of the
hand-held spectrometer is 15 cm�1, whereas spectral resolution
of the confocal instrument is 2 cm�1. Therefore, a peak doublet
at 550–565 cm�1 could not be fully resolved on the hand-held
spectrometer. Apart from that, all vibrational bands present in
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the spectra collected on a confocal Raman system were evident in
the spectra collected using a hand-held spectrometer (Fig. 5).

The study of blood digestion in ticks has evolved from early
morphological and physiological descriptions [8] of gut epithelium
and digest cells to recent investigations of molecular and biochem-
ical mechanisms of digestion [9]. These areas of investigation show
both common features and differences in processes and systems
between species in the two major tick families, Ixodidae and Argasi-
dae, that support our findings of species-specific differences in tick
feces identified by RS. Further, differences in fecal spectra between
nymphal and adult stages of one-host ticks, may reflect different
physiological and nutritional needs of adult ticks for mating and
egg production, compared to needs during and between immature
stages. Future studies will evaluate a wider array of tick species,
further evaluate sample specificity and sensitivity, including
mixed-species samples and the potential interference with other
long-term blood-feeding ectoparasites (e.g., flies and lice) whose
feces may confound identification.
4. Conclusion

In conclusion, we were able to show that RS can be used for con-
firmatory identification of tick species based on spectroscopic sig-
natures of their feces using both confocal and hand-held Raman
instruments. These findings support concepts for field applications
of RS to identify tick infested animals. Finally, RS has provided
insight into a new area of tick biology with potential field applica-
tions of surveillance and forensic value. These results resonate
with the previously reported findings by our and other research
groups which showed that RS could be used to probe changes in
plant and animal metabolism [12,14,15,20,29]. These changes are
specific to different biotic and abiotic stresses that life systems
can experience. Consequently, laser-based detection of these
changes can be used to detect and identified plant and animal dis-
eases, including fungal, bacterial and viral infections.
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