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ARTICLE INFO ABSTRACT

Handling editor: Ray Norton Oral and other cephalic glands have been surveyed by several studies with distinct purposes. Despite the wide
diversity and medical relevance of the New World coral snakes, studies focusing on understanding the biological
roles of the glands within this group are still scarce. Specifically, the venom glands of some coral snakes were
previously investigated but all other cephalic glands remain uncharacterized. In this sense, performing
morphological and molecular analysis of these glands may help better understand their biological role. Here, we
studied the morphology of the venom, infralabial, rictal, and harderian glands of thirteen species of Micrurus and
Micruroides euryxanthus. We also performed a molecular characterization of these glands from selected species of
Micrurus using transcriptomic and proteomic approaches. We described substantial morphological variation in
the cephalic glands of New World coral snakes and structural evidence for protein-secreting cells in the inferior
rictal glands. Our molecular analysis revealed that the venom glands, as expected, are majorly devoted to toxin
production, however, the infralabial and inferior rictal glands also expressed some toxin genes at low to medium
levels, despite the marked morphological differences. On the other hand, the harderian glands were dominated
by the expression of lipocalins, but do not produce toxins. Our integrative analysis, including the prediction of
biological processes and pathways, helped decipher some important traits of cephalic glands and better un-
derstand their biology.
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1. Introduction

Elapids constitute a successful radiation of venomous snakes within
Caenophidia with more than 380 species distributed throughout the
American, African, Asian, and Australian continents, and in the tropical
waters of the Indian and Pacific oceans (Campbell and Lamar, 1989,
2004; Uetz et al., 2021). The Elapidae includes well known iconic taxa
such as cobras, kraits, and coral snakes, the latter encompassing the
Nearctic and Neotropical representatives of the family (Campbell and
Lamar, 1989, 2004; Zaher et al., 2019, 2021). Despite its medical

importance (WHO, 2010), little is known about the morphological
variation of cephalic glands and the composition of the secretions pro-
duced by these glands. Most published data on cephalic gland
morphology are focuses on the venom gland (VG) (Rosenberg, 1967;
Gopalakrishnakone and Kochva, 1990; Dashevsky et al., 2021) of marine
and terrestrial species from Africa and Australia (Old World species),
with relatively little attention applied to coral snakes, particularly to the
New World species.

Although studies evaluating the composition of venoms produced by
elapid VGs are more abundant than those evaluating VG morphology,

* Corresponding author. Laboratério de Toxinologia Aplicada, Center of Toxins, Immune-Response and Cell Signaling (CeTICS), Instituto Butantan, Sao Paulo,

05503-900, Brazil.

E-mail addresses: leooliveira.herpeto@gmail.com, l.oliveira29@unesp.br (L. Oliveira).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.toxicon.2023.107285

Received 6 June 2023; Received in revised form 5 September 2023; Accepted 6 September 2023

Available online 7 September 2023
0041-0101/© 2023 Elsevier Ltd. All rights reserved.


mailto:leooliveira.herpeto@gmail.com
mailto:l.oliveira29@unesp.br
www.sciencedirect.com/science/journal/00410101
https://www.elsevier.com/locate/toxicon
https://doi.org/10.1016/j.toxicon.2023.107285
https://doi.org/10.1016/j.toxicon.2023.107285
https://doi.org/10.1016/j.toxicon.2023.107285
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxicon.2023.107285&domain=pdf

L. Oliveira et al.

they are generally focused on lineages with medical importance (i.e.,
higher incidence of human accidents). Therefore, most of these studies
are also concentrated on African and Australasian elapids, and few
integrative venomic studies have been developed addressing the di-
versity of American coral snakes (Aird et al., 2017; Dashevsky and Fry,
2018).

New World coral snakes are a monophyletic group of more than 80
species allocated in the genera Micrurus Wagler, 1824, Leptomicrurus
Schmidt, 1937 (currently a junior synonymy of Micrurus;
non-consensual), and Micruroides Schmidt, 1928 (Slowinski, 1995; Roze,
1996; Silva Jr et al., 2021a; Zaher et al., 2019, 2021; Uetz et al., 2021).
The genus Micrurus is by far the most diverse within the group. Lep-
tomicrurus is composed of only three species, and Micruroides is a
monospecific genus (Slowinski, 1995; Roze, 1996; Silva Jr et al., 2021a;
Zaher et al., 2019, 2021; Uetz et al., 2021).

The VGs of New World coral snakes present the general morpho-
logical pattern of a typical elapid VG, which has been described by
numerous authors (e.g., Rosenberg, 1967; Burns and Pickwell, 1972;
Gopalakrishnakone and Kochva, 1990). They are frequently ovoid or
pear-shaped in lateral view and occupy practically the entire postocular
region. Elapid VGs are composed of two portions (Kochva, 1978), a VG
proper, and an accessory gland (AG). A duct that drains the VG passes
through the AG and opens into the sheath of the fang (Oliveira et al.,
2021). The central lumen is relatively small, and, differently from
viperids, the secretion is stored mainly in intracellular secretion gran-
ules (Kochva, 1987). Elapid VGs are compressed by the fibres derived
from the adductor mandibularis externus superficialis muscle, which in
most elapids has a dorsal and a ventral portion (McDowell, 1968;
McCarthy, 1985; Zaher, 1994). Although the general pattern of elapid
VGs and compressing musculature is relatively conserved in all elapids
studied, the atractaspidid Homoroselaps exhibit similar structures, indi-
cating an independent derivation of this glandular and muscular
morphology (McDowell, 1968; McCarthy, 1985; Oliveira and Zaher,
2022). In addition, while presenting an extensive morphological varia-
tion and distinctive pattern between different families, the VGs of snakes
are a type of dental gland that appear to be homologous and restricted to
the clade Endoglyptodonta, a lineage of caenophidian snakes composed
of front-fanged and non-front-fanged species, including viperids,
homalopsids, elapoids, and colubroids (Kochva, 1978, 1987; Under-
wood and Kochva, 1993; Zaher et al., 2019; Oliveira and Zaher, 2022).

Transcriptomic and proteomic analyses of VGs have showed that two
toxin classes—phospholipases A2 (PLA) and three-finger a-neurotoxins
(3FTx)—dominate the venom composition of New World coral snakes
(Aird et al., 2017; Sanz et al., 2016). These toxins can result in muscle
paralysis and respiratory arrest (Correa-Netto et al., 2011; Bucaretchi
et al., 2021), and they can present presynaptic (PLA3) or postsynaptic
(3FTx) effects. Additionally, VGs of Micrurus can express significant
levels of other toxins like C-type natriuretic peptide, Kunitz-type pro-
tease inhibitor, and snake venom metalloproteinases (Margres et al.,
2013; Aird et al., 2017; Dashevsky and Fry, 2018).

On the other hand, the glands in the inferior part of the jaw are much
less studied. In a recent morphological evaluation, Oliveira et al. (2021)
showed that Micrurus corallinus and Micrurus lemniscatus have an inferior
gland complex, consisting of distinct anterolateral and posteromedial
parts. The anterolateral part consists predominantly of mucous cells and
possesses diverse short ducts opening along the entire extension of the
mouth, indicating that it is a typical infralabial gland (ILG) (Underwood,
2002; Jackson et al., 2017; Oliveira and Zaher, 2022). The poster-
omedial part consists exclusively of serous cells and possesses a single
duct opening in the posterior region of the mouth, indicating that this is
arictal gland (RG) (Underwood, 1997; Oliveira et al., 2021). Despite this
recent contribution, the morphology of ILGs and RGs of most species in
the highly diverse group of New World coral snakes remains unknown.

Concerning the functional activity of the secretions produced by the
glands of the inferior portion of the jaw of micrurines, a study on
M. mosquitensis suggested that secretions from the ILG have toxic effects
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when injected intraperitoneally in mice, causing similar symptoms to
those observed in cases of coral snakes’ envenomation (Dix, 1978).
However, the secretion of these glands has never been evaluated so far
through proteomic or transcriptomic methods, and thus, their compo-
sition is almost completely unknown.

RGs are the most enigmatic cephalic glands in snakes. They are re-
ported in several species, including caenophidian and non-caenophidian
snakes (e.g., Phisalix, 1922; Smith and Bellairs, 1947; Gabe and
Saint-Girons, 1969; McDowell, 1986; Underwood, 1997, 2002; Oliveira
and Zaher, 2022) and have been attributed with various putative func-
tions such as venom production, lubrication, and antimicrobial defence
(Jackson et al., 2017). These glands are associated with the corner of the
mouth, but little is known about their homology. In different snakes, RGs
can be either completely absent or present in association with the
maxilla (superior RG), the mandible (inferior RG), or both (superior and
inferior RG) (McDowell, 1986; Underwood, 1997, 2002; Zaher, 1997;
Wollberg et al., 1998; Oliveira and Zaher, 2022). Among elapids, these
glands were reported so far to occur in only a few species, with superior
RGs being more often documented than inferior RGs (Underwood, 1997;
Wollberg et al., 1998; Jackson et al., 2017). Unlike the RGs, the ILGs
seem to occur in all snakes and lizards that have been studied (Kochva,
1978; Underwood, 2002; Jackson et al., 2017; Oliveira and Zaher,
2022). The limited knowledge of the morphological diversity and
taxonomic distribution of RGs in elapids has prevented the formation of
any hypotheses regarding the function of these glands. Moreover, the
complete lack of knowledge regarding the composition of secretions
produced by RGs and ILGs makes it challenging to interpret the pre-
liminary findings that suggest the toxic effect of the ILG secretions from
Micrurus (Dix, 1978).

Another poorly studied cephalic gland in snakes is the Harderian
gland (HG). This gland is present in most tetrapods, including all fam-
ilies of snakes (Taub, 1966; Parson, 1970; Hillenius and Rehorek, 2005),
and functions in the lubrication of the eye and as an auxiliary organ
involved in vomeronasal chemosensation (Saint-Girons, 1982; Rehorek
et al., 2000a; Hillenius and Rehorek, 2005). In most snakes where this
gland has been investigated it is serous and located behind the eyes.
Although the HG is not usually considered an oral gland, it is indirectly
connected to the mouth in snakes (Bellairs and Boyd, 1947; Taub, 1966).
Until now, there is no comparative evaluation of the morphology of this
gland among Micrurus. Moreover, the secretion composition of HG was
not characterized in this genus yet.

To advance the knowledge about cephalic glands (VGs, RGs, ILGs,
and HGs) in New World elapids, we thoroughly evaluate their
morphological structure and molecular composition. We provide a
detailed morphological characterization of these glands for Micruroides
euryxanthus and for 14 species of Micrurus. Additionally, we describe and
compare profiles of gene expression (transcriptomes) and protein
composition (proteomes) for cephalic glands of four species of Micrurus.
Comparative analysis of morphological and molecular data allowed us
to predict functional specialization in cephalic glands, shedding light on
the biological roles of the cephalic secretory system in snakes.

2. Material and methods
2.1. Species studied and general morphology

Fourteen New World micrurine species were investigated. The
complete list of taxa examined, and the procedures performed with each
specimen are in Table 1 in Supplementary file 1. For specimens used in
the study of general morphology, heads were skinned from the nostril to
the neck and removed from the specimens at the level of the first cervical
vertebra. Then, the skinned heads were stained with alcian blue and
alizarin red and used for anatomical description of glands and muscles.
The dissections were performed under a stereomicroscope Olympus SZX
12 equipped with a camera lucida. Glandular terminology follows Taub
(1966), Kochva (1978), and Underwood (2002). The terminology of the
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Table 1
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List of the fifteen most expressed orthogroups of each studied gland. The expression values represents TPM (transcripts per milion reads).

Order Gland type Orthogroup Average Mcor (TPM) Mtri (TPM) Mlem (TPM) Malt (TPM) General description of best NCBI hits (Blast
(TPM) X)

1° Venom 0G0000185_3FTx 203245.20 340033.72* 3038.92* 178707.9* 291200.25 Three-finger toxin

2° Venom 0G0000056_3FTx 75659.53 126030.64* 23348.86* 142306.49* 10952.12 Three-finger toxin

3° Venom 0G0000023_PLA2 69776.96 64159.54* 125587.61*  68223.34* 21137.35 Phospholipase A2

4° Venom 0G0000186_KUNZ 35814.93 1050.01 67682.43* 62229.27* 12298.03 Kunitz inhibitor precursor

6° Venom 0G0001644_3FTx 21915.25 81485.68* 964.45* 1758.28* 3452.58 Three-finger toxin

7° Venom 0G0000810 9128.31 10654.49* 11575.24* 5867.21* 8416.30 Protein disulfide-isomerase

8° Venom 0G0000248 7416.53 6142.77 6146.88 8530.93 8845.56 No significant similarity found

9° Venom 0G0000592_CTL 3789.24 9361.36* 3258.67* 678.76* 1858.16 C-type lectin

10° Venom 0G0000022 3142.42 1574.68* 1442.56* 6677.07* 2875.37 Actin

11° Venom 0G0002231 2636.96 2109.18 2884.52 3456.59 2097.55 608S ribosomal protein

12° Venom 0G0000108 2600.82 2401.99* 2251.58* 2909.33* 2840.39 Elongation factor 1-alpha 2

14° Venom 0G0000962 2284.21 2159.76 1913.94 2176.15 2887.0 408 ribosomal protein

15° Venom 0G0001719 2094.98 1822.75 1650.31 2409.22* 2497.63 608S ribosomal protein

14° Venom 0G0001743 2025.86 2545.95 1983.75 880.41 2693.32 Translocation chain-associated membrane

15° Venom 0G0003140 1991.63 2381.72 2386.11 3000.5 198.2 408 ribosomal protein $29

1° Rictal 0G0000956_CTL 34174.49 19486.05* 11412.8* 71624.62* - C-type lectin precursor

2° Rictal 0G0000090 29687.50 31582.52* 43826.86* 13653.13* - Chitotriosidase-1

3° Rictal 0G0000053 22851.23 12.67 3765.97* 64775.04* - Hypothetical protein

4° Rictal 0G0000012 19423.29 3246.49 632.13 54391.26* - Ficolin

5° Rictal 0G0000014 16984.07 9615.74* 40239.20* 1097.26* - Immunoglobulin

6° Rictal 0G0000248 9639.21 9841.44 11739.36 7336.83 - No significant similarity found

7° Rictal 0G0000104 7807.68 371.89 712.45 22338.7 - Ficolin

8° Rictal 0G0000164 6689.27 7781.02* 1438.05 10848.74* - Serotransferin

9° Rictal 0G0000253_CTL 6151.07 11787.09* 3931.28* 2734.85 - C-type lectin

10° Rictal OGO0000593_CRISP  5543.19 8003.77* 381.79* 8243.99* - Cystein-rich secretory protein

11° Rictal 0G0000372_CTL 5279.88 4551.85 6030.20* 5257.6 - C-type lectin

12° Rictal 0OGO0000185_3FTx 4555.10 7.60 13635.88* 21.8 - Three-finger toxin

13° Rictal 0G0000206 4098.24 3067.41* 3957.43* 5269.90* - Alpha-2-macroglobulin

14° Rictal 0G0000367_CTL 3837.04 9431.53* 1956.43 123.18 - C-type lectin

15° Rictal 0G0002231 3684.25 5139.71 3447.07* 2465.96* - 608 ribosomal protein

1° Infralabial 0G0000014 23382.31 9385.76* 57102.97* 6773.02* 20267.46 Immunoglobulin

2° Infralabial 0G0000956_CTL 22967.67 11827.45* 21055.18* 48778.07* 10209.98 C-type lectin

3° Infralabial 0G0000253_CTL 22070.34 49318.83* 27005.99* 6523.09 5433.44 C-type lectin

4° Infralabial 0G0000367_CTL 17578.80 40729.46* 17277.05* 300.5 12008.17 C-type lectin

5° Infralabial 0G0000090 16495.70 11719.30* 34240.18* 7602.58 12420.72 Chitotriosidase

6° Infralabial 0G0000012 16299.12 2546.72 394.37 61335.15* 920.25 Ficolin

7° Infralabial 0G0000164 14309.25 19132.18* 13134.94* 12584.81* 12385.04 Serotranferin

8° Infralabial 0G0000104 9525.19 289.34 479.02 37251.42 80.96 Ficolin

9° Infralabial 0G0000679 9080.56 19380.38* 2970.71* 7849.01* 6122.12 von Willebrand factor A

10° Infralabial 0G0000248 8988.40 6685.44 13397.36 6982.22 8888.56 No significant similarity found

11° Infralabial 0G0000372_CTL 7996.39 15811.77* 4607.88* 9640.69* 1925.21 C-type lectin

12° Infralabial OGO0000593_CRISP  7525.46 22243.97* 1567.12* 5617.33* 673.43 Cystein-rich secretory protein

13° Infralabial 0G0000081 6989.68 68.6* 50.03 0.045 27840.04 Creatine kinase M type

14° Infralabial 0G0000732 5340.11 15023.01* 893.24* 3631.96* 1812.24 Uncharacterized protein

15° Infralabial 0G0000206 5274.25 7189.18* 7105.23* 4910.88* 1891.69 Alpha-2-Macroglobulin-like

1° Harderian 0G0000102 141943.04 260321.75* 192796.17*  302.76* 114351.46 Lipocalin

2° Harderian 0G0000179 107015.19 97451.45* 137390.96*  147103.39* 46114.95 Sperm protamine

3° Harderian 0G0000856 91535.95 95830.23 142494.52 72916.76 54902.27 No significant similarity found

4° Harderian 0G0003005 29478.91 54646.53* 28728.28* 14634.62* 19906.22 Lipocalin/fatty-acid binding protein

5° Harderian 0G0002297 15653.78 15429.22* 23353.87* 11316.54* 12515.48 Lipocalin/fatty-acid binding protein

6° Harderian 0G0001373 15401.67 14127.22* 24844.68* 12666.9* 9967.89 Uncharacterized protein

7° Harderian 0G0000858 11285.48 12942.34* 16786.30* 11348.71* 4064.55 Glycine-rich cell wall structural protein

8° Harderian 0G0004584 9885.76 9562.67* 15458.38* 7096.27* 7425.73 Uncharacterized protein LOC113423838

9° Harderian 0G0000282 9633.56 18.71 19804.23* 10271.4* 8439.91 Hypothetical protein E2320_000605

10° Harderian 0G0000857 8167.41 9108.93* 10084.55* 7639.68* 5836.46 BPI fold-containing family B member 6-like

11° Harderian 0G0001890 6845.59 4846.27* 8944.23* 2986.69* 10605.17 Hypothetical protein E2329 013739

12° Harderian 0G0003004 6326.44 2967.84* 6198.70* 14568.69* 1570.51 Histone acetyltransferase

13° Harderian 0G0000878 4705.00 968.29 6617.70 9210.62 2023.4 Extensin, partial

14° Harderian 0G0004747 3294.89 1974.33* 3702.09* 4503.85* 2999.30 C-reactive protein-like

15° Harderian 0G0004745 3185.62 3276.0% 2618.41* 5065.7* 1782.35 C-reactive protein-like

Asterisks (*) indicate the orthogroups whose transcripts were detected within the glandular proteome via LC-MS/MS. We considered present in proteomes all
orthogroups that showed at least one transcript with an exclusive unique spectra count (EUSC).

external mandibular adductor muscles follows that of Zaher (1994).
2.2. Histology and immunohistochemistry

Histological sections were produced from specimens available from
scientific collections, according to Table 1 in Supplementary file 1, and
the specimens were returned to their collections after processing. After
the study of general morphology, some glands and muscles were
dissected from the heads and subjected to histological procedures. A

single head of Micrurus corallinus was submitted to decalcification in
4.13% aqueous EDTA (pH 7.2) for 60 days with the renewal of solution
every three days. The decalcified head and the dissected glands and
muscles were then dehydrated in ethanol, embedded in paraffin, and
submitted to serial sagittal or transverse sectioning. Sections (7 pm)
were cut with a Microm HM 340 E microtome with disposable steel
blades. Some sections were stained with haematoxylin-eosin (HE) to
identify the general structure of the tissues, and some others subjected to
immunohistochemistry using the anti-Micrurus antivenom produced by
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the Instituto Butantan and an anti-horse IgG (Sigma) (whole molecule)
conjugated with alkaline phosphatase produced in rabbits used as the
secondary antibody. The Fast Red substrate kit (Abcam) was used as a
chromogen for the immunohistochemical staining and the nuclear
staining was performed with Mayer’s haematoxylin. Images of sections
were taken with a DFC425 digital camera coupled with a Leica M205a
stereoscopic microscope and a Leica M2500 microscope using Leica
Application Suite software (v3.8).

2.3. Micro-computed tomography (micro-CT scan)

The soft tissue anatomy of selected micrurine species (see Table 1 in
the Supplementary file 1) was also examined using high-resolution Xray
computed tomography (micro-CT scan). Entire heads were stained with
a solution of 1% iodine-ethanol solution for one week to increase the
tissue contrast following Metscher (2009). Heads mounted in Falcon
tubes to keep them immobile attached to bags or other containers of
alcohol to prevent desiccation during scanning. The scanning proced-
ures were performed using Phoenix v|tome|x m (General Electric
Company) located at the Microtomography Laboratory of the Museum
of Zoology of the University of Sao Paulo (MZUSP, Brazil) and the X-Tek
Leading X-Ray Technology HMXST 225 located at the Natural History
Museum, London, UK (NHM, UK). To acquire high-quality scans in the
MZUSP equipment, a microfocus tube 300 was used and different set-
tings were applied. The images acquired in the MZUSP equipment were
reconstructed using Datos Reconstruction software (GE Company),
whereas the images acquired in the NHM, UK equipment were recon-
structed using Ct Pro 3D. The rendering and analysis of the datasets were
conducted using the software VG Studio Max (v2.2.3.69611, 64bits).
The soft tissues and bones were visualized by adjusting the histo-
gram/threshold density settings of the grayscale.

2.4. Venom milking and oral glands sampling

Thirteen individuals belonging to the four species of Micrurus
(M. altirostris, M. corallinus, M. lemniscatus, and M. tricolor) were used in
these procedures (see Table 1 in Supplementary file 1). The venom was
extracted from sedated individuals as described previously (Mackessy
and Baxter, 2006). Four days after the venom extraction, the animals
were euthanised through the administration of a lethal dose of sodium
pentobarbital and all oral glands were surgically dissected under a ste-
reoscopic microscope. The animals were handled, and the protocols
applied were approved and certified by the ethical committee of the
Instituto Butantan (CEUA No. 4479020217). The right glands were
preserved in RNAlater (Qiagen) and stored at —80° until RNA extrac-
tion, whereas the left glands were preserved in liquid nitrogen and
stored at —80° until protein extraction.

2.5. RNA extraction

The total RNA was extracted using the organic extraction method
with TRIZOL reagent (Thermo Fisher Scientific), following manufac-
turer’s protocol. The extracted RNA was solubilized in RNase-free water
(Sigma Aldrich) and quantified by measuring UV-absorbance at 260 nm
using a NanoDrop 1000 (Thermo Fisher Scientific). The RNA quality was
assessed using an Agilent 2100 Bioanalyzer system (Agilent Technolo-
gies) according to the manufacturer’s instructions.

2.6. RNA-seq and pre-processing of reads

The messenger RNA (mRNA) of each sample was purified using the
Dynabeads® mRNA DIRECT kit (Ambion) and used to prepare inde-
pendent cDNA libraries following the protocol for TruSeq™ RNA Sample
Preparation Kits v2 (Illumina). The libraries were sequenced using the
HiSeq1500 platform (Illumina) and the sequencing layout generated
strand-specific paired-end reads (2x150bp). The Illumina adapters and
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low-quality reads were trimmed using Trim Galore (v0.4.4; htt
ps://github.com/FelixKrueger/TrimGalore)! by setting the parameters
to remove reads with phred scores less than five and a length less than 75
bp. The paired-end reads were merged using PEAR (Zhang et al., 2014)
and used to perform transcriptome assembly and quantification.

2.7. Transcriptome assembly, annotation, and quantification

The de novo assembly step was designed to retrieve the complete set
of toxin transcripts, which relies on the use of several tools and pa-
rameters (Holding et al., 2018). Specifically, we used Trinity (v2.8.5;
kmer parameter set to 31; Haas et al., 2013), Extender (v1.0; overlap
parameters set to 120 and 150; Rokyta et al., 2012), NGen (v14; using
the default parameters; Lasergene DNAStar software package;
https://www.dnastar.com/t-nextgen-seqman-ngen.aspx), Bridger
(r2014-12-01; kmer parameter set to 30; Chang et al., 2015), and
rnaSPAdes (v3.13.0; kmer parameters set to 31, 75, and 127; Bushma-
nova et al., 2019). Then, we combined and clustered with 100% identity
all transcripts assembled using the “RemoveRedundancy.py” script
available in the ToxCodAn’s GitHub repository (https://github.com/pe
dronachtigall/ToxCodAn/tree/master/scripts). Of note, we considered
most of the parameters within each assembler as defined by their de-
faults, except for the overlap size in Extender and kmer size in Trinity,
Bridger, and rnaSPAdes, as described above.

We annotated the toxins using ToxCodAn (v1.0; Nachtigall et al.,
2021a) by combining the set of toxins (“Toxins RedundancyFiltered”) and
putative toxins (“SPfiltered”). Then, we performed a manual curation to
eliminate false-positive toxin sequences following the guide to VG
transcriptomics (Nachtigall et al., 2021a; https://github.com/pedrona
chtigall/ToxCodAn/tree/master/Guide). We removed chimeric tran-
scripts using the custom ChimeraKiller script (https://github.com/mason
aj157/ChimeraKiller). To group allelic variations at a single locus and
reduce redundancy, we clustered a curated set of toxin CDSs with 99%
similarity using cd-hit (Fu et al., 2012).

We used the set of nontoxin transcripts output by ToxCodAn to
perform nontoxin annotation. First, we performed CDS prediction using
CodAn (v1.0; Nachtigall et al., 2021b) with the full model designed for
vertebrates. The predicted CDSs were annotated using the “Non-
ToxinAnnotation.py” script available with the ToxCodAn tool. We set
two protein databases: (1) a specific protein database from ToxCodAn
(proteinDB; https://github.com/pedronachtigall/ToxCodAn/), which
contains peptide sequences annotated in the genomes of two lizard and
one snake species available at the Ensembl, and peptide sequences an-
notated in the venom-gland transcriptome of seven snake species
available at the TSA (see Nachtigall et al., 2021a for further details about
the protein database); and (2) the Swissprot database (ftp://ftp.ncbi.
nlm.nih.gov/blast/db/swissprot.tar.gz). We also set to use the verte-
brate HMM models from BUSCO (Waterhouse et al., 2018) to comple-
ment the annotation. Please refer to the guide to venom gland
transcriptomics for further details about the pipeline and parameters
considered by the “NonToxinAnnotation.py” script (Nachtigall et al.,
2021a).

Finally, the annotated set of nontoxins was combined with the set of
annotated toxins for all tissues studied and clustered with 99% similarity
using cd-hit for each gland of each specimen. We combined the in-
dividual’s annotated transcriptomes of all glands of each species and
clustered with 98% similarity to generate a species consensus tran-
scriptome. To perform transcript quantification, we mapped the merged
reads to the species consensus transcriptome using Bowtie2 (v2.3.5;
Langmead and Salzberg, 2012) and estimated the expression level using
RSEM (v1.3.1; Li and Dewey, 2011).

We also performed a phylogenetic inference for the CTL toxin group
to better understand their evolutionary history and expression profile in
the oral glands. We aligned the coding sequences using MAFFT (v7.450;
Rozewicki et al., 2019) with parameters “-auto-reorder”, and used
IQTree (v1.6.12; Nguyen et al., 2015) with parameters “-m TEST -bb
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1000 -alrt 1000” to search for the maximum likelihood tree. The final
tree was adjusted using FigTree (v1.4.4; https://github.com/rambaut
/figtree/).

2.8. Comparative analysis

To compare the transcriptomic data of cephalic glands, we first
inferred orthology among the annotated transcripts (i.e., toxins and
nontoxins) of the four Micrurus species using OrthoFinder (v2.3.14;
Emms and Kelly, 2019). OrthoFinder identifies groups of sequences
derived from a common ancestor (i.e., orthogroups), which allows the
identification of orthology relationships and further comparative anal-
ysis. We only kept orthogroups with one-to-one and all-to-one re-
lationships to perform further analysis. Then, we compared the
expression pattern of each gland among species by using the expected
count normalized by the DEseq2 package (v1.34; Love et al., 2014)
followed by a principal component analysis (PCA) in the normalized
expression data using the plotPCA function in the DESeq2 package.

To predict the biological roles of each gland, we used the set of highly
expressed genes in each gland when compared to the other glands, to
detect if genes of a particular functional category are enriched based on
the gene ontology (GO) approach (Ashburner et al., 2000). The candi-
date set of highly expressed genes in each gland were captured by per-
forming a pairwise comparison with the other glands using the DEseq2
package. Then, we concatenated all genes up-regulated (i.e., genes with
a positive fold-change value and adjusted p-value <0.05) in each pair-
wise comparison into the candidate set of genes to infer the biological
processes specific to each gland. We performed the GO terms enrichment
analysis using ShinyGO (v0.75; Ge et al., 2019) with the Gallus gallus
genome as a reference, a false discovery rate (FDR) cutoff of 0.05 and
retrieved the 30 most significant terms. We used the chicken genome as
the reference because it represents a closely related database with higher
completeness. Other reptilian databases, such as Anolis carolinensis, are
less complete and do not present functional information matching the
set of genes used in each search. We applied the igraph package (v1.2.11;
Csardi and Nepusz, 2006) in the R environment to plot networks and
cluster dense connections with the algorithm “cluster edge betweenness.”

2.9. Proteomic analysis

We used protein extracted from the glands to perform shotgun liquid
chromatography-tandem mass spectrometry analysis. The venom sam-
ples were prepared by denaturation with urea, reduction with triethyl-
phosphine, and alkylation with iodoethanol before treatment with
trypsin solution (0.2 pg/pL). The protein extracted from gland tissues
were performed using a lysis buffer (HEPES 100 mM, CHAPS 2%, and
NaCl 200 mM; pH 7,5) with a mix of Halt Protease, Phosphatase In-
hibitor Cocktail, and EDTA (Thermo Fisher Scientific). The tissues
within the lysis buffer were homogenized using Precellys24 (Thermo
Fisher Scientific) in one cycle of 6800 rpm over 60s, followed by soni-
cation with five cycles of 30s. The proteins were precipitated using cold
acetone at —20 °C overnight. Then, the proteins were centrifuged
(10000g; 1h; 4 °C), washed with cold methanol, and re-centrifuged
(10000g; 20min; 4 °C). The proteins were resuspended in a solution
containing NaOH (0.1M), phosphatase inhibitor, and protease inhibitor.
The solubilized proteins were centrifuged to recover the supernatant and
addition of a guanidine (2M) solution followed by addition of HEPES
(0.2M) solution. The peptide concentration of each sample was quanti-
fied with the Qubit 2.0 Fluorometer (Life Technologies). The shotgun
liquid chromatography-tandem mass spectrometry was performed at
the University of Sao Paulo BIOMASS-Core Facility for Scientific
Research-USP (CEFAP-USP) by following its guidelines.

The raw data were processed and studied using two computational
tools: Mascot (Matrix Science) and Scaffold (v4.9.0; Proteome Software
Inc). The database used to identify the spectra is composed of the coding
sequences of the consensus transcriptome obtained for each species in
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the transcriptome assembly step translated into peptide sequences. The
Mascot was used to match the peptides into the identified proteins and
the Scaffold was used to validate the identification performed by
Mascot. Peptide identifications were accepted if they could be estab-
lished at >99.0% probability at the Scaffold local false discovery rate
through the FDR algorithm. Peptide identifications were also required to
exceed specific database search engine thresholds, such as Mascot ion
scores >40.0 and/or X! Tandem -Log (E-value) score >2.0. Protein
identifications were accepted if they could be established at >99.0%
probability of achieving an FDR <1.0%. The quantification of proteins
related to the general abundance in each gland was based on normalized
Total Spectral Counts, which correspond to the number of spectra
attributed to proteotypic peptides of a given protein entry present in the
database.

3. Results and discussion
3.1. Venom glands

3.1.1. Morphology

The VG is well-developed in all studied species, generally oval or
pear-shaped, and occupies the post-ocular region, extending from the
posterior edge of the eye to the level of the corner of the mouth (Fig. 1).
The posterior portion of the gland is rotated ventrally forming a post-
eroventral inflection of the VG. Although variable in size, we observed
this inflection in all studied Micrurus, but it is absent in Micruroides
euryxanthus (Fig. 1A, C, D, and G; Slowinski et al., 2001). In M. narduccii,
we observed the most extreme posteroventral inflection of the VG, but in
M. spixii the inflection was also very evident (Fig. 1C and D). The VG is
constricted by the adductor mandibularis externus superficialis muscle,
which attaches to the layer of connective tissue around its entire surface.
Some muscle fibres follow the posterior curvature of the gland and are
inserted into the surface of the posteroventral inflection of the gland
(Fig. 1A, C, and D; Oliveira et al., 2021). The VG is constituted by large
tubules that converge to the centre of the gland, but a central lumen is
not observed (Fig. 1). The tubular aspect of the gland is better visualized
in the sagittal sections (especially in Fig. 1D). The tubules are lined with
columnar serous cells, with rounded basal nuclei (Fig. 1F). Secretory
granules are present in the interior of cells, between their nuclei and
apices, while the lumina of the acini show a high concentration of the
secreted products, which is also clear in the sagittal sections (Fig. 1E and
F).

The AG is also well-developed in all investigated coral snakes. This
gland is contiguous with the VG proper and extends from the posterior
level of the eye to the anterior portion of the maxilla, where it connects
to the venom fang (Fig. 1). The accessory gland is composed of mucous
acini constituted by prismatic cells. It can be differentiated from the VG
in tomography images by the different shades of grey (Fig. 1B, C, D, and
H). The VG and AG are surrounded by a contiguous layer of connective
tissue and there is an abrupt histological change between the glands
with an intermediary zone where the secretory tubules of the VG and
acini of the AG are seen at the same level (Fig. 1). Although some hy-
potheses have been proposed regarding the biological function of the
AG, such as contributing to the final composition of the venom (Valente
et al., 2018), or to the chemical activation of the secreted venom, its true
specific role in the venom system remains an enigma (Gans and Kochva,
1965; Rosenberg, 1967; Kardong, 2002; Mackessy and Baxter, 2006;
Vonk et al., 2013). Our immunohistochemical analysis using a com-
mercial anti-Micrurus antivenom as antibody in histological sections of
the VG and AG of M. corallinus and M. surinamensis showed positive
reactivity only in the VG region, indicating that the AG does not
contribute significantly to the venom yield in these species (Fig. S1 in
Supplementary file 3).

The morphology of elapid VGs has been described previously,
especially for sea snakes and terrestrial elapids from Africa and Australia
(Rosenberg, 1967; Burns and Pickwell, 1972; Halstead et al., 1978;
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ilg

Fig. 1. Cephalic glands and associated structures in coralsnakes. (A) Schematic drawing of skinned head of Micrurus’ species showing the location of the cephalic
glands and the adductor mandibulae externus superficialis muscle (AES). Sagittal slices of high-resolution micro-CT scans of the heads of snakes showing the position of
the venom gland (vg), accessory gland (ag), supralabial gland (sl), infralabial gland (il), inferior rictal gland (ir) and the muscle AES. The panel in the upper right
corner of figure B denotes the position of sections B-F and H. (B) Micrurus corallinus, (C) Micrurus narduccii, and (D) Micrurus spixii. (E) Histological section of the
venom apparatus of Micrurus surinamensis showing the venom gland, the muscle AES and the accessory gland (ag); staining = haematoxylin-eosin. (F) Detail of the
anterior figure showing the acini of venom glands lined with prismatic cells and full of secretion; staining = haematoxylin-eosin. (G) Schematic drawing of the head
of Micruroides euryxanthus showing the location of the cephalic glands and the muscle AES. (H) Sagittal slice of high-resolution computed tomography of the head of
Micruroides euryxanthus showing the position of cephalic glands and the muscle AES. Abbreviations: ¢ = connective tissue; d-ir = duct of the inferior rictal gland; fp =
fang pocket; mx = maxillary; sr = superior rictal gland.
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McCarthy, 1985; Gopalakrishnakone, 1986; Gopalakrishnakone and
Kochva, 1990, Gopalakrishnakone and Kochva, 1993). However, only a
small set of studies have addressed the VG of coral snakes, especially in
species of the genus Micrurus (Rosenberg, 1967; Savitzky, 1979; Sal-
omao, 1991; Giachi et al., 2007; Oliveira et al., 2021). Our results show
that New World coral snakes display a well-developed VG and AG
compared to the other elapids. Except for Micruroides, the VG of the New
World coral snakes showed the posterior inflection of the gland. As
previously discussed (Savitzky, 1979), among the thirteen investigated
Micrurus, the extreme condition of the VG inflection was observed in
M. narduccii. VG inflection is also observed in other elapids, such as
Bungarus, Laticauda, and Nagja (Rosenberg, 1967; Gopalakrishnakone
and Kochva, 1990), but it seems to be particularly pronounced in
Micrurus. Although the functional significance of this inflection is un-
known, it may contribute to the increase in the size of the gland.

3.1.2. Molecular characterization

The three-finger toxin (3FTx) was the most expressed family of toxin
in the VG for all four investigated species of Micrurus (Fig. 4, Table 1),
corroborating previous findings (Leao et al., 2009; Correa-Netto et al.,
2011; Aird et al., 2017). In M. corallinus, 3FTx accounted for 85.1% of
toxin expression (59.4% of total transcriptome); in M. tricolor, 48.8% of
toxin expression (32.9% of total transcriptome); in M. lemniscatus,
63.1% of toxin expression (37.6% of total transcriptome); and in
M. dltirostris, 71% of toxin expression (39.7% of total transcriptome)
(Fig. 4, Tables S2-S5 in Supplementary file 1). M. tricolor differs from the
other three species in 3FTx accounting for less than half of the toxin
expression of the VG (Fig. 4), and a single 3FTx transcript represented
about 25% of the total VG transcriptome (Table S3 in Supplementary file
1). Phospholipase Ay (PLA2) was the second most expressed family of
toxins in M. corallinus and M. tricolor, accounting, respectively, for 9.2%
of toxin expression (6.4% of total transcriptome) and 24.9% of toxin
expression (16.8% of total transcriptome) (Fig. 4, Tables S2 and S3 in
Supplementary file 1). In contrast, Aird et al. (2017) found the natri-
uretic peptide precursor (NP) as the second most abundant component
in the venom of M. corallinus, representing more than 29.5% of the
transcriptome of this species. Kunitz was the second most expressed
family of toxins in M. lemniscatus (22.4% of toxin expression; 13.3% of
total transcriptome) and M. altirostris (16% of toxin expression; 8.9% of
total transcriptome) (Fig. 4, Tables S4 and S5 in Supplementary file 1).

The next most abundant venom component differed from venom to
venom. In M. corallinus, NP precursor was the third most abundant
component, representing 1.8% of toxin expression (1.3% of the total
transcriptome) (Fig. 4, Table S2 in Supplementary file 1). In addition to
3FTx and PLA,, the most abundant component of M. tricolor was Kunitz,
which accounted for 22.7% of toxin expression (15.3% of the total
transcriptome). In both M. lemniscatus and M. altirostris, PLA; was the
next most abundant component of the venom. In M. lemniscatus, PLA,
accounted for 11.5% of toxin expression (6.8% of the total tran-
scriptome), whereas in M. altirostris, PLA3 accounted for 8.5% of toxin
expression (4.7% of the total transcriptome) (Fig. 4, Tables S4 and S5 in
Supplementary file 1). In addition to these highly expressed toxins, all
VG transcriptomes recovered minor components, such as C-type lectin
(CTL) and other lowly expressed toxins (Fig. 4, Tables S2-S5 in Sup-
plementary file 1).

Proteomic analyses identified most of the toxins recognized from
their transcripts. In the M. corallinus, 19 venom proteins belonging to
nine protein families were identified (Table S6 in Supplementary file 1).
The 3FTx and PLA, were the most abundant toxins (respectively, 25.3%
and 8.2% of the total VG proteome). Kunitz and NP were not identified
in the proteome of this species. In contrast, snake venom metal-
loproteinases (SVMP), CTL, and L-amino acid oxidases (LAO) were seen
in proportionally higher numbers in the proteome than in the tran-
scriptomes (Table S6 in Supplementary file 1). In M. tricolor, 27 venom
proteins belonging to eight proteins families were identified, with the
PLA; (31.9% of the total VG proteome) being the most abundant,
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followed by 3FTx (19.1%) and Kunitz (9.7%) (Table S7 in Supplemen-
tary file 1). In M. lemniscatus, 25 venom proteins belonging to eleven
protein families were identified (Table S8 in Supplementary file 1).
Although 3FTx and PLA; were the two families most relevant in terms of
number of proteins (6 and 5, respectively), PLA; was the most abundant
toxin, accounting for 12.9% of the total VG proteome. 3FTx accounted
for only 3.2% of the total proteome, a proportion much lower than that
observed in the transcriptome. Differently, LAO, ohanin-like (OHAN),
and SVMP were higher observed in the proteome than in the tran-
scriptome (Table S8 in Supplementary file 1).

The correlation between the transcriptomic and proteomic abun-
dance of venom is variable within the species. Although some studies
have shown similar results in both analyses (Correa-Netto et al., 2011;
Aird et al., 2013; Yin et al., 2020; Modahl et al., 2021), discrepancies in
transcriptomic and proteomic abundances may be expected as a conse-
quence of using a species consensus VG transcriptome instead of an in-
dividual VG transcriptome to perform the proteomic analysis (Rokyta
et al., 2015; Hofmann et al., 2018; Nachtigall et al., 2022). Moreover, a
study with micrurine snakes showed extremely poor quantitative cor-
respondence between transcriptomes and proteomes (Aird et al., 2017),
which indicates that 3FTx is especially problematic in that their esti-
mated abundance tended to be drastically lower in the proteomes than
transcriptomes, probably due to its inherent low potential of generating
ionized tryptic peptides in mass spectrometry. In this study, we had
transcriptomes and proteomes obtained from the same specimens only
for M. tricolor. Although for this species the largest number of venom
proteins was recovered, the quantitative correspondence between
transcriptomes and proteomes was modest. 3FTx was quantitatively less
represented in the proteome than in transcriptome, which corroborates
to the finding that estimating abundance is problematic (Aird et al.,
2017). The weaker correspondence between transcriptomes and pro-
teomes in M. tricolor and M. lemniscatus suggests that posttranscriptional
regulatory mechanisms may be shaping the number of final toxins
proteins produced by these species and indicates that the relationship
between the two approaches to studying the venom profile needs to be
better investigated in future studies.

In summary, despite the species investigated and the differences
between gene expression and mature protein availability in the venom,
the venoms from the representative species studied here indicate that
three protein families (3FTx, PLA, and Kunitz) constitute the major
constituents of Micrurus venoms, whereas several other proteins should
be ancillary players in the venom. Generally, our results agree with the
previous investigations of Micrurus species (Corréa-Netto et al., 2011;
Lomonte et al., 2016; Aird et al., 2017), while the main difference
observed is related to the venom composition of the M. corallinus.
Whereas some previous studies have shown the predominance of 3FTx
and PLA, (Corréa-Netto et al., 2011), as observed here, other studies
have demonstrated higher amounts of NP (Aird et al., 2017), suggesting
intraspecific and/or geographical variation in the composition of the
venom. The venom of M. tricolor differs from the other species investi-
gated here by having the lowest amount of 3FTx. This species is little
known in terms of biology and phylogenetic relationships, but a differ-
ence in the venom composition can be observed even between it and
M. dltirostris, two species of the triad-banded species group and sup-
posedly closely related phylogenetically (Silva Jr et al., 2021b).

3.2. Inferior rictal and infralabial glands

3.2.1. Morphology

Here, we report that all New World coral snakes investigated have
two distinct glands in the mandibular region, the ILG and an inferior RG
(Figs. 1 and 2). These two glands can be differentiated by the topology
and format of their acinar structures. The ILG is located just below the
infralabial scales extending from the anterior to the posterior part of the
mouth, while the inferior RG is located more ventrally extending from
the medial part of the mandible to the corner of the mouth (Figs. 1 and
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Fig. 2. Lower jaw glands in coralsnakes. (A) Photograph of the skinned head of Micrurus lemniscatus showing the location of the infralabial gland (il), fang pocket (fg)
and the inferior rictal gland (ir). Segmented reconstruction of high-resolution computed tomography of the lower jaw showing infralabial gland, fang pocket and
inferior rictal gland in Micrurus corallinus (B) and Micruroides euryxanthus (C). (D) Frontal slice of high-resolution computed tomography of the head of Micrurus
surinamensis showing the position of infralabial gland, fang pocket, inferior rictal gland and the duct of the inferior rictal gland (d-ir) distending to the region of the
corner of the mouth. The panel in the upper right corner of the figure denotes the position of section. (E) Sagittal section of the glands of Micrurus surinamensis
showing the acini of the infralabial gland, the fang pocket, the acini of the inferior rictal gland and the duct of the inferior rictal gland full of secretion and distending
to the posterior portion of the mouth; staining = haematoxylin-eosin. The panel in the lower left corner of the figure denotes the position of section. (F) Detail of
anterior figure showing the acini and duct of the inferior rictal gland; staining = haematoxylin-eosin.

2). In Micruroides euryxanthus the inferior RG is tiny, occupying only the
posterior-most region of the mandible (Figs. 1 and 2) whereas in all
other studied Micrurus, it is larger and occupies the posterior halves of
the mandibles under the infralabial scales. At the level of the fangs, the
ILG is covered by the oral epithelium which divides the gland laterally
into two portions (Figs. 1 and 2). This organisation is present in all
studied elapids and is associated with the region where the fangs are
accommodated in the mandible when the snake’s mouth is closed: a
“fang pocket” (Kochva, 1978; Oliveira et al., 2021). The ILG is consti-
tuted of mucous cells, as evidenced by the positive reactivity to alcian
blue (Fig. 2A), but some serous cells can also be observed in this gland.
The ILG shows several short ducts that open along the mandible in the
contact between infralabial scales and the oral epithelium, although in
the region of the fang pocket some ducts are most elongated and directed
to the anterior part of the mouth (Fig. 2D; Oliveira et al., 2021). There is
no evidence of the duct from the ILG opening into the fang pocket.
Inferior RGs are constituted exclusively by serous cells arranged in more
voluminous and full secretion acini (Fig. 2E and F). This gland also
shows a single duct that extends posteriorly from the central region of
the gland and opens in the corner of the mouth (Fig. 1B-D and
Fig. 2D-F). As with acini, RG ducts are full of secretions (Fig. 2E and F).
As exceptions, the RG duct of M. surinamensis consists of serous cells
(Fig. 2F), whereas that of M. lemniscatus is composed of mucous cells
(Oliveira et al., 2021). We found a small superior RG in Micruroides
euryxanthus (Fig. 1G), Micrurus narduccii, M. frontalis and M. spixii. Like
the inferior RG, the superior RG also empties via a single duct opening in
the corner of the mouth (results not shown).

Our results improve our understanding of morphological traits of the

inferior RG in New World coral snakes and reveal a superior RG with
morphological variations, which is small but well-developed in Micrur-
oides euryxanthus. Underwood (1997) first recorded a RG in the elapids,
while Wollberg et al. (1998) focused their observations on RGs in
Atractaspididae snakes compared to some viperids and elapids. In the
elapids, Wollberg et al. (1998) found evidence of the superior RG and no
evidence of an inferior RG in Aspidelaps scutatus, A. lubricus, Elapsoidea
guentheri and E. sundevalli. In Bungarus flaviceps, Naja mossambica,
Ophiophagus hannah and Walterinnesia aegyptia, the authors did not find
evidence of any RG. Moreover, the most conspicuous RGs in elapids was
observed in Naja multifasciata, which possesses both superior and infe-
rior RG, but differently from New World coral snakes, the superior RG is
larger than the inferior (Underwood, 1997). A similar condition is also
observed in the atractaspidids, where most species possess both superior
and inferior RG and the superior glands are frequently better developed
(Wollberg et al., 1998). Recently, Jackson et al. (2017) expanded our
knowledge of RGs in elapids with a survey of the macroscopic anatomy
of these glands in several species of the family, but neither the inferior
RG nor the shape or size of the superior RG were addressed. Among the
Old World coral snakes, a single report shows that Calliophis castoe has
an ILG with distinct anterior and posterior regions (Smith et al., 2012).
Although no RG has been formally described for these snakes to date,
this report suggests that the posterior area of the ILG is an inferior RG,
indicating that the RG is more widely distributed in elapid snakes than
previously thought. Furthermore, the persistence of RG in many snake
lineages suggests that this gland may have important functional roles
(Wollberg et al., 1998), especially in Micrurus species that have a
well-developed inferior RG.
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Despite consisting mostly of serous cells and being present in mul-
tiple species, studies focusing on understanding the biological roles of
RGs are still scarce (McDowell, 1986; Underwood, 1997, 2002; Jackson
et al., 2017; Oliveira and Zaher, 2022). These studies suggest that RGs
are associated with antimicrobial activity, lubrication and/or venom
production (Jackson et al., 2017). In the non-caenophidian snakes, one
report showed some toxicity of RG secretions in Erycinae and Uro-
peltidae (Phisalix and Caius, 1918). In Cylindrophis ruffus, the RG ex-
presses typical toxin genes which are also present in other mandibular
and maxillary glands (i.e., infra- and supralabial glands) of the species,
and it is hypothesized that these glands may share a similar ontogenetic
developmental program and evolutionary history (Fry et al., 2013).

ILGs are present in all snakes studied so far but, like with RGs, only a
few studies addressed their biological roles (Smith and Bellairs, 1947;
Taub, 1966; Kochva, 1978). Most ILGs are constituted by mucous cells,
and it is hypothesized that this gland may be mainly associated with the
lubrication of the mouth (Kochva, 1978; Oliveira et al., 2008; Jackson
etal., 2017). One study showed that this ILGs may represent an auxiliary
source of toxins in some non-caenophidian species (Fry et al., 2013), but
no study has performed protein characterization to corroborate these
findings. In elapids, one report that injected secreted proteins from ILG
of Micrurus nigrocinctus produced symptoms of envenomation in mice
(Dix, 1978). Dix (1978) did not recognize the existence of two distinct
glands in the mandible but reported the ILG to be divided into lateral
and medial portions releasing secretions into the snake’s mouth inde-
pendently. Our observations suggest that Dix’s divisions of the ILG
represent in fact the ILG and RG. Thus, this work may represent the first
evidence about the function of the inferior RG and ILG in a caenophidian
snake. Additionally, further studies reported for the RG and ILG of the
non-caenophidian species (i.e., Phisalix and Caius, 1918; Fry et al.,
2013) constitute the very limited information available on the function
of these glands in snakes.

3.2.2. Molecular characterization

To gain insights about the functions of the ILG and RG in micrurine
species, we surveyed the gene expression in these glands through a
transcriptomic analysis, complemented by a proteomic validation of
proteins present in gland extracts. First, we looked for possible signs of
toxin production in these glands and further characterized other non-
toxin products highly expressed there.

We recovered several toxin families in the transcriptomes of inferior
RGs and ILGs (Fig. 4, Table 1) but these toxin transcripts were detected
at low to medium levels. In M. corallinus and M. tricolor, the ILG shows a
higher level of expression of CTL than RG, corresponding, respectively,
to 81.1% and 93.4% of the toxin expression (respectively, 12.7% and
8.5% of the total transcriptome) (Fig. 4, Tables S2 and S3 in Supple-
mentary file 1). In the RG, CTL corresponded to 73.7% of toxin
expression (4.6% of the total transcriptome) of M. corallinus and 58.5%
of toxin expression (2.8% of the total transcriptome) of M. tricolor.
Differently, in M. tricolor, 3FTx, the second most expressed toxin of this
species, was more expressed in the RG than in the ILG. In M. lemniscatus,
although the RG showed a higher level of expression of SVMP and CTL
than ILG, when observed the total transcriptome (Table S4 in Supple-
mentary file 1), the general proportion between these two families of
toxins was similar in the two glands. In M. altirostris, CTL was also the
most abundant family of toxins in the ILG, representing 84.2% of the
toxin expression (5.1% of the total transcriptome), but for this species
we have no information about RG.

The presence of different toxin families in the RG and ILG of
micrurine snakes agrees with the previously observed in non-
caenophidian snakes (e.g., Fry et al., 2013), which indicates that these
glands have several functional roles not only lubrication. However, the
dominance and level of expression of these toxins were very different
from those observed in the VG. The 3FTx, the most expressed toxin
family in the four studied micrurine VG and often highly expressed in
the venom of elapids (Fig. 4; Jiang et al., 2011; Lomonte et al., 2016;
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Dashevsky et al., 2021), was invariably present in RG and ILG tran-
scriptomes, but in general represented less than 1% of the total tran-
scripts. Only in the RG of M. tricolor, the proportion was higher (1.7%).
In this species, we also found a significant difference in expression levels
between the two individuals. In one individual, 3FTx represented 3.5%
of the total transcriptome, while it represented 0.02% in another
(Table S3 in Supplementary file 1). The other two families of toxins
well-represented in the VG transcriptomes, PLA; and Kunitz, did not
exceed 1% of RG and ILG transcriptomes (Table S3 in Supplementary file
1).

In contrast, RGs and ILGs showed levels of expression of CTL,
cysteine-rich secretory protein (CRISP) and SVMP comparatively higher
than in VGs (Fig. 4, Tables S2-S5 in Supplementary file 1). CTL has been
previously reported for many Micrurus venoms and exhibit tremendous
sequence variation in these snakes, but in general they are considered
minor toxins in Elapidae, representing between 0.1% and 2.0% of the
toxin transcriptome (Correa-Netto et al., 2011; Aird et al., 2017; Sanz
et al., 2019). Our sequences of CTL recovered from RGs and ILGs
exhibited high identity with the typical micrurine CTL from the VG
transcriptomes, but with exception of those of M. tricolor they were not
clustered with the more expressed CTL from the VG in our phylogenetic
analysis (Fig. S2 in Supplementary file 3), indicating that RG and ILG
CTLs are different from the typical CTL found on Micrurus venoms.
However, predicted signal peptides have been found in all CTL of the
investigated species and we recognize a greater abundance of CTL in the
proteomes of RG and ILG (Tables S6-S8 in Supplementary file 1).
Although CTL has not been pharmacologically characterized to date for
any Micrurus species and little is known about its function (Aird et al.,
2017; Rincon-Filho et al., 2020), the higher quantities of CTL in RGs and
ILGs than in VGs indicate it has some enigmatic functional importance
for these glands and snakes.

In M. corallinus, SVMP corresponded to 10.5% of the toxin expression
(0.65% of the total transcriptome) of the RG and 2.5% of toxin expres-
sion (0.39% of the total transcriptome) of the ILG (Fig. 4, Table S2 in
Supplementary file 1). At least four transcripts of SVMP were recognized
in the RG and ILG of M. corallinus, but only in the ILG, SVMP was
recovered in the proteome (Table S6 in Supplementary file 1). Addi-
tionally, as with 3FTx, high individual variation was seen in the
expression of SVMP in the RG, where the expression varied from
0.0002% of the total transcriptome in one individual to 1.93% of the
total transcriptome in another (Table S2 in Supplementary file 1). In
M. lemniscatus, four transcripts of SVMP were recognized in the RG and
three in the ILG, totalling 19.6% of the toxin expression (2.03% of the
total transcriptome) of RG and 13.6% of toxin expression (1.02% of the
total transcriptome) of the ILG (Fig. 4, Table S4 in Supplementary file 1).
Like the CTL, the SVMP most expressed in RGs and ILGs were not the
same as those most expressed in VGs.

Individual variation in the expression level of toxins suggests that, as
with VGs, the secretory profile of RGs and ILGs may be influenced by
individual factors, such as ontogenetic or sexual differences (Amorin
et al., 2018; Braga et al., 2020; Freitas-de-Sousa et al., 2020). Unlike
VGs, for which secretory cycle is relatively well-known and protein
synthesis is stimulated by venom extraction, the secretory cycle and
mechanisms of RGs and ILGs are unknown. These glands do not have
compressor musculature or connection with maxillary teeth, which
makes any attempt to empty these glands by manual stimulation un-
predictable. Consequently, the gland extraction could not be used as
stimuli for protein synthesis. Thus, it is possible that substantially
different levels of protein synthesis are present in RGs and ILGs, which
may also explain the high differences in the expression level of some
toxins between the individuals of the same species. It is important to
emphasize that the preparations and the NGS sequencing of ILG and RG
transcriptomes were performed independently from those of the VGs, i.
e., the RNA was not extracted at the same moment as that from the VG,
the libraries were not prepared together, and the ILG and RG libraries
were not pooled on the same instrument run containing VG libraries. So,
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the low expression of toxins in ILGs and RGs can be ruled out as a
contamination from VG and indeed represents residual gene expression
on these glands.

Studying snake venom evolution by leveraging the complete genome
of the Burmese python (Python bivittatus), Reyes-Velasco et al. (2015)
observed high expression of 3FTx and CTL orthologous genes in the RG,
which is consistent with our results and previous reports in the
non-caenophidian snakes (Fry et al., 2013). However, authors also
demonstrated the expression of other venom gene homologs at compa-
rable levels in many other tissues, such as the brain, liver, and intestinal
tissue and suggested that, in the absence of functional activity data,
caution is required when attempting to extrapolate from protein toxin
family identification to biological activity (Reyes-Velasco et al., 2015).
In elapids, the only experimental evidence on the function of RGs and
ILGs comes from Dix (1978), who demonstrated that the extract from
these two glandular regions (ILG and inferior RG) was toxic to mice
when injected intraperitoneally, causing the characteristic symptoms of
the coral snake envenomation. However, since then, these mandibular
glands of Micrurus have never been studied in terms of protein charac-
terization or functional activity. Building on Dix’s report, Roze (1996)
suggested that the secretions produced by the glands could be conducted
by the grooved teeth of the dentary that are found in Micrurus and other
elapids (Young and Kardong, 1996; Oliveira et al., 2021). Although we
did not observe a relationship between the ducts of the glands and the
teeth in the dentary, we cannot discard the possibility that these grooves
in dentary teeth could help conducting secretions produced by RGs and
ILGs. Additionally, although we obtained negative recognition of venom
in immunohistochemistry experiments using anti-Micrurus antivenom
(Fig. S1 in Supplementary file 3), our transcriptomic and proteomic
findings, show that both glands can produce small levels of toxins or
toxin-like proteins, especially an exclusive type of CTL, which may
explain the toxic effect of the extract of these glands in mice.

Most RG and ILG transcriptomes were constituted by nontoxin
components (Fig. 4, Tables S2-S5 in Supplementary file 1). Ficolins
represented the most expressed transcripts of both glands in all studied
species (Tables S2 and S3 in Supplementary file 2). Ficolins constitute a
class of non-enzymatic components found in the transcriptomes of VG of
several snake species, including Micrurus altirostris and M. corallinus
(Corréa-Netto et al., 2011; Fry et al., 2012; Junqueira-de-Azevedo et al.,
2016; Modahl et al., 2018; Viala et al., 2015), but its toxicity and
function is unknown in snakes. In mammals, ficolins have been associ-
ated with the innate immune response throughout the circulation and
within organs, recognizing and removing numerous bacterial, viral,
fungal, and parasitic pathogens (Bidula et al., 2019). Venom ficolins
(veficolins) were found in the venom proteome and the VG tran-
scriptome of the homolopsid Cerberus rynchops and have been classified
as a putative class of toxins (Ompraba et al., 2010). Based on its struc-
tural similarity to ficolin, authors speculate that veficolins may induce
platelet aggregation and/or initiate complement activation, but its toxic
activity in the venom is unknown (Fry et al., 2012). In the RG and ILG of
the investigated micrurine species, the recovered ficolin transcripts
present low similarity to the veficolins of C. rynchops; however, these
recovered ficolins present a signal peptide and are identified in the tissue
proteomes (Tables S2 and S3 in Supplementary file 2), which suggests
important roles for these ficolins in the species investigated.

Other nontoxin transcripts that are among the highly expressed
genes in RGs and ILGs are two enzymatic components cholinesterase and
chitotriosidase (Tables S2 and S3 in Supplementary file 2). Sequences of
cholinesterase from RG and ILG were most like those of the elapids
Pseudonaja textilis and Notechis scutatus, but some also showed high
similarity with the acetylcholinesterase from the colubrid Boiga irregu-
laris (Pla et al., 2018). Acetylcholinesterase is a type of cholinesterase
present in the venom of diverse species of snakes, particularly from the
family Elapidae (Fry, 2005; Ahmed et al., 2010; Aird et al., 2017). Ac-
cording to Aird et al. (2017), micrurine acetylcholinesterases are highly
variable in the primary structure and, in M. lemniscatus, where they were

10

Toxicon 234 (2023) 107285

more abundant, they represent 0.05% of the VG transcriptome, a num-
ber lower than that observed here for ILGs and RGs. Although little is
known about its function in the venom, it was suggested that acetyl-
cholinesterase facilitate prey capture, having a functional role in cata-
lysing the hydrolysis of acetylcholine in muscles (Ahmed et al., 2010).
However, occurrence of this enzyme in ILG/RGs at higher levels than in
VGs, may indicate that its role in the oral cavity is unrelated to the
envenoming of prey.

Searches of our transcriptome sequences revealed chitotriosidase
from RGs and ILGs, showing highest identity with those of the elapids
Notechis scutatus and Pseudonaja textilis. Chitotriosidase or chitinase are
enzymes poorly known for the cephalic glands of snakes, but they have
been found in the oral glands of some Anguimorpha lizards (Koludarov
et al,, 2017). In mammals, chitotriosidases are mainly produced by
activated macrophages and epithelial cells and are capable of hydro-
lysing chitin. They are associated with the defence against pathogens by
playing roles as a host defence towards chitin in pathogen’s cell struc-
ture and any dysregulation in its expression level may lead to several
diseases, such as bronchial asthma and atherosclerosis (Kanneganti
et al., 2013). These enzymes may also play a role in digestion of ar-
thropods (Hamid et al., 2013). However, unlike the anguimorpha liz-
ards, which include arthropods in their diet, the diet of Micrurus consists
mainly of vertebrates (e.g., fossorial snakes, amphisbaenians and cae-
cilians), with few species feeding on invertebrates (e.g., M. hemprichii,
which also feeds on onychophorans) (Marques and Sazima, 2021). Thus,
a defence-associated function for chitotriosidase seems more likely for
these snakes than a chitin digestion function.

Other highly expressed nontoxin RG and ILG transcript code for
immunoglobulins (Tables S2 and S3 in Supplementary file 2). The high
level of expression of the immunoglobulins agrees with the hypothesis
that the secretion of these glands may be associated with some type of
antimicrobial activity and immune response (Jackson et al., 2017).

Although RGs and ILGs are distinct morphologically, their gene
expression profiles were revealed to be quite similar in our analysis, as
evidenced by Fig. 5 and Table 1. The similarity in expression profiles
may indicate a similar biological role for both glands, which may be
acting together to complement their functions. However, we may not
discard the possibility of having both glands not completely dissociated
during the dissection. The dissection process was performed with severe
caution, but the proximity of both glands and the high similarity be-
tween them when unstained may have led to some degree of contami-
nation. Further studies focusing on performing single-cell and/or cell-
sorting transcriptomic methodologies may help confirm the results ob-
tained in this study.

Proteomic data from RGs and ILGs agrees with the transcriptome
data (Table S7 in Supplementary file 1 and Tables S2 and S3 in Sup-
plementary file 2) in that we identified most families of proteins encoded
by toxins and nontoxins components recovered in the transcriptome.
Among the toxin transcripts, which represented only 7% of the proteome
of the RG of M. tricolor, the highly expressed protein family of toxins was
CTL (2.4% of the proteome), followed by 3FTx (2.0% of the proteome)
(Table S7 in Supplementary file 1). The nontoxins account for 93.1% of
the proteome of this gland. Ficolin was the most expressed protein, with
at least three different proteins among the top-30, accounting for 8.3%
of the proteome. Other highly abundant proteins in RGs were immu-
noglobulin (2.1%), and chitotriosidase (1.2%) (Table S7 in Supple-
mentary file 1 and Table S2 in Supplementary file 2). In the ILG of
M. tricolor, the most expressed protein family of toxins was CTL, totalling
5.3% of the proteome. PLA; was the second most expressed family of
toxins, representing 0.5% of the glandular proteome (Table S7 in Sup-
plementary file 1). Nontoxin proteins account for 93% of the glandular
proteome of this gland. The immunoglobulin, ficolin and chitotriosidase
are also among the most expressed proteins of this gland (Table S3 in
Supplementary file 2).



L. Oliveira et al.
3.3. Harderian glands

3.3.1. Morphology

HGs are well-developed and confined to the orbit in all species
examined (Fig. 1A, G, and Fig. 3). Only a small portion of the HG is
observed between the posterior surface of the eye and the adductor
mandibularis externus superficialis muscle in skinned heads (Fig. 1A, G),
but this gland may exceed the eye in size and occupies an extensive
proportion of the area between the lateral surface of the frontal bone and
the medial surface of the eye (Fig. 3). We reconstructed a 3D model of
the HG for Micrurus surinamensis to better visualize their segmented
structures and show that their anterior regions are connected to the
nasolacrimal duct (Fig. 3). At the end of this connection, the nasolacri-
mal duct turns medially and then posteriorly to reach the medial portion
of the duct of the vomeronasal organ (VNO) (Fig. 3). The tortuous course
of the nasolacrimal duct is better visualized in the 3D model (Fig. 3),
while only a limited extent of the duct can be seen in the histological
sections (Fig. 3E). In M. corallinus, the HG is composed of serous cells
with rounded basal nuclei arranged in acini with reduced lumina, and by
ducts that are more abundant in the glandular portion located in the
medial surface of the orbit (Fig. 3D). HG ducts are lined by mucous cells
and there is no evidence of any HG duct opening in the orbital space
(Fig. 3D).

Savitzky (1979) described HGs of several micrurine species and
mentioned variability in relative size despite a highly conserved shape.
He also noted that the shape of the exposed part of the gland may be
broad (e.g., M. corallinus and Micruroides), elongated and acute (e.g.,
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M. filiformis and M. narduccii), or tiny (e.g., M. surinamensis). Our
micro-CT scan data evidenced that HG shape is conserved among all
fourteen species studied, as can be observed in M. surinamensis (Fig. 3).

Although HGs are frequently confined to the orbit in elapids, they
extend beyond the orbit in the long-glanded, Old World coral snakes of
the genus Calliophis (McCarthy, 1985; McDowell, 1986; Slowinski et al.,
2001) which have an expansion of the posterior extension of the HG
(Slowinski et al., 2001; Brown et al., 2018). The association between
fibres of the adductor mandibularis externus superficialis muscle and the
posterior and medial surfaces of the HG is also observed in some species
of Calliophis (Slowinski et al., 2001; McDowell, 1986:373; Brown et al.,
2018). HGs that are not confined to the orbit is a widespread condition
in non-elapids (McCarthy, 1985), but there is also a relationship be-
tween HG development with fossoriality and cryptozoic habits in snakes,
as well as a relationship between decreased eye size in snakes with
increasing HG (Savitzky, 1979). Large HGs have been described also in
the egg-eating snakes, such as Dasypeltis and Elachistodon and in the
goo-eating dipsadines, where these glands extend far beyond the back of
the eyes (Smith and Bellairs, 1947; Oliveira et al., 2014; Zaher et al.,
2014). No hypothesis to explain the selective forces leading to the
enlargement of the HG have yet been proposed.

Although not usually considered an oral gland, HGs indirectly con-
nect to the oral cavity via the nasolacrimal duct, which discharges on the
posteromedial surface of the VNO duct (Bellairs and Boyd, 1947, 1949;
Taub, 1966; Burns and Pickwell, 1972; Rehorek et al., 2003). In both
pygopodid geckos and in snakes, in which the eyelids have fused to form
a transparent spectacle, the HG duct opens directly into the nasolacrimal

Fig. 3. Harderian glands and associated structures in coralsnakes. (A) Segmented reconstruction of high-resolution computed tomography of the head of Micrurus
surinamensis showing the lateral view of Harderian gland and its connection with the vomeronasal organ (vno) via the nasolacrimal duct (nld). (B) Lateromedial view
of the anterior figure showing the position of the Harderian gland and the tortuous nasolacrimal duct that opens on the posteromedial surface of the vomeronasal
organ. (C) Transversal slice of high-resolution computed tomography showing the position of the Harderian gland between the lateral surface of the frontal (f) and
medial surface of the eye (e). (D) Transversal section of the head of Micrurus corallinus showing the Harderian gland with its mucous ducts (d-hg); staining =
haematoxylin-eosin. The panel in the upper right corner of the figure denotes the position of sections C, D and E. (E) Transversal section of the head of Micrurus
corallinus showing the nasolacrimal duct directed toward the posteromedial surface of the vomeronasal organ; staining = haematoxylin-eosin. Abbreviations: asg =
anterior sublingual gland; dt = dentary tooth; psg = posterior sublingual gland; pt = pterygoid tooth; t = tongue.
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Fig. 4. Pie charts of the proportion of total transcripts per million (TPM) accounted for the major toxin families identified in the transcriptomes of the venom, inferior
rictal, infralabial and Harderian glands. Pie charts columns represent the different glands and the rows of the different species studied. The bars on the left side of the
pie charts represent the proportion of toxins and nontoxins transcripts to the total transcriptome of the glands. The figures at the top of each column indicate the
topographic position of the different glands in the heads of the snakes. Data are the average of different numbers of individuals for species or glands (see Tables S2-S5

in Supplemental file 1 for individual data).

duct and completely bypasses the conjunctival space (Hillenius and
Rehorek, 2005). In non-caenophidian snakes, the nasolacrimal duct it-
self still opens into the conjunctival space, whereas in most caeno-
phidians (e.g., Colubridae, Elapidae, Viperidae) this connection is
vestigial, and the nasolacrimal duct conveys HG secretions almost
exclusively (Smith and Bellairs, 1947; Hillenius and Rehorek, 2005).
Our morphological investigation of the micrurine snakes confirm the
existence of a connection between HG and VNO through a nasolacrimal

duct (Fig. 3).
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The function of HG in snakes has not been clarified experimentally,
but these glands have been associated with orbital lubrication and
chemosensory/vomerolfaction, transferring chemical signals, such as
female pheromones and feeding cues to the VNO sensory epithelium
(Saint-Girons, 1982, 1988; Rehorek, 1997; Rehorek et al., 2000a; Souza
et al., 2015; Dominguéz-Peréz et al., 2019). It is due to the connection
via the nasolacrimal duct and to the fact that although the VNO is
morphologically and chemically like the olfactory organs, no intrinsic
lubrification is associated with this organ (Hillenius and Rehorek, 2005).
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Thus, the HG appears the main candidate to supply the extrinsic secre- 0.1% of the gland transcriptome (Fig. 4, Tables S2-S5 Supplementary

tion to VNO (Rehorek et al., 2000b). file 1). In M. corallinus, the most expressed putative toxin family was
3FTx, representing 41.1% of the toxin expression (0.02% of the total

3.3.2. Molecular characterization transcriptome). In Micrurus tricolor, the most expressed putative toxin
The HG showed the lowest level of toxin RNA expression among all family was PLA,, representing 37.3% of the toxin expression (0.01% of
glands investigated, with total toxin transcripts representing less than the total transcriptome), whereas in M. lemniscatus and M. altirostris, the
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most expressed putative toxin family was cystatin (CYS), representing,
respectively, 73.9% and 50.2% of the toxin expression and 0.01% of the
total transcriptomes of each species (Fig. 4). Other trace levels of the
putative families of toxins were observed in the HG of all studied species
(Fig. 4, Tables S2-S5 Supplementary file 1).

The proteomic data revealed a slightly higher proportion of toxins
than observed in transcriptomes (Tables S6-S8 in Supplementary file 1).
However, it is possible the toxin families in HG proteomes are minor
contaminants. Due to their anatomical position, HGs were harvested
from only after dissection of the VG, with the potential for venom pro-
teins released from VGs or oral cavity contaminating adjacent tissues,
and this might explain the higher level of venom proteins in HG pro-
teomes compared with transcriptomes. Accordingly, the families of
toxins observed in HG proteomes, particularly 3FTx and PLA, are the
ones highly expressed in the venom proteomes. In contrast, such
contamination is not expected to affect our results for RGs and ILGs
which are harvested prior to dissection of VGs, and the proteins found in
these glands were also indicated in their transcriptomes with reasonable
qualitative and quantitative agreement between proteomes and
transcriptomes.

In summary, the very low expression level of toxins and the trace
quantities detected in HGs rule out a contribution of this gland to the
venom cocktail. This agrees with a recent report that characterized the
transcriptome of the HGs of three colubroid snakes and detected a low
level of expression of toxins (Dominguéz-Pérez et al., 2019). These au-
thors suggested that the low expression of toxins indicates that their
biological roles is related to protection against harmful microorganisms
and viruses, infections in the orbital space, mucosal membranes, and
skin, rather than predation.

In micrurine snakes, lipocalin was highly expressed in all species
studied (Table 1, Table S4 in Supplementary file 2). Other nontoxin
transcripts that are highly expressed in HGs are sperm protamine,
lipocalin/fatty-acid binding family protein, and bactericidal/
permeability-increasing-like protein (BPI) fold-containing family B
member (Table 1, Table S4 in Supplementary file 2). We also detected
coding sequences without homologous sequences in any searched da-
tabases (uncharacterized proteins) with unknown functions (Table S4 in
Supplementary file 2).

Recent reports of expression profiles of HGs in snakes are in accor-
dance with our results for the New World coral snakes, specifically the
predominance of the lipocalin protein family in proteomic data for the
HG of Thamnophis sirtalis (Steglich et al., 2019), and high expression of
transcripts of transport/binding, lipocalin/lipocalin-like, and
bactericidal/permeability-increasing-like ~ proteins  were  highly
expressed in HGs (Dominguez-Pérez et al., 2019). Additionally, these
authors suggested that HG-specific lipocalin may function as a transport
protein associated with VNO olfaction. This lipocalin contains a signal
peptide, as expected for a secreted protein, and it is highly expressed in
HGs but not in other tissues, including the secretory tissue, and Duver-
noy’s (venom) gland (Steglich et al., 2019). Lipocalins constitute a
family of small extracellular proteins of great functional diversity, with
roles in the transport of proteins and pheromones, olfaction, regulation
of cell homeostasis and the modulation of the immune response (Flower,
1996). Lipocalins have been found in transcriptomes or by RT-PCR
amplification of several snake glands (Fry et al., 2012). In the VG of
Atractaspis aterrima, some sequences of lipocalins were identified among
the highly expressed transcripts (Terrat et al., 2013). Lipocalins were
also found in Oxyrhopus guibei (Junqueira-de-Azevedo et al., 2016).
These identified lipocalins were putatively associated with allergen (Fry
et al., 2012), but the functional roles of lipocalins in snakes are still
unknown. In micrurine snakes, lipocalins are highly expressed in HGs
and not expressed in the other glands investigated suggesting that this
protein family is an important in HG function, which may involve
several biological processes, including nasal and/or VNO olfaction. We
recognized a high number of lipocalins in the proteomes of the HGs
(Table S4 in Supplementary file 2). In the four species of Micrurus
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investigated, the sequences of lipocalin sequences showed high simi-
larity with the previously identified lipocalin of Naja naja and Oxyrhopus
guibei.

Additionally, we found that bactericidal/permeability-increasing-
like protein is highly expressed in the HGs (Table S4 in Supplementary
file 2). The presence of bactericidal proteins in this gland indicates po-
tential involvement in the previously suggested (Dominguez-Pérez et al.,
2019) defence against pathogens and immune response. The family of
the bactericidal/permeability-increasing-like proteins is associated with
protection against Gram-negative bacteria in vertebrates, besides other
functions such as odorant carrier or removal (Andrault et al., 2003; Zhou
etal., 2014; Olender et al., 2016). This result agrees with recent findings
that observed a significant amount of
bactericidal/permeability-increasing-like protein in the HG tran-
scriptomes of some colubroid snakes and with the enrichment analysis of
the HG in Thamnophis sirtalis parietalis (Dominguez-Pérez et al., 2019;
Bentz, 2019). As the HG secretion is transported to the VNO via the
nasolacrimal duct, it is expected that its antimicrobial proteins are
associated with the protection of the VNO epithelium, which is often in
contact with environmental pathogens (Bentz, 2019).

The presence of transcripts with no significant similarity or
uncharacterized proteins in the HGs of Micrurus indicates that a signif-
icant part of the secretion of this gland remains unknown. Similar results
were found in studies that characterized HG proteins in other snake
species (Steglich et al., 2019; Bentz, 2019). Among the most expressed
transcripts of HG from Micrurus, we identified sequences classified as
sperm protamine P1-like (Table S4 in Supplementary file 2). However,
although these transcripts were found in all four species investigated,
the low similarity with sperm protamine sequences from the other
snakes (<70% of query coverage and <80% of the identity; Table S4 in
Supplementary file 2) prevents us from determining whether these se-
quences in fact belong to the protamine family. Furthermore, the func-
tion of the protamine is related to the compaction of sperm DNA into a
highly condensed complex during the spermatogenesis (Balhorn, 2007),
which has no clear relationship to the putative functions of HGs.

3.4. Comparing the expression profiles of glands and predicting their
biological function

For comparative transcriptomic analysis, we inferred orthologous
transcripts across the four species studied. We identified 4395
orthogroups representing bona fide orthologous relationships and used
their expression data to perform a principal component analysis (PCA).
As expected, the PCA revealed that the gene expression allows clustering
of homologous tissues rather than species (Sudmant et al., 2015; Barua
and Mikheyev, 2021) and differences among glands explain more than
50% of the variation present in the data (Fig. 5A). HG samples cluster
tightly and distant from other oral glands reflecting that HGs have a neat
and distinct expression profile and indicating distinctive. VG samples
clustered tightly, distant from the HG cluster and slightly closer the ILG
and RG clusters. The distinct placement of the VG cluster may be related
to its expression profile directed to the active production of toxin genes.
However, RG and ILG cluster together indicating similar expression
profiles and high homology: ILG and RG tissues share a common set of
genes expressed at a similar level (Fig. 5B, Table 1), quite different from
VGs and HGs.

To ensure that the patterns observed for the VG, ILG and RG clusters
were not biased by the toxin gene expression, we also performed an
analysis after removing the toxin orthogroups (Fig. S3 in Supplementary
file 3). This analysis revealed that the variance in the main component
(PC1) was maintained and only differences in the second component
changed (PC2) consistent with VGs presenting a distinct expression
pattern that may be related to the specialized functions of high toxin
production. Decrease in the PC2 distance when removing the toxin
orthogroups suggests that VG, ILG and RG share a similar active network
of expressed genes. It has been previously shown that oral and salivary
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glands may present a gene expression profile like that presented by VGs,
which may allow any of these oral glands to produce toxins (Barua and
Mikheyev, 2021). In this sense, the low level of toxins observed in the
non-VGs (Figs. 4 and 5B, and Table 1) may represent the basal expres-
sion in which the evolutionary processes may act to select higher toxin
expression levels and turn an ordinary oral gland into a venom factory.
Venom variation may be associated with sub-modules of expression
within toxins and their regulatory genes, and this modular expression
may be a key mechanism to venom evolution (Mason et al., 2020; Barua
and Mikheyev, 2021; Nachtigall et al., 2022). Thus, the set of genes
shared between the VG and the oral glands investigated (i.e., ILG and
RG) may represent modules related to the metavenom network that may
be responsible for toxin production in these glands (Barua and
Mikheyev, 2021), and which is highly active in the VGs and much less in
ILGs and RGs. Further epigenetics experiments using these glands will be
needed to better understand the specific regulatory networks and sup-
port such hypothesis.

Based on the differing expression data observed among glands, we
predicted the biological processes involving each gland using Gene
Ontology (GO) enrichment (Fig. 6). For VGs, we detected enriched GO
terms associated with the pronounced secretory function of VGs during
venom production (Perry et al., 2020). These terms were associated with
the processes of translation, protein transport, and protein modification.
However, we also identified that processes related to the regulation of
enzyme activity were highly active, which may be a response to inhibit
the toxic activity of venom during production and storage. These bio-
logical processes detected may be an auxiliary source of self-protection
of the VG by complementing the acidification processes observed in the
lumen of the VG (Mackessy and Baxter, 2006).

ILG and RG expression profiles are very similar, and the GO
enrichment analysis revealed that these glands may be involved in
protein production, inhibition and activation of peptidase activity, and
immune response to external pathogens. The enrichment analysis per-
formed here identified gene sets that were enriched in both ILG and RG
and were related to the defence response, such as response to other
organisms, responses to bacterium, and immune responses (Fig. 6). This
indicates that both glands may be acting as the first barrier of the im-
mune system by highly expressing immunoglobulins, to recognize and
bind to antigens, and chitotriosidase, to active macrophage activity and
promotes defence-associated functions (Fig. 5B, Table 1, and Table S9 in
Supplementary file 1). In addition to immunoglobulin and chito-
triosidase, the highly expressed ficolins in ILGs and RGs have been
associated with the innate immune response in mammals (Bidula et al.,
2019), and may also have some type of function in this regard in snakes.

For HGs, we noticed highly active metabolic processes and protein
transport, which may be related to the high production and export of
several biochemicals acting on several biological activities, including
olfactory and/or VNO senses. These results agree with the enrichment
analysis of the HG in Thamnophis sirtalis parietalis, where a high number
of GO terms were related to the production and transport of proteins to
the Golgi and to the production and transport of glycoproteins (Bentz,
2019). Moreover, the HG produces a high amount of lipocalin that may
be an important transporter of biomolecules, such as pheromones, ste-
roids, bilins, retinoids, lipids, and polymers (Flower, 1996; Glasgow,
2021). The high expression of lipocalin and lipocalin/fatty-acid binding
protein in the HG (Fig. 5B, Table 1, and Table S4 in Supplementary file
2) suggests that it may be associated with several binding and or
transport molecules with diverse biological functions. For example, a
significant enrichment of genes associated with the GO term for
lipid-binding in the HG of the snake Thamnophis sirtalis parietalis was
associated with the transport of attractive pheromones in this species
(Bentz, 2019). Given that the pheromone is non-polar and insoluble in
aqueous media, Bentz (2019) suggests it must be bound to a protein to
become soluble and transported into the VNO lumen. In summary,
several biological roles may be associated with this gland, such as the
transport of pheromones and/or odorants to the VNO, immune response
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and antimicrobial activity, and retinoid binding.

The present study allowed us to infer biological processes for each
gland; however, the processes and functions inferred may be limited by
the divergence time of the reference and the target species. Specifically,
we used the chicken as reference, which is a distantly related species, to
infer the biological processes within each gland. Despite the estimated
230 millions of years of divergence time between snakes and birds
(Kumar et al., 2017), the chicken genome represented a related species
containing the most complete set of genes with associated functional
roles. Unfortunately, any other closely related species, such as any snake
or lizard species, presents a complete set of genes with a reliable func-
tional characterization. The limitation of using a distantly related spe-
cies can be related to differences in biological processes active in the
glands and genes of the reference (i.e., chicken) and the target species (i.
e., coral snakes). For instance, our analysis may be hiding some active
processes in each gland because these biological processes are not
assigned to the chicken orthologous genes. Our analysis may also be
inferring biological roles not active in the snake’s glands because the
orthologous genes in snakes may have evolved to act in distinct path-
ways than that associated to the chicken genes. In this sense, our analysis
allowed us to predict the active biological processes in each gland, but it
may represent an incomplete scenario. Of note, it is a limitation faced by
any research focusing on better understanding the biology of under-
studied organisms (a.k.a., non-model species). Further experimental
studies must be designed to better understand the biological roles of the
analysed glands in coral snakes to confirm the inferences and hypothesis
of the present study.

4. Conclusions

VGs of the New World coral snakes are conserved in terms of
morphology in relation to other elapids. Micruroides differs from other
New World elapids in lacking the posterior inflection of the VG. In
snakes of the genus Micrurus, the VG has high toxin expression in all
species investigated. The VG is a venom production gland, and its ma-
chinery is invested in protein production, maturation, and export. Two
distinct glands (ILG and the inferior RG) are recognized in the
mandibular area of all studied species. The inferior RG is well-developed
in all species of the genus Micrurus, but it is small in Micruroides, while
the presence of the superior RG gland is highly variable. Despite their
distinct morphologies, the ILGs and inferior RGs of Micrurus present
similar expression profiles, and the biological process prediction showed
that they may act in the protein production, inhibition and activation of
peptidase activity, and immune response to external pathogens. RGs and
ILGs produce toxin types that are frequently found in VGs. CTL and
CRISP are more expressed in these glands than in VG, suggesting addi-
tional function for these glands. However, the low levels of expression of
the key toxin types (3FTx, PLA, and Kunitz) in these glands compared to
VG, may also indicate a basal gene expression expected to occur in any
oral/salivary glands due to the common set of genes within the meta-
venom network active in these tissues. Although restricted to the orbit,
the HGs of micrurines is well-developed and occupies most of the area
between the lateral surface of the frontal bone and medial surface of the
eye. HGs are highly divergent from the other glands and its expression
profiles indicates that it is an important organ related to the production
of biomolecules that may function in several pathways, such as protec-
tion of VNO epithelium, transport of pheromones, and transport of
biochemicals related to the VNO sensing. As there is no connection be-
tween the duct of the HG and ocular structures in the micrurines,
functions associated with eye physiology and protection through “tears”
are not likely for the HG secretions of these snakes. Expanding the set of
glands and species investigated and integrating the expression data with
epigenetic experiments may help to better decipher the functional roles
of these glands in the snake’s biology.
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Fig. 6. Functional characterization of
gene expression in the cephalic glands
(VG, ILG, RG, and HG) of Micrurus spe-
cies. Left: List of enriched GO terms
detected in each gland studied. Right:
Network of all significantly enriched GO
terms (i.e., nodes of the network) and
genes shared among them (i.e., edges of
the network) detected in each gland.
The GO terms are numbered following
the left chart. Two nodes are connected
if they share greater than 20% of their
genes. Node size corresponds to size of
the gene sets and edge thickness corre-
sponds to the number of overlapped
genes. The coloured envelopes repre-
sent modules with dense nodal connec-
tions, but sparse connections to other
modules.
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