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ARTICLE INFO ABSTRACT

Keywords: Termites are one of the most common pests that damage wood and other cellulosic materials.
MALDL-TOF MS Although Africa has more varieties of termite species than any other continent, few entomological
Termites

studies have been conducted in Gabon. Identifying termites poses significant difficulties for en-
tomologists. The aim of this study was to evaluate the reliability and confirm the significance of
P g MALDI-TOF MS in identifying fresh termites collected in equatorial Africa.

seudacanthotermes militaris
Macrotermes bellicosus A total of 108 termites were collected from 13 termite nests during a field mission in 2021 in
Noditermes indoensis Lekedi and Bongoville, Gabon. Termites were morphologically identified and subjected to MALDI-
TOF MS, then molecular analyses using the COI and 12S rRNA genes.

Four termite species were morphologically identified in this study: Pseudacanthotermes militaris,
Macrotermes muelleri, Macrotermes nobilis, and Noditermes indoensis. However, when using mo-
lecular biology, only three species were identified, namely Macrotermes bellicosus, P. militaris, and
N. indoensis, because the specimens initially identified as M. muelleri and M. nobilis were found to
be M. bellicosus.

The MALDI-TOF MS spectral profiles of the termites were all of good quality, with intra-species
reproducibility and inter-species specificity. The spectra of 98 termites were blind tested against
our upgraded database, which included the spectra of ten termite specimens. All tested spectra
were correctly matched to their respective species, with log score values (LSVs) ranging from
1.649 to 2.592. The mean LSV was 2.215 + 0.203, and the median was 2.241. However, 95.91%
(94/98) of our spectra had LSVs above 1.8. This study demonstrates how a proteomic approach

Isoptera
Gabon

* Corresponding author. VITROME, Institut Hospitalo-Universitaire Méditerranée Infection, 19-21 Boulevard Jean Moulin, 13005, Marseille,
France.

E-mail addresses: bouthainahasnaouil7@gmail.com (B. Hasnaoui), adamazandiarra@gmail.com (A.Z. Diarra), patmak741@gmail.com
(P. Makouloutou-Nzassi), jmberenger62@gmail.com (J.-M. Bérenger), afafhamame@gmail.com (A. Hamame), genistha@hotmail.com
(B. Ngoubangoye), gaye.mapenda@gmail.com (M. Gaye), bernard.davoust@gmail.com (B. Davoust), olegusssl@gmail.com (O. Mediannikov),
lekana_jb@yahoo.fr (J.B. Lekana-Douki), philippe.parola@univ-amu.fr (P. Parola).

https://doi.org/10.1016/j.heliyon.2024.e28081
Received 5 April 2023; Received in revised form 11 March 2024; Accepted 12 March 2024

Available online 14 March 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:bouthainahasnaoui17@gmail.com
mailto:adamazandiarra@gmail.com
mailto:patmak741@gmail.com
mailto:jmberenger62@gmail.com
mailto:afafhamame@gmail.com
mailto:genistha@hotmail.com
mailto:gaye.mapenda@gmail.com
mailto:bernard.davoust@gmail.com
mailto:olegusss1@gmail.com
mailto:lekana_jb@yahoo.fr
mailto:philippe.parola@univ-amu.fr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28081
https://doi.org/10.1016/j.heliyon.2024.e28081
https://doi.org/10.1016/j.heliyon.2024.e28081
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Hasnaoui et al. Heliyon 10 (2024) e28081

can overcome termites’ molecular and morphological identification limitations and serve as a
useful taxonomic tool.

1. Introduction

Termites are related to cockroaches, classified in the infra-order Isoptera within the order Blattodea [1]. They are eusocial insects
and live in colonies comprising between a few hundred and several million individuals, composed of sterile castes (large and small
workers and soldiers) and reproductive castes [2]. Termites are classified into 12 families and 330 genera [3], compromising 3015
species [4].

Higher termites, also known as Macrotermitinae, are a fascinating group behind the construction of complex mounds (fungus
farming) [3]. Omnipresent in the African-tropical area [5,6], there are about 1000 species of termites in Africa [7]. In recent years,
several studies have focussed on the impact of termites from a range of perspectives, including ethology, biology, cost losses regarding
different crops, including sugar cane and fruit trees, diversity, their impact on the ecosystem, and the identification of harmful termites
[8].

In addition to their ecological importance in soil turnover and nutrient cycling [9,10], the Macrotermes genus has caught the
attention of scientists and engineers due to their potential to overcome the aging process [11], and as bioindicators for minerals such as
gold [12,13]. The Macrotermes genus is mainly present in Africa, with 14 species in the savanna and six in forested areas [14].

A small number of studies have been carried out on termites in Gabon. Most of those studies have focused on the cultural diversity
of the chimpanzee [15-18], with some microbiological studies on the distribution of Wolbachia [19] and the influence of termites on
soil characteristics [20].

The systematic identification of termites is a complex process. The antiquity of its order and its long evolution has had little in-
fluence on its morphology, hence the morphological similarity of species within the same genus [21]. Currently, termite identification
is mainly based on the characteristics of the soldiers, although this only enables identification at the genera level. The morphological
identification of termite species remains challenging [22]. Molecular biology could be a reliable method for overcoming morphological
limitations, especially by combining different nuclear and mitochondrial markers [23]. However, this method remains expensive and
time-consuming in practice.

In recent years, MALDI-TOF MS, a proteomic tool, has been used in entomology to overcome the limitations of classical
morphological identification, including the difficulty of separating closely related or damaged species and certain developmental
stages due to the lack of appropriate identification keys [24]. Similarly, MALDI-TOF MS also overcomes the limitations of the mo-
lecular method, with reduced handling time and at a lower cost [25].

Several studies on identifying various arthropod species have proven the advantages of using MALDI-TOF MS in entomology [25].
In one preliminary study conducted in 2022, we used MALDI-TOF specimens belonging to 22 termite species preserved in alcohol from

Fig. 1. Digital microscope (DM) and scanning electron microscope images (SEM) of termites from both the Bongoville and Lekedi sites. A dorsal
view and pronotum view of A Macrotermes bellicosus (initially labled as M. muelleri), B Pseudacanthotermes militaris, C Macrotermes bellicosus (initially
labled as M. nobilis), D Noditermes indoensis, with a ventral view of Noditermes indoensis.
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West African countries, France and Switzerland [26]. In this study, we aimed to test the effectiveness of MALDI-TOF MS in identifying
fresh termites collected in equatorial Africa (Gabon).

2. Results
2.1. Collection and morphological identification of termites

A total of 108 termite specimens were collected at the two sites (Lekedi and two at Bongoville). Termites were only found in four of
the thirteen termite nests, two in each site.

Based on their morphological characteristics, four species were assumed to be identified: P. militaris, N. indoensis, M. nobilis, and
M. muelleri. The termite species from Lekedi were identified as P. militaris and N. indoensis, whereas those from Bongoville were
identified as P. militaris and M. muelleri. Two species were found in the same termite nest, namely M. muelleri (n = 69) and M. nobilis (n
= 7). The morphological traits were photographed using a Canon camera, and the instrument used a scanning electron microscope,
represented in Fig. 1(A-D).

2.2. Molecular identification of termites

Ten termite specimens, four of which were morphologically identified as M. muelleri, two as M. nobilis, three as P. mulitaris and one
as N. indoensis, were subjected to molecular identification using the COI and12S rRNA genes sequencing. According to the NCBI BLAST
results, the sequences obtained from termites which had been morphologically identified as P. militaris, were respectively 99.51% and
99.33% identical to sequences of Pseudacanthotermes spiniger (KY224401 and EU253858) for the COI and 12S rRNA genes respectively.
These were linked to an article in which the formal morphological criteria were not specified [27]. The next BLAST hit revealed
99.34% and 99.26% identity to sequences of P. militaris (AY127731 and DQ441805, respectively) for the COI and 12S rRNA genes, and
the morphological characteristics were reviewed [28].

The sequences of termites morphologically identified as N. indoensis were 95.54% identical to the Niditermes orthognathus sequence
for COI (MN646720) and 99.01% identical to the Cubitermes ugandensis sequence for 12S rRNA (KP091689). However, there are no
N. indoensis sequences in GenBank. The sequence from M. muelleri and M. nobilis were 99.01% and 98.99% identical to the sequence of
M. bellicosus sequence for COI (AY127711) and 12S rRNA (MW078940) (Table 1). Comparison of the M. nobilis COI sequences in our
study with the one in GenBank (AY127705) showed an identity of 88.66%. Similarly, for the M. muelleri COI sequences in our study and
that in GenBank (AY127703), showed an identity of 88.88%.

The phylogenetic position of the termites in our study and the other species in GenBank using COI and 12S rRNA sequences are
shown in Fig. 2A and B.

Considering the presence of clear discriminating morphological criteria and the absence or quality of sequences available in
GenBank, we considered the specimens used in this work to be P. militaris (supported by both morphological and molecular biological
identification), N. indoensis (morphological characteristics only), and M. bellicosus, for which molecular biology corrected our
morphological identification, which was unsurprising, as species of the genus Macrotermes are morphologically close.

Table 1
Present the results of morphological and molecular identification of different termite species identified in this study. The morphological identification
initially labelled, the number of each termite species, showing the first and the second hit of identification using both 12S rRNA and COI accession
number.

Morphological Nb Closest GenBank match 1st and 2nd hit (Cover& identity)  Closest GenBank match 1st and 2nd hit (% identity) 12S
identification tested % COI TRNA
Macrotermes nobilis 2 Macrotermes bellicosus Macrotermes bellicosus
AY127711 (91%/99.01%) MWO078941 (97%/98.99%)
Macrotermes bellicosus Macrotermes bellicosus
AY127702 (92%/98.85%) MWO078940 (97%/98.99%)
Macrotermes muelleri 4 Macrotermes bellicosus Macrotermes bellicosus
AY127711 (90%/99.01%) MWO078941 (96%,/98.99%)
Macrotermes bellicosus Macrotermes bellicosus
AY127702 (92%/98.85%) MWO078941 (97%/98.99%)
Pseudacanthotermes 3 Pseudacanthotermes spiniger EU253858 (100%/99.85%) Pseudacanthotermes spiniger KY224401 (100%,/99.51%)
militaris Pseudacanthotermes spiniger Pseudacanthotermes militaris
KY224401 (100%,/98.93%) DQ441805 (100%,/99.26%)
Noditermes indoensis® 1 Niditermes orthognatus MN646720 (100%/95.54%) Cubitermes ugandensis

Cubitermes nr.fluvus
KY224600 (100%/94.46%)

KP091689 (100%,/99.01%)
Cubitermes nr.fluvus
KY224600 (100%/94.46%)

@ Sequence does not exist in GenBank.
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MW078951.1 Procubitermes sjostedti
MW078959.1 Cubitermes orthognathus
PG12-5 Noditermes indoensis

84PG12-3 Noditermes indoensis

74 DQ441678.1 Cubitermes fungifaber

99 AF475037.1 Cubitermes sp.
DQ441639.1 Anoplotermes sp. S
9! HQ398174.1 Longustitermes manni
KY224517.1 Pseudacanthotermes militaris
9 DQ441805.1 Pseudacanthotermes militaris
88_| PG17-2 Pseudacanthotermes militaris
72PG17-4 Pseudacanthotermes militaris

DQ441726.1 Macrotermes subhyalinus
AY536396.1 Macrotermes gilvus
KY224525.1 Macrotermes sp
DQ441724.1 Macrotermes lillieblineagei
PG20-6 Macrotermes nobilis

9 PG19-7 Macrotermes muelleri
MW078940.1 Macrotermes bellicosus
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—
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DQ441827.1 Thoracotermes macrothorax
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KU900549.1:1-657 Macrotermes chebalingensis
KU900550.1:1-657 Macrotermes trimorphus
KU900551.1:1-657 Macrotermes longimentis
KU900551.1:5-593 Macrotermes longimentis
KU900550.1:5-593 Macrotermes trimorphus
KU900532.1:5-593 Macrotermes barneyi
62 MZ429076.1:4-592 Macrotermes barneyi
KU900546.1:1-658 Macrotermes zhui
AY127731.1:1-544 Pseudacanthotermes militaris
PG17-4 Pseudacanthotermes militaris
EU253858.1:3-599 Pseudacanthotermes spiniger
PG17-2 Pseudacanthotermes militaris
AY127711.1:1-608 Macrotermes bellicosus
MT154679.1:1-557 Macrotermes bellicosus
AY127702.1:1-608 Macrotermes bellicosus
100 | PG20-10-Macrotermes muelleri
PG20-28 Macrotermes muelleri
89 PG20-4 Macrotermes nobilis
PG20-6 Macrotermes nobilis
MN646733.1:60-617 Nitiditermes sankurensis
MN646720.1:60-617 Nitiditermes orthognathus
PG12-3- Noditermes indoensis
MN646730.1:60-617 Nitiditermes proximatus
MZ029073.1:27-584 Nitiditermes proximatus
MN646734.1:60-617 Nitiditermes proximatus

8

—
0,020

Fig. 2. Phylogenetic tree based on 380 bp and 668bp bp sequences of the 12S rRNA (A) and COI (B) genes. Phylogenetic tree highlighting the
position of the termites studied (in bold) in relation to other termite sequences available via GenBank. The 420 bp and 710 bp partial sequences of
the 12S rRNA and COI genes were aligned using CLUSTALW, and phylogenetic inferences were obtained from maximum likelihood phylogenetic
analysis with 2-parameter Kimura distance (MEGA7). GenBank accession numbers are given at the beginning. Node numbers are bootstrap values
obtained by repeating the analysis 1000 times to generate a majority consensus tree.
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Fig. 3. MALDI-TOF MS spectra obtained from M. bellicosus, P. militaris, N. indoensis: A. Spectral alignment of MS spectra obtained from termites
using flexAnalysis software v.3.3. B. Dendrogram using three to four representative MS spectra from three distinct species treated with MALDI
Biotyper v 3.0 software and the distance units correspond to the relative similarity of MS spectra. C. Box plot showing the distribution of LSVs
obtained by blind testing different termite species. The blue line represents the limit of the correct identification threshold of 1.8. D. The PCA
analysis (Fig. 3. D) using spectra of M.bellicosus species collected from Senegal conserved on alcohol and the spectra of fresh termites species
collected from Gabon morphologically ladled as M.nobilis and M.mulleri, created using ClinProTools 2.2 software. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.3. MALDI-TOF analyses, database upgrade, and blind test

The legs of 108 termite specimens were subjected to MALDI-TOF MS analysis. Visualization of all MS spectra using flexAnalysis
v.3.3 software showed that they were all of good quality (peak intensity >3000 au, no background noise, and correct baseline sub-
traction) (Fig. 3A). The dendrogram generated from the MS spectra of some specimens of the three species shows intra-species
reproducibility and inter-species specificity, with specimens of the same species grouped together on the same branch (Fig. 3B).

The first blind test compared the spectra of termite legs collected in Gabon with our pre-existing MALDI-TOF MS database that
contained 22 termite species [26]. The results showed that the termite species morphologically identified as M. muelleri and M. nobilis
were then identified as M. bellicosus, with log-score values (LSVs) ranging from 1.409 to 2.335, a mean of 1.866 + 0.210, and a median
of 1.886 and 75% (57/76) had an LSV>1.8 (Fig. 3C). The principal component analysis (PCA) (Fig. 3 D) using spectra of the
M. bellicosus species collected from Senegal, conserved on alcohol, and the spectra of fresh termites species collected from Gabon and
morphologically identified as M. nobilis and M. mulleri, created using ClinProTools 2.2 software, showed no differences between the
spectra of the three species of the Macrotermes genera. However, termite specimens identified as P. militaris and N. indoensis were
identified as different termite species, with LSVs<1.8, ranging from 0.981 to 1.486, a mean of 1.191 + 0.132, and a median of 1.171.

After the addition of spectra of three P. militaris, six M. bellicosus, and one N. indoensis to our MALDI-TOF MS database, the
remaining 98 spectra were subjected to a second blind test. The specimens de M. muelleri and M. nobilis were all identified as M.
bellicosus, with LSVs ranging from 1.701 to 2.592, a mean of 2.258 + 0.164, and a median of 2.323. The specimens of P. militaris were
identified as P. militaris, with LSVs ranging from 1.649 to 2.395, a mean of 2.089 + 0.182, and a median of 2.118. The N. indoensis were
correctly identified as N. indoensis and had LSVs ranging from 1.891 to 2.243, a mean of 2.076 + 0.143, and a median of 2.098
(Table 2).

3. Discussion

The current study focuses on the identification of fresh termites collected in the field from Lekedi and Bongoville (Gabon) by
MALDI-TOF MS. Several entomological studies have provided exact morphological identification keys to a large number of termite
species in the world [3,21,29,30]. These keys can be complicated to use and are also difficult to interpret for non-entomologists [2.2,
31]. This approach allows a significantly faster species-level identification than morphology and is less expensive than molecular
methods once the device has been purchased. The tool can be utilized across multiple platforms, including entomology, mycology,
microbiology, and malacology [25,32]. Several factors should be considered to ensure the quality of the spectra produced, such as the
choice of the compartment of the arthropod. This compartment may be the head for bed bugs [33], the legs for ticks and mosquitos [34,
35], thoraxes with wings, legs for sand flies [36], and the cephalothorax for lice [37]. Various arthropod preservation techniques,
including freezing, silica gel, and alcohol, also impact the MS profiles. When the reference database MS spectrum does not comprise all
preservation methods, identification using MALDI-TOF MS is challenging [33,38,39]. For termites, we previously determined that legs
appear suitable [26] when working on alcohol-preserved specimens. In the present study, we demonstrated the reliability of
MALDI-TOF MS in identifying fresh Gabonese termites. To our knowledge, no study has specifically investigated Gabonese termites.
Most studies have focused on termites as food for chimpanzees and gorillas [16-18].

In our study, the termites were identified to the species level based on morphological characteristics and the known distribution of
termites in Gabon [3,30,40]. Interestingly in this study, morphological identification led us to speculate on the presence of two species
in the same nest. M. muelleri and M. nobilis appear in fewer numbers. One hypothesis could be that a royal couple may settle in a
pre-existing termite mound or that a colony may migrate there after having grown, a phenomenon that has only been reported in
African termites [21,41]. The low number of inhabited termite mounds (4/12) in our study could be related to the complex interior
structure of the nest, which allows termites to escape when they perceive potential danger [42]. However, if having two species in the
same nest would have been possible, using molecular tools allowed us to conclude that there was only one species, that is, M. belli-
cosus. The genetic profiles of the two Macrotermes species were identical, suggesting that the morphological differences observed were
probably the result of a misidentification. This discrepancy between morphological and molecular identification highlights the
challenges associated with morphological identification based solely on external features.

To address this issue, we used mitochondrial genome sequences of the COI and 12S rRNA genes on termite molecular identification
based on previous studies that demonstrated their efficiency for termite species identification and phylogenetic analysis to address this
issue [43,44]. Based on research, the 12S rRNA gene has proven to be a useful molecular marker for improved termite species
identification and species diversity through the phylogenetic tree [45].

The identity percentage of COI sequences for Pseudacanthotermes militaris (morphologically identified) showed no significant
variation compared to the sequences in GenBank for P. spiniger (99.51%) and P. militaris (99.34%). The sequence of P. spiniger deposited

Table 2
Present the result of termite’s identification through MALDI-TOF MS include morphological identification after molecular confirmation, the number
of termites tested, the number added to the database, MALDI-TOF MS identification and the Log Score Value (LSV).

Morphological identification Number tested Number added to the database MALDI-TOF MS identification % Score range LSV
Pseudacanthotermes militaris 23 3 100% (23/23) P. militaris 1.649-2.395
Noditermes indoensis 5 1 100% (5/5) N. indoensis 1.891-2.243
Macrotermes belicosus 70 6 100% (70/70) M. bellicosus 1.811-2.592
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in GenBank had not been studied morphologically in detail. However, to identify this species, we used the morphological identification
keys reported previously [46], namely a long and utterly rectangular head, the presence of two long spines at the anterior edge of the
pronotum, a mandible curved at the extremity, 18 articles of antennae, and morphometry (e.g., the width of the head does not exceed
2.7 mm) [21,47]. It is important to indicate that both species are widespread in African forests and savannas; they may breed with one
another, and generate hybrid colonies [48]. The phylogenetic tree showed that the sequences we morphologically identified as
P. militaris were close to the P. militaris reference sequence about both genes.

The identity percentage of our sequences morphologically identified as N. indoensis showed an identification mismatch with the COI
and 12S rRNA genes (Niditermes orthognatus and Cubitermes ugandensis) and did not correspond to our morphology. However, the lack
of reference sequences in GenBank may explain these results. The phylogenetic tree shows that both sequences are distant from our
sequence (Fig. 2).

In this study, we used MALDI TOF to corroborate the results obtained by molecular biology, despite the limited number of spectral
profiles of termite species (22 species) in the database. It includes spectra of Macrotermes bellicosus species obtained from termites
collected in Senegal and preserved in alcohol. The results of the initial blind test for morphological species identified as M. muelleri and
M. nobilis were identified as Macrotermes bellicosus with good log score values. MALDI-TOF analysis confirmed our molecular biology
results, providing further evidence that the two termite species, according to their morphological classification, are indeed the same
species.

The MALDI-TOF spectral analysis showed that 100% of the spectra were of excellent quality, with intra-species reproducibility and
inter-species specificity. This result was consistent with those obtained from termites collected in West Africa [26]. Previous studies
have shown that MS profiles within the same species may change depending on the storage method, the influence of the environment,
and spatial and temporal aspects [33,38]. In this study, despite the differences between the origins and preservation techniques of the
termites tested (Gabon, fresh) from those in the database (Senegal, alcohol), MALDI-TOF could still correctly identify M. bellicosus
species. This study revealed that MALDI-TOF MS profiles of fresh M. bellicosus were not significantly different from those of
M. bellicosus stored in alcohol. P. militaris and N. indoensis were not in our MALDI-TOF MS database. After enriching our database with
reference spectra from these three termite species, we could accurately identify these specimens with an LSV>1.8 in 96% of cases.
MALDI-TOF MS could identify specimens that molecular biology was unable to identify, making it trustworthy and accurate for
identifying termites.

Although the MALDI-TOF MS tool is accurate for arthropod identification, successful identification depends on the reliability of the
spectral profile database. At present, our database is still in the process of being built up, so it needs to contain more spectra repre-
sentative of all known species. This absence is a limiting factor for identifying species whose specimens are outside the database, hence
the need for continuous updating of the reference spectra database with new specimens, to improve the quality of protein spectra.

One crucial aspect is the need to construct a database with the most significant number of spectra. Moreover, it is essential to
include spectra in the database only if the related specimen has been identified at the species level through morphological and mo-
lecular methods. By following this approach, we can ensure that the database comprises the largest possible number of spectra,

Fig. 4. A Map of Gabon showing both termite collection sites and some termite nests. The Bongoville site is marked with a red dot. B termite nest
(cathedral), C presence of termite soldier. The Lekedi site is indicated with a green dot. D, E termite nest, F presence of termite alate. The map used
in this study is not subject to copyright. Map of Gabon: QGIS.org, 2022. QGIS Geographic Information System. QGIS Association. http://www.qgis.
org. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)


http://QGIS.org
http://www.qgis.org
http://www.qgis.org

B. Hasnaoui et al. Heliyon 10 (2024) e28081
enhancing its effectiveness and accuracy for arthropod identification.
4. Conclusion

In conclusion, our study on termite identification using MALDI-TOF MS presents a significant advancement in the field of ento-
mology. By utilizing fresh termite specimens from Gabon and incorporating them into our extensive database, we have successfully
demonstrated the reproducibility of our findings, particularly when reference spectra are available in the database. The updates made
to our existing database, which now includes spectra of new species, have enhanced the credibility and accuracy of our results.

5. Materials and methods
5.1. Collection of termites

Termites were collected on August 30, 2021 at two sites in Gabon. The first site was the private nature park in Lekedi (—1.79674'N;
13.02052' E), and the second site was in Bongoville (—1.607275' N; 13.939115' E) (Fig. 4-A). Collections were made in 11 nests
(labelled T1 to T11) in the park and two termite nests (T12 and T13) in Bongoville. Soil samples from each nest containing termites
were collected using a shovel and forceps. The shapes of termite nests at the various collection sites were photographed, with termites
represented in Fig. 4B—C from the Bongoville site, and in Fig. 4D-E from the Lekedi site. The soil samples and termites were collected in
labelled plastic boxes, where they were stored at room temperature during transport to the laboratory at the University Hospital
Institute (UHI) in Marseille. Prior authorization for the import of termite samples from Gabon into France was granted by the
Departmental Directorate of Population Protection des Bouches-du-Rhone on August 09, 2021, under number ER-16-2021. The Gabon
Ministry of the Interior authorized the shipment of this biological material out of Gabon on September 01, 2021, under number 33/MI/
FPN/DGDI/AP/H.O/FCV.

In the laboratory, termites were sorted, rinsed once with 10% bleach and twice with distilled water, and dried with sterile filter
paper. Each termite was placed in a 2 ml tube and stored at —20 °C before analysis.

5.2. Morphological identification

All termites collected were examined individually under a binocular loupe and ZEISS Axio Zoom V16. A few samples were selected
and photographed using the Canon MP-E65mm lens (France) and a TM 4000 plus HITACHI tabletop electron microscope. The
morphological characteristics of each specimen were noted and compared to different identification keys [3,21,40,47].

5.3. DNA extraction and molecular identification of termites

To confirm the morphological identification of the termites, we randomly selected ten termite specimens, consisting of four
morphologically identified as M. muelleri, two identified as M. nobilis, three identified as P. militaris, and one identified as N. indoensis.
Molecular identification of termite species was performed using COI and 12S rRNA genes amplifying sequences of 420 and 710 bp
respectively [26].

As previously described, DNA from the termites was extracted from the third part of the abdomen using an EZ1 DNA tissue kit
(Qiagen) [26]. This was either used immediately or was stored at —20 °C until use. The amplified products were visualized on 1.5%
agarose gel stained with SYBR Safe and then purified using a Macherey Nagel (NucleoFast 96 PCR, Diiren, Germany) plate. Sequencing
was performed using the BigDye Terminator v1.1, v3.1 5x Sequencing Buffer (Applied Biosystems, Warrington, United Kingdom) and
run on an automated sequencer. Sequence chromatograms were assembled and edited using Chromas Prol.77 (Technelyium Pty. Ltd,
Tewantin, Australia).

The termite sequences obtained from both genes were subjected to bioinformatic comparison by comparing them to sequences in
the National Center for Biotechnology Information (NCBI) database [49].

All sequences were then aligned using (MEGA?7) and a phylogenetic tree was constructed and edited using the maximum likelihood
method with model selection figured out by MEGA7 [50].

5.4. Sample homogenization and loading on MALDI-TOF MS target plate for analysis

Three legs from each termite specimen were dissected and individually placed in a 1.5 ml tube for MALDI-TOF MS analysis. These
legs from each termite were homogenized using Tissue Lyser (QIAGEN), with a pinch of glass beads and 20 pL of a mixture of 70%
formic acid and 50% acetonitrile (Fluka, Buchs, Switzerland) [26]. After homogenization and centrifugation of the sample, 1 pL of the
supernatant of each sample was deposited in quadruplicate onto a MALDI-TOF MS steel plate (Bruker Daltonics, Wissembourg, France)
and dried at room temperature. Each spot was covered with 1 pL of matrix solution composed of a saturated solution of a-cya-
no-4-hydroxycinnamic acid (Sigma, Lyon, France), 50% acetonitrile (v/v), 2. 5% trifluoroacetic acid (v/v) (Aldrich, Dorset, United
Kingdom), and high-performance liquid chromatography (HPLC) grade water [51]. The target plate was air-dried once more at room
temperature before being introduced into the Microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics, Germany). The quality of
the matrix, sample loading, and performance of the MALDI-TOF MS device were controlled using the legs of an Aedes albopictus reared
in our laboratory as a positive control.
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5.5. MALDI-TOF MS parameters and MS spectra analysis

Protein mass profiles were obtained using a MALDI-TOF Microflex LT mass spectrometer (Bruker Daltonics, Hamburg, Germany).
Positive ion detection was performed in linear mode at a laser frequency of 50 Hz in the mass range of 2-20 kDa. The setup parameters
of the MALDI-TOF MS instrument were identical to those used previously [52].

The quality of MS spectra for all specimens was inspected using ClinProTools 2.2 and flexAnalysis v.3.3 software (Bruker Daltonics)
to assess the performance of MALDI-TOF MS. For further analyses, spectra of excellent quality were selected, based on their repro-
ducibility compared to one another, the absence of background noise, and the global intensity (>3000 ua). Dendrograms were created
using MALDI Biotyper v.3.0. Software, as previously described. [53].

5.6. Database updating and blind testing

MALDI-TOF MS spectra obtained from the termites’ legs were tested against our homemade arthropod database containing
reference spectra for 22 species of European and West African termites stored in alcohol [26]. Then, having updated this database with
the spectra obtained from one to six specimens from each of the three species from Gabon, a blind test was carried out again, using the
remaining spectra. The identification level was calculated using the LSVs assigned by the MALDI Biotyper v.3.0 software (Bruker
Daltonics). This value, ranging from 0 to 3, assesses the similarity between a tested spectrum and the reference spectra by comparing
the position of the peaks and their intensity [54].
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