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Abstract

Scorpions are characterized by their venomous adaptations, including specialized stingers,
and their ecological diversity. Some families, such as Buthidae, have medically significant
species and their venoms possess a diverse array of chemicals. In Mexico, Centruroides suf-
fusus and Centruroides vittatus coexist, with C. suffusus considered medically important due
to its highly toxic venom. This study describes the metabolomic and microbiomic profiles of
C. suffusus and C. vittatus. The metabolomic profiling (12 amino acids and 28 acylcarnitines)
reveals significant differences between the two species, hinting at metabolic and ecological
variations. Ornithine (ORN) and arginine (ARG) were the most abundant in C. vittatus,
while tyrosine (TYR) was the most abundant amino acid molecule in C. suffusus. The
microbiome analysis (by Next-Generation Sequencing of the 16S ribosomal gene) indicates
similarities in gut bacteria composition between the two species (Phyla: Actinobacteria,
Bacteroidetes, Cyanobacteria, Firmicutes, Proteobacteria and Tenericutes).

Keywords: scorpions; microbiome; metabolome; Centuroides

Arthropoda 2025, 3, 14 https://doi.org/10.3390/arthropoda3040014

https://doi.org/10.3390/arthropoda3040014
https://doi.org/10.3390/arthropoda3040014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/arthropoda
https://www.mdpi.com
https://orcid.org/0000-0001-6095-8817
https://orcid.org/0000-0003-1851-2293
https://orcid.org/0000-0002-0746-0507
https://orcid.org/0000-0002-3146-1374
https://orcid.org/0000-0003-1733-7366
https://orcid.org/0000-0003-1621-3505
https://orcid.org/0000-0002-0201-695X
https://orcid.org/0000-0002-0534-1328
https://orcid.org/0000-0003-1478-9068
https://orcid.org/0000-0001-9848-862X
https://orcid.org/0000-0001-8554-8865
https://orcid.org/0000-0003-4411-8441
https://orcid.org/0000-0002-5988-4168
https://doi.org/10.3390/arthropoda3040014
https://www.mdpi.com/article/10.3390/arthropoda3040014?type=check_update&version=2


Arthropoda 2025, 3, 14 2 of 15

1. Introduction
Scorpions (Arachnida: Scorpiones) are venomous arachnids with an opisthosoma

divided into two regions. The terminal appendage is used to deliver venom to both kill
prey and help the scorpion defend itself against potential predators [1,2].

The venom of scorpions is composed of a wide array of chemicals, as they are rich in
small peptides, mucopolysaccharides, and enzymes [3,4], all of which represent valuable
biomedical and biotechnological resources. Among these, medically significant species are
found mainly within Buthidae and Hemiscorpiidae (its only genus, Hemiscorpius Peters,
1861), while Nebo (Diplocentridae, Simon, 1878) has been mentioned in isolated reports but
lacks confirmed evidence of clinical importance [5]. Neurotoxins that facilitate prey capture
by targeting ion channels. In humans, they can bind to sodium, potassium, chloride, or
calcium channels, disrupting nerve impulse transmission and causing symptoms such
as intense pain, hypersalivation, muscle spasms, asphyxia, and paralysis, which may be
fatal in severe cases [6–8]. The Mexican scorpion fauna comprises 310 species grouped
into eight families [9]; among these families, Buthidae stands out as the only one that has
species of medical importance [10]. This family is represented in Mexico by two genera:
the ubiquitous genus Centruroides Marx, 1889, of which 54 species are known to inhabit
the country [9], and the much more geographically restricted species of the endemic genus
Chaneke Francke, Teruel & Santibañez-López, 2014, of which there are only four in Mexican
territory [11]. The state of Durango harbors a notable scorpion diversity influenced by its
environmental heterogeneity, which includes arid and semi-arid zones as well as temperate
forests [12]. This landscape variation shapes scorpion distribution, as observed for the two
Centruroides species with medical importance in Durango: C. suffusus and C. infamatus [13].
These two species, C. suffusus and C. vittatus, were selected for this study because they were
the most frequently encountered during field collections in Durango and are of medical
relevance in the region. Additionally, these species differ ecologically and morphologically,
with C. suffusus typically larger and associated with arid habitats, while C. vittatus is smaller
and occupies a broader range of environments.

By DNA sequencing techniques, it has been possible to compare the mitochondrial
genome of several species of scorpions, including C. suffusus and C. vittatus, of which there
are partial sequences in GenBank [14–18]; nonetheless, there is a lack of information regard-
ing the integration of physiological data, which can help unveil mechanistic divergence
among species. Growing evidence suggests that ecological and developmental factors, such
as metabolism, affect multiple physiological processes in animals [19,20]. In this context,
acylcarnitines play a key role and are essential for the transport of short, medium, and
long-chain fatty acids across the internal mitochondrial membrane for their subsequent
β-oxidation.

The study of the metabolome in arachnids and insects, especially amino acid and
acylcarnitine profiles, is essential to understanding their metabolic processes. Tandem
mass spectrometry (MS/MS) is a key technique for identifying and quantifying these
metabolites. However, to date, no metabolic profiles of amino acids and acylcarnitines have
been described for any scorpion species. In insects such as Culex quinquefasciatus, changes in
these profiles were observed after exposure to insecticides, underlining their importance in
the response to environmental stress [21]. Although most metabolomic studies to date have
focused on vertebrates, such as horses [22] and bears [23,24], these examples illustrate the
broad applicability of metabolomics in evaluating physiological and biochemical profiles
across diverse taxa. However, comparable studies in arthropods, particularly arachnids,
remain scarce. The microbiota of scorpions, which includes communities of bacteria and
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other microorganisms, plays a crucial role in their biology. Recent studies have identified
unique bacteria in the telson of scorpions, such as Mollicutes, suggesting that these bacteria
may influence venom composition [25]. These component organisms of the microbiota can
affect the production and effectiveness of poisons [26].

This study aims to characterize the metabolomic and microbiomic profiles of C. suffusus
and C. vittatus. We focused on amino acids and acylcarnitines due to their known roles
in energy metabolism, oxidative stress response, and detoxification pathways. Previous
studies have identified these metabolites as informative biomarkers in insects. To our
knowledge, this is the first study to characterize the metabolomic profiles of scorpions,
providing novel insights into their amino acid and acylcarnitine composition. However,
comparable information in scorpions remains scarce. Ecologically, C. suffusus is commonly
found in arid and semi-arid environments and is known for its larger size and more
potent venom, while C. vittatus occupies a broader range of habitats across North America
and is generally smaller in size. Our dual approach seeks to uncover species-specific
biochemical patterns and microbial associations that may contribute to physiological or
ecological differentiation.

2. Materials and Methods
2.1. Scorpions Sample Collection

We collected adult specimens of C. suffusus and C. vittatus from urban habitats in
Victoria de Durango (24◦01′13.2′′ N 104◦39′27.2′′ W), state of Durango, Mexico, using an
aspirator during manual night searches. Permission for scorpion field collection was ob-
tained from the Secretariat of Environment and Natural Resources (SEMARNAT—scientific
collection license: No. SPARN/DGVS/12661/23).

The collection and sample preparation took place in October 2023. The specimens
were deposited in the Arachnid Collection of the School of Biological Sciences at UANL.
Additionally, 10 females and 10 males for each species were used to extract the muscle
tissue from the dorsal mesosoma for the metabolomic analysis and the intestines for the
microbiome analysis. Specimens were dissected under sterile conditions using autoclaved
dissection tools and disposable gloves to minimize contamination. Muscle tissue was
carefully excised from the dorsal mesosoma, and intestines were removed using forceps
and micro-scissors. All dissections were conducted in a laminar flow hood to reduce envi-
ronmental contamination. Although muscle tissue was carefully dissected from the dorsal
mesosoma under sterile conditions, we acknowledge the potential for minor contamination
from surrounding tissues or gut content due to the anatomical compactness of scorpions.

2.2. Metabolome Analysis

Muscle tissue samples (0.30 g) from adult specimens of C. suffusus and C. vittatus were
macerated and homogenized in 500 µL of ddH2O. Homogenates were placed in 1.5 mL
conical tubes and centrifuged for 10 s at 15,339× g to separate debris. The aqueous phase
was recovered with a syringe, filtered through a 0.22 µm acrodisc filter, and transferred
to a clean tube. Then, 30 µL of the filtered sample was spotted onto S&S903 filter paper
(15 repetitions with 15 min intervals). Dried spots were punched (3.2 mm diameter) using
a Wallac DBS Puncher (PerkinElmer, Waltham, MA, USA).

The NeoBase Non-derivatized LC-MS/MS kit (PerkinElmer, Walthman, MA, USA), as
previously applied by Martin-Park et al. [21], was used to obtain the metabolite profiles
comprising 12 amino acids and 28 acylcarnitines. The values were normalized using
references of internal standards labeled with stable isotopes and done to analyzed in LC-
MS/MS (API 2000, ABSciex, Framingham, MA, USA) integrated into a micropump and
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an automatic sampler (Series 2000, Perkin Elmer, Richmond, CA, USA). The results were
analyzed by Analyst 1.6.2 Software (ABSciex) and the NeoBase database.

In our study, we conducted statistical analyses using R programming (version
3.6.2) [27], this is to explore the metabolites showing a significant concentration differ-
ence at an alpha of 0.05, utilizing normalization to ensure comparability across samples.
This involved adjusting each sample’s total measured values to equal one and employing
a logarithmic transformation to mitigate the influence of extreme values. We used the
Shapiro–Wilk test to assess data distribution, resorting to the Mann–Whitney U test for
non-normally distributed data and ANOVA for normally distributed data, with a signifi-
cance threshold set at 0.05. A graph was generated to represent these metabolites visually;
we employed the smallest concentration of each metabolite as the baseline of zero, where
the left side depicted the highest concentrations for C. vittatus and the right side for C.
suffusus, using fold change (FC), i.e., Log2 (higher/lower) to indicate the direction and
magnitude of concentration differences. The complete raw dataset and additional tables
that underpin our analysis are available in the (Supplementary Material Tables S8–S10 for
amino acids and Tables S12–S14 for acylcarnitines), providing further insight and context
to our findings.

2.3. Microbiome Determination

Specimens of C. suffusus and C. vittatus were sterilized with 96% ethanol for 3 min and
rinsed three times with sterile deionized water before dissection. The entire digestive tract
was carefully dissected under a stereomicroscope under sterile conditions. Petri dishes
containing 3 mL of sterile phosphate-buffered solution (10 mmol/L, pH 7.4) were used with
a pair of flame-sterilized forceps. The extracted guts were placed in a 1.5 mL sterile conic
tube with a 1 mL DNA shield (DNA/RNA Shield™ Reagent, Zymo Research, Irvine, CA,
USA) and stored at –70 ◦C until nucleic acid extraction. The bacterial DNA was extracted
with the ZymoBIOMICS kit, and the quality (see electrophoresis in Figure S15) and quantity
(by microvolume spectrophotometer) of the extracted DNA were verified before sending
the samples to be sequenced. Bacterial 16S rRNA gene sequencing was conducted using
V1–V2 or V3–V4 region primers (oligonucleotides designed by Zymo Research) and the
Quick-16STM NGS Library Prep Kit. Sequencing was carried out through the Targeted
Metagenomic Sequencing Service on an Illumina MiSeq™ platform using a v3 reagent
kit (2 × 300 bp paired-end reads, 600 cycles total) (Zymo Research, Irvine, CA, USA).
The total number of raw sequences obtained for C. suffusus (773,276) and for C. vittatus
(765,992) represents the merged forward and reverse reads after quality filtering. Data was
processed using the Zymo Research bioinformatics pipeline [28]. Additional details are
provided in Supplementary Table S16. Data mining was conducted in the R programming
language [27]. Taxonomic assignments were made using the DADA2 pipeline [28] with
SILVA v138.1 [29], retaining species-level identifications only when classification confidence
exceeded 97%, recognizing the general resolution limits of 16S rRNA sequencing. Plots
were generated with the R programing (version 3.6.2) using the packages data.tree [30],
treemap [31], ape [32], ggtree and tidytree [33], and ggplot2 [34]. The script is available in
the link: https://github.com/cesaremov/scorpions_iram/blob/main/plot_cladogram.R
(accessed on 10 April 2025).

3. Results
Metabolome
The metabolomic profile was determined by tandem mass spectrometry (MS/MS) and

encompassed 12 amino acids and 28 acylcarnitines.

https://github.com/cesaremov/scorpions_iram/blob/main/plot_cladogram.R
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Statistical analyses were performed with an alpha of 0.05 to identify metabolites
exhibiting significant differences between species across triplicates. Figures 1 and 2 display
only the amino acids and acylcarnitines with statistically significant differences, presented
as fold changes (FCs), calculated using the log2 ratio of higher to lower concentrations,
with the metabolite of lower concentration serving as baseline reference (zero).

Figure 1. Relative abundances of selected amino acids in Centruroides vittatus and Centruroides suffusus.
The bar plot shows the fold changes in tyrosine (TYR), ornithine (ORN), and arginine (ARG) between
the two species. Full amino acid percentage data are presented in Supplementary Table S9.

Among the amino acids analyzed, tyrosine (TYR) was significantly more abundant
in C. suffusus (2.89-fold), whereas ornithine (ORN, 2.5-fold) and arginine (ARG, 1.13-fold)
were higher in C. vittatus (Figure 1). It is important to note that ORN values showed
variability among replicates, with one of the three samples presenting a markedly different
concentration, which could have influenced the overall mean and fold change calculation.

Detailed percentage data for each amino acid are provided in Supplementary Table S9,
with additional statistical analyses and mean differences presented in Supplementary
Table S11.
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Figure 2. Relative abundances of selected acylcarnitines in Centruroides vittatus and Centruroides
suffusus. Bar plot showing fold changes in C0, C2, C3, C5, C12, and C12.1 between the two species. Y.
Detailed percentage data for acylcarnitines are presented in Supplementary Table S13.

For acylcarnitines, C5 showed the greatest difference, with higher levels in C. suffusus
(0.93-fold). Additionally, acylcarnitines, such as C2, C3, and C0, also showed species-
specific variations (Figure 2). Percentage data for acylcarnitines are available in Supple-
mentary Table S13, and statistical analyses in Table S15.

It is important to note that “non-significant” in this context refers to the lack of
statistical difference between species, rather than indicating a lack of biological relevance.
Full data for amino acids and acylcarnitines, including both significant and non-significant
metabolites, are provide in Supplementary Tables S11 and S15, respectively.

Microbiome
Next Generation Sequencing (NGS) of the 16S rRNA gene revealed the gut micro-

biota composition of C. suffusus and C. vittatus. In total, 15 bacterial OTUs (Operational
Taxonomic Unit), representing clusters of similar sequences that may include one or more
species, had relative abundances greater than 0.5% were identified, accounting for 95.42%
of total bacterial abundance in C. suffusus (65,189 genome copies/µL) and 97.76% in C.
vittatus (64,119 genome copies/µL) (Figure S1). It is important to note that OTUs represent
sequence clusters that may include multiple species, and while genus-level assignments
are robust with V1-V2 or V3-V4 regions, species-level resolution is generally limited.

Figure 3 shows a comparative overview of bacterial taxa identified in both species.
Panel A shows the phylogenetic relationships among the dominant OTUs identified, high-
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lighting that Proteobacteria-related genera such as Serratia and Pseudomonas clustered
closely, while Firmicutes genera such as Staphylococcus formed distinct branches, reflecting
their taxonomic divergence. Panel B presents the relative abundances by phylum, demon-
strating that Proteobacteria was dominant in both scorpions, followed by Firmicutes, Tener-
icutes, and Bacteroidetes. Notably, C. suffusus showed high abundances of Klebsiella oxytoca
(29.62%) and Pseudomonas NA (9.74%), while C. vittatus was dominated by Chryseobacterium
flavum-indologenes (37.7%) and Serratia grimesii-liquefaciens-proteamaculans (26.09%).

 

Figure 3. Comparative microbiota distribution between Centruroides vittatus and Centruroides suffusus.
(A) Phylogenetic tree of the microbiota of the two species. The phylogenetic tree was reconstructed
using the Maximum Likelihood method based on 16S rRNA gene sequences, with bootstrap support
values shown at nodes. Sequences without circles represent bacterial taxa shared between both
species, while colored circles indicate species-specific taxa. (B) Bacterial species abundance percentage
heatmaps. Note: The abbreviation “NA” refers to the fact that no data are available to assign specific
names to that species. Percent identity values between sequences are provided in Supplementary
Table S17 to support taxonomic assignments and highlight the similarity levels among detected
bacterial taxa.

Table 1 provides a detailed comparison of bacterial taxa presence between the two
species. Notably, C. suffusus showed exclusive presence of Pseudomonas NA, Acinetobacter
calcoaceticus-pittii, and Klebsiella oxytoca, while C. vittatus harbored Pseudomonas flavescens-
putida and Serratia marcescens-nematodiphila exclusively. Shared genera included Acinetobac-
ter radioresistens, Enterobacter cloacae, Serratia grimesii-liquefaciens-proteamaculans, Clostridium
hydrogeniformans, Staphylococcus sciuri, Staphylococcus saprophyticus-xylosus, Bacillus NA, and
Mycoplasma sp.68230.”
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Table 1. Bacterial comparative analysis display.

Phylum Species C. suffusus C. vittatus

Bacteriodeta Chryseobacterium
flavum-indologenes × ×

Pseudomonadota Pseudomonas NA ×
Pseudomonas flavescens-putida ×
Acinetobacter calcoacetius-pittii ×

Acinetobacter radioresistens × ×
Klebsiella oxytoca ×

Enterobacter cloacae × ×
Serratia liquafaciens-myotis-

protemaculans × ×

Serratia
marcescens-nematodiphila ×

Serratia grimesii-liquefaciens-
protemaculans × ×

Bacillota Clostridium hydrogeniformans × ×
Staphylococcus sciuri × ×

Staphylococcus
saprophyticus-xylosus × ×

Bacillus NA × ×
Mycoplasmatota Mycoplasma sp.68230 × ×

Alpha diversity (Figure S14) was higher in C. suffusus, indicating greater bacterial
richness compared to C. vittatus.

These results reveal a shared core microbiota dominated by Proteobacteria and Fir-
micutes, with species-specific differences in bacterial community composition. Detailed
taxonomic distributions by phylum, class, order, family, genus, and species are provided in
Supplementary Tables S1–S6, and heatmap clustering results are shown in Figures S8–S13.

4. Discussion
4.1. Metabolome

A comparative analysis of the metabolomic profiles of C. suffusus and C. vittatus
revealed distinct patterns in the relative abundance of amino acids and acylcarnitines.

4.1.1. Amino Acid Profile

Marked differences were observed in the amino acid composition between species. Or-
nithine (ORN) and arginine (ARG) were more abundant in C. vittatus, both of which are key
components of the urea cycle, a metabolic pathway that converts ammonia, a toxic byprod-
uct of protein degradation, into urea, a non-toxic compound [35]. In vertebrates, this cycle
occurs in the liver and contributes to the synthesis of vasodilators [36]. Conversely, tyrosine
(TYR) was the most abundant amino acid molecule in C. suffusus, a precursor of thyroid
hormones, catecholamines (adrenaline, dopamine, and norepinephrine), and melanin.

Tyrosine has been reported to participate in the biosynthesis of ubiquitin, a molecule
associated with venom gland regulation in scorpions [37]. The elevated levels of tyrosine
observed in C. suffusus, compared to C. vittatus, may be attributed to differences in venom
gland physiology [38]. While all scorpions produce venom [39], only C. suffusus among the
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two species analyzed is considered medically important, due to the presence of a venom
component that affects vertebrate systems [40]. C. vittatus, although not considered a threat
to humans, likely exhibits venom activity specialized in immobilizing arthropod prey.
Additionally, the formation of a ubiquitin–proteasome complex has been identified as a
regulatory element in the venom glands of Tityus serrulatus Lutz & Mello, 1922, supporting
a possible functional role of tyrosine-derived molecules in venom modulation [41]. Tyro-
sine, derived from phenylalanine, is involved in several downstream metabolic pathways
that include the production of aromatic compounds and energy intermediates. Although
the KEGG phenylalanine metabolism pathway in C. sculpturatus does not explicitly link
tyrosine to cuticle formation, its role in the generation of phenolic derivates suggests
potential involvement in physiological processes such as pigmentation or structural modi-
fication [42]. Arginine, like proline, serves as an energy source in invertebrates, specially
under conditions of metabolic stress of high energy demand [43]. The distinct amino acid
profiles between C. suffusus and C. vittatus may reflect species-specific metabolic patterns
influenced by physiological needs or environmental factors [43].

Given that ornithine directly participates in the biosynthesis of arginine, the elevated
ornithine levels observed in C. vittatus, are consistent with its higher arginine content.
In contrast, C. suffusus, exhibited lower levels of both ornithine and arginine, suggesting
reduced activity in the biosynthetic pathway. Additionally, both arginine and ornithine are
involved in the metabolism of glutathione, a compound associated with cellular detoxifica-
tion and resistance to insecticides [44].

Citrulline has been reported to actively participate in the urea cycle of the scorpion
C. sculpturatus [45], functioning as a precursor to arginine, which in turn leads to the
production of ornithine. These three amino acids, citrulline, arginine, and ornithine, are
key components of the urea cycle, a pathway responsible for the elimination of nitrogenous
waste products from the organism. The significant differences in their relative abundance
between C. vittatus and C. suffusus may reflect species-specific physiological adaptations
and geographical influences. In particular, C. vittatus may require more frequent nitrogen
waste removal, possibly due to higher metabolic activity [46]. Fumarate then enters the
Krebs cycle, linking nitrogen metabolism with energy production. Thus, the elevated levels
of citrulline, arginine, and ornithine in C. vittatus may indicate a greater reliance on this
metabolic pathway compared to C. suffusus.

4.1.2. Differential Display from Acylcarnitines Between Centruroides

In the acylcarnitine profile, several metabolites stood out: free carnitine (C0), acetyl-
carnitine (C2), propionylcarnitine (C3), isovalerylcarnitine (C5), dodecanoylcarnitine (C12),
and monounsaturated dodecanoylcarnitine (C12:1). Although some average differences
were observed between species, the variability across triplicate measurements limited
the statistical significance of these differences. Nonetheless, a distinct pattern emerged:
short- and medium-chain acylcarnitines (C2, C4, C5, and C12) showed elevated levels in C.
suffusus, while free carnitine (C0) and monounsaturated dodecanoylcarnitine (C12.1) were
more elevated in C. vittatus. These play essential roles in the transport of fatty acids into
mitochondria, enabling their subsequent β-oxidation and ATP generation.

In scorpions, the differences in acylcarnitine levels are likely influenced by diet and
the fitness cost associated with acquiring or metabolizing specific fatty acids, depending on
the species. These differential metabolite expressions may reflect broader metabolic [47]
disparities between species, including variations in dietary preferences, habitat use, evolu-
tionary adaptations, or predator–prey dynamics. For instance, the elevated tyrosine levels
observed in C. suffusus could be associated with greater efficiency in capturing prey rich in
specific amino acids or metabolic precursors.
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The composition of scorpion venom is influenced by multiple factors, including diet,
metabolic activity, and species-specific physiological traits [48]. Given the observed differ-
ences in metabolic profiles of C. vittatus and C. suffusus, it is plausible that discrepancies in
their venom compositions also differ.

Acylcarnitines are essential intermediates in fatty acid metabolism, facilitating
the transport and catabolism of fatty acids and promoting ATP production via beta-
oxidation [49]. Fatty acids and their derivatives may fulfill various biological functions,
including the modulation of venom component activity [50,51]. Therefore, variations in
fatty acid profiles may significantly influence the biological activity and toxicity of scorpion
venom. These findings raise the question of whether elevated acylcarnitine levels correlate
with venom composition, supporting the need to characterize the metabolic profiles of
medically important scorpion venoms.

4.2. Microbiome

This study presents the first characterization of the gut microbiota in C. suffusus and C.
vittatus. The gut microbiota is a dynamic ecosystem that is essential for host health and
homeostasis [52–54]. Its composition is influenced by multiple factors, including diet [48],
developmental stage [55,56], geographic location [57,58], and host physiology. These
microbial symbionts contribute to physiological stability, supporting key processes such as
immunity, metabolism, and nutrient absorption [59]. Certain bacteria have been associated
with longevity and immunity [60], as well as host behavior [61] and reproduction [62,63].

In arthropods, gut microbiota play diverse roles, including the maintenance of the
peritrophic membrane [64], degradation of polysaccharides [65,66], nitrogen fixation and
recycling [67,68], detoxification [69], and protection against pathogens [70–72].

Scorpions have a broad diet that includes arthropods and small vertebrates. They are
highly tolerant to environmental stressors, including prolonged periods of food and water
deprivation, due to their ability to consume large quantities at once [2,73]. Additionally,
they can tolerate extreme temperatures [74]. These physiological adaptations may influence
their metabolic profiles and gut microbiota composition, as observed in this study.

The microbiota of Centruroides limpidus (Karsch, 1879) and Vaejovis smithi (Pocock,
1902) (Vaejovidae) have been previously described, showing partial overlap with that of C.
suffusus and C. vittatus [75]. However, in contrast to the interspecific differences observed
between C. limpidus and V. smithi, C. suffusus and C. vittatus share an exceptionally similar
gut microbiota, differing only in five species of bacteria. This high similarity may be
influenced by their phylogenetic proximity, as both belong to the genus Centuroides, as well
as by ecological factors such as similar diet or microhabitat. Additionally, because both
species were collected from the same geographical region, shared environmental conditions
could also contribute to microbiome similarity.

Two species of bacteria were exclusive to C. vittatus: Serratia marcescens and Pseu-
domonas flavescens. Both are Gram-negative bacilli, ubiquitous in soil, water, and plant
surfaces, and commonly found in moist environments such as bathrooms, drains, and sinks.
Despite overlapping ecological niches, they differ in pigmentation: S. marcescens produces
a brick-red pigment (prodigiosin) at 28 ◦C, but not at 37 ◦C, whereas P. flavescens is capable
of producing yellow or green pigments.

In contrast, a Pseudomonas species, along with Acinetobacter calcoaceticus-pittii and
Klebsiella oxytoca, was found in the digestive tract of C. suffusus. These bacteria are notable
for their ability to thrive in diverse environments, their potential involvement in human
and animal infections, and their relevance in both clinical and environmental contexts.
Pseudomonas spp. is known for its resistance to adverse conditions and its ability to degrade
complex organic compounds, making it valuable for bioremediation. A. calcoaceticus-
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pittii is recognized for its multidrug resistance and role as an opportunistic pathogen
in hospital settings. K. oxytoca, a member of the human intestinal microbiota, can also
cause nosocomial infections, being capable of surviving in different environments and
developing resistance to antibiotics. These bacteria exhibit adaptability to diverse ecological
niches and possess pathogenic potential, important to both human and animal health.
Their presence highlights their importance in microbiological and ecological research.
Additionally, the detection of Firmicutes, Actinobacteria, and Spirochaetes, commonly
found in insect gut microbiota [76,77], confirms that these groups are also components of
the scorpion gut microbiome.

The 16S gene of the microbiota inhabiting the digestive tract, telson, and gonads of
Androctonus australis was analyzed using SANGER sequencing. The identified sequences
were classified into seven bacterial taxonomic groups: Firmicutes, Betaproteobacteria,
Gammaproteobacteria, Flavobacteria, Actinobacteria, Mollicutes, and Cyanobacteria [78].
Among the Firmicutes, the order Lactobacillales included Enterococcus faecium, Enterococcus
faecalis, and Lactobacillus plantarum, lactic-acid-producing bacteria commonly found in A.
australis as well as other arthropods and chordates [79]. These symbiotic bacteria may
benefit the host by producing bacteriocins that inhibit pathogens or by contributing to other
physiological processes [80–82].

Previous studies in scorpions, including Centruroides limpidus and Vaejovis smithi [76]
Hadrurus arizonensis [25] have consistently reported Mollicutes, Firmicutes, and Proteobac-
teria as dominant taxa. Our findings are consistent with this general pattern, suggesting
conserved symbiotic relationships within scorpions, although the specific genera and
relative abundances vary among species.

Although some bacterial taxa were assigned at the species level with high confidence
scores, we recognize that 16S gene sequencing typically resolves taxa at the genus level,
and species-level assignments should be interpreted cautiously.

5. Conclusions
This study provides the first integrated analysis of metabolomic and microbiome

profiles in C. suffusus and C. vittatus. Significant interspecific differences were identified in
amino acid concentrations, notably citrulline, ornithine, and arginine, key components of
the urea cycle, which were more abundant in C. vittatus. In contrast, tyrosine, associated
with venom biosynthesis and cuticle development, was more abundant in C. suffusus.
Acylcarnitine profiles also showed variation, suggesting species-specific differences in lipid
metabolism and energy metabolism. The microbiome analysis revealed highly similar gut
communities, with only minor taxonomic differences. These findings underscore the value
of combining metabolomic and microbiomics data to enhance our understanding of the
biochemical characteristics and microbial associations in scorpions.
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